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1 Introduction

In this habilitation thesis, I propose a collection of eighteen journal publications and
two chapters in books of which I am a co-author. My part of the work has been
done in the Department of chemical physics and optics at the Faculty of Mathematics
and Physics, Charles University in Prague and during my post-doc fellowship at the
University of Southampton, UK. Also collaborations with the Department of thin
films and nanostructures of Academy of Sciences of Czech Republic, Institute de
Physique et Chimie des Matériaux de Strasbourg in France, University od California
at San Diego, USA, and Ecole Polytechnique Fédérale de Lausanne, Switzerland, were
essential for the publications.

The aforementioned papers would not be written without an intense collaboration
with experimentalists or without following particular experimental results on low-
dimensional semiconductor structures. Most of the published works focus on the
optical spectroscopy of semiconductor nanostructures, with picosecond time resolution
and also often with high spatial resolution. The sophisticated spectroscopic methods
used in the experiments require high preciseness and experience in the experimental
part and are also challenging for theoretical work because the experimental data
display only a result of indirect observation which is a fractional information about
the state of electron excitations in the investigated system. Any need of a proposal
of an innovative experimental setup to detect a particular phenomenon, need of an
interpretation of the raw experimental data, simulation or identification of a process
responsible for the behavior of the optical field, were mostly my motivation for the
collaboration with experimentalists. In all publications, I contributed to theoretical
parts which were essential in order to detect or interpret the observations.

The collection of publications in this thesis may be divided according to the three
main subjects: optical waveguides, semiconductor quantum wells and semiconductor
microcavities. Although the mentioned three physical systems may seem to be very
different in their composition and physical properties, they reveal one common char-
acteristics: they are effectively two-dimensional nanostructures in which the dynamics
of electronic excitations, namely excitons, is observed by the methods of optical spec-
troscopy with spin (polarization) and ultrafast temporal resolution. The density of
excitations in the system is imprinted into the optical field as a result of the exciton—
photon interaction, which is a core theme of all the collected papers.

The work published in papers proposed in this thesis had been done in a close
collaboration with many researchers who took an essential part in the process of the
data acquisition, interpretation and publication. I would like to thank my colleagues
at this place for willingness, support and many useful advices, in particular I thank
prof. Petr Maly, prof. Bernd Honerlage, prof. Ivan Pelant, prof. Jan Valenta, prof.
Alexey Kavokin and prof. Pavlos Lagoudakis. T would like also to thank my friends
who were always disposed to discuss physical problems and who had a large impact
on the publications: dr. Katefina Herynkova, dr. Mathieu Gallart, dr. Jean—Pierre
Likforman, prof. Leonid Butov, prof. Wolfgang Langbein, dr. Maria Maragkou, dr.
Alastair Grundy and dr. Konstantinos Lagoudakis.






2 Two-dimensional semiconductor nanostructures and
optical spectroscopy

The scope of the publications collected in this habilitation thesis, namely two—dimensi-
onal systems of excitons and photons, fully reflects the recent extensive development
of both basic and applied research of nanotechnologies. Moreover, nanotechnologies
are not just a subject of scientific research but they can be already found as a part
of everyday electronics. The word nanotechnology can be understood in several dif-
ferent ways: the prefix nano- may represent a technique of fabrication of submicron
structures including new methods with the aim at achieving the highest possible in-
tegration of electronic components in order to make smaller, more efficient devices.
From the point of view of general physics, on the other hand, nano- is connected
predominantly with the quantum confinement [1,2] — the energetical spectrum of
particles is significantly changed due to the breaking of the translation symmetry
and thus spatial localization or modification of effective mass in the material by the
structures with characteristic size in the nanometer domain. Usually localized states
with discrete energetical spectrum (bound states) or delocalized states with notably
modified energy dispersion in isolated bands are formed in nanostructures. As a di-
rect consequence, the physical properties of the nanomaterials may significantly differ
from those of bulk material: depending on the fabrication process and through pre-
cise control of growth conditions, it is possible to tune basic parameters of particles in
nanostructures, for example their effective mass, lifetime or interaction energy with
other (quasi-) particles.

Two-dimensional nanostructures are favorable for research of their basic physical
characteristics in particular thanks to relatively easy way of their fabrication by depo-
sition of uniform layers and also thanks to the in-plane translational symmetry what
is a key point in simplifications in effective theories. Boundary conditions are there-
fore defined in parallel planes and it is thus possible to separate in-plane coordinates
(denoted as x and y) from the coordinate with broken translational symmetry, usu-
ally denoted as z. The problem then effectively splits into a one-dimensional problem
whose boundary conditions define the quantum confinement and a two-dimensional
problem with translational symmetry. Systems in two dimensions moreover reveal a
large advantage for the methods of optical spectroscopy: while both the surface effects
plus the phenomena related to the propagation of excitations inside a bulk sample
must be taken into account in experiments, light propagation in the z direction usu-
ally does not significantly distort the optical response of two-dimensional systems or a
correction can be easily made. The optical image of two-dimensional nanostructures
then contains a real imprint of particle density in the plane of a sample.

In the collected publications, we consider and investigate excitons in semicon-
ductor crystals because they are a good model system of a well defined electronic
excitation with a well defined energy, effective mass and symmetry. Wannier exciton
— bound electron-hole pair [3] — has a nonzero dipole momentum and therefore it is
possible to create excitons by pump optical beam which is absorbed in the material.
It it also possible to detect the presence and the state of excitons by means of optical
spectroscopy.

2.1 Waveguiding structures with semiconductor nanocrystals
Waveguiding samples and experiment

The samples which are researched in the publications [P1-P8] were prepared by
ion implantation of silicon into fused silica slabs and subsequently annealed [4]. Under
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Figure 1: Electric field intensity distribution in direction z for waveguide modes (red
color) and respective refractive index. (a) Radiation mode, (b) substrate mode, (c)
guided mode, (d) evanescent mode.

the sample surface, a layer of silicon nanocrystals embedded in glass with thickness of
several hundreds of microns is created. Quantum confinement of electrons inside the
nanocrystals causes a relatively high efficiency of light luminescence after photoexci-
tation in the UV region. Furthermodre, a nonzero density of the nanocrystals in the
sample modifies its refractive index slightly below the surface, creating a planar opti-
cal waveguide. We used a series of samples with different concentrations of embedded
silicon nanocrystals.

The waveguiding structure in the samples reveals a continuous refractive index
profile in the direction normal to the surface due to the kinetics of Si ions in the
implantation process [5] and thus due to the variation of Si ion concentration before
annealing. In an experiment designed for measurement of optical gain in materials,
nanocrystals are excited by a laser beam and they then become a source of electro-
magnetic field inside the waveguide. That is a substantial deviation from conventional
experimental setups for measurement of waveguide properties in which the light is cou-
pled into the guiding layer from outside. The experimental setup, used in the research
of waveguiding structures with silicon nanocrystals, therefore turns out to reveal par-
ticular optical artifacts when using standard spectroscopy methods like variable stripe
length method [6] and it is therefore necessary to introduce corrections [7].

Theoretical description of electromagnetic field

Dielectric optical planar waveguides are formed by layers of materials which differ
in optical density (refractive index) in the optical frequency domain. The variation of



the optical density in z direction can be step-like or continuous. Mathematically, it is
possible do decompose any electromagnetic field which satisfies boundary conditions
as a linear combination of the proper modes of the structure [8]: proper modes are
characterized by frequency w and wave vector components /3, and §, in directions x
and y while the size of the in-plane wave vector (propagation constant) is denoted

B =,/B2+ ﬂ; We assume an asymmetric waveguide, i.e. the substrate refractive

index nyg differs from that of the waveguide cladding n. and usually the core refractive
index ng fullfils condition n. < ns < ng. The wave vector in the j-th layer can be
defined as k; = wn;/c where ¢ is the vacuum light speed. In general, four types of
proper modes are distinguished [9] (Fig. 1) and these modes form a complete basis of
all states of electromagnetic field in the system:

e Radiation modes are delocalized in the whole space. They propagate in all
layers including the substrate and the cladding. The optical spectrum is con-
tinuous, see Fig. 2. If such mode is coupled to a waveguide, it leaks out rapidly:
partly into the substrate and partly to the cladding. Inequality 8 < k. holds.

e Substrate modes do not propagate in the cladding but rather form an evanec-
sent wave due to ks > 3 > k.. The field is delocalized in the core and the
substrate only. When coupled to a waveguide, optical field is radiated into the
substrate and propagates far from the core. The spectrum is continuous.

e Guided modes can propagate inside the core (if 5 < k¢) and at the same time
there exists no wave which can propagate in either cladding or the substrate
with the same frequency and propagation constant: 8 > kg, k.. The mode is
then localized in the core and its close surrounding with the energy density
decreasing exponentially with increasing distance from the core.

e Evanescent modes are states of electromagnetic field with imaginary in-plane
wave vector: %2 < 0. Evanescent modes are principially radiative, i.e. they
radiate their energy into the cladding and the substrate. In addition, they do
not propagate as a harmonic wave in any direction in the plane of symmetry.
These modes serve no information of practical use for light propagation inside
the waveguides, however, they are mathematical solution of the wave equation
with proper boundary conditions and therefore it is necessary to include them
into the basis of physical solutions. Evanescent modes play a role only in the
vicinity of the light sources located in the core.

Electric field intensity for the modes listed above can be written in the form:

Eup(r,t) = Bup(2) expli(Bur + By — wi)].

The symbol r = (x,y,2) denotes here the spatial coordinate. As follows from the
discussion above, not all modes are necessarily two-dimensional: only the guided
modes are localized in the z direction while the other groups are spatially delocalized.
Furthermore for § < k. there are neither guided nor substrate modes what makes
a large difference between this photonic structure and a potential well for particles
with a nonzero efective mass. Our research, nevertheless, aimed at light propagation
in a close vicinity to the core and therefore we can consider only the guided and the
substrate modes which decouple at small angles relative to the plane of symmetry
and which then do not reveal fast leakage of energy from the optically active region.

It will be convenient to define several more variables in terms of geometrical op-
tics. Let us, for illustration, consider a structure composed of three layers again
depicted in Fig. 2b. The propagation angle ¥ is an angle of incidence of the rays
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Figure 2: (a) Scheme of the mode dispersion of the dielectric waveguide. (b) Cross—
section of the considered structure.

onto core/cladding and core/substrate boundaries from the side of the waveguide
core and obviously § = kfsinid. We can then define a reflection coefficient rg for
the core/cladding boundary and r¢ for the core/substrate boundary, according to the
Fresnel’s formulae.! There are, in general, two critical values for the propagation an-
gle denoted as ¥, = arcsin(ne/n¢) and ¥ = arcsin(ns/ng). They refer to the crossover
between normal reflection and total internal reflection at the respective core/cladding
and the core/substrate boundary. According to the separation to the mode groups
above, it is clear that ¥ < 9. for the radiation modes which refract into the cladding,
Je < ¥ < Y for the substrate modes and ¥ > 9 for the guided modes, implying that
the rays cannot be refracted into any of the cladding or the substrate. While there
exists a radiation or a substrate mode for nonzero frequency when considering fixed
¥ < ¥ (modes are in continuum), the guided modes, on the other hand, must satisfy
the condition of constructive interference for a defined ¥ > J,:

TtsTfc €XP {id\/k? — 62} >0.

The expression on the left hand side must be real and d is the thickness of the core.
With fixed ¥, we can accomplish the condition only for discrete values of frequency
and, consequently, at a fixed frequency, there exist only discrete values of the prop-
agation angle 9. If we select an appropriate narrow spectral range, it is possible to
observe a critical frequency wet in this range such that there are N guided modes
for w S wWeyr and N + 1 guided modes for w R Werit-

2.2 Quantum wells
Basic definitions, interaction with electromagnetic field

Publications [P9-P13] report on results of research focused on optical spectroscopy
of quantum wells of several types and compositions. There was, however, a property
common to all structures: they were intrinsic, i.e. with no doping and thus revealing
excitonic resonance [3] which then dominates optical response at photon energies close
to the width of fundamental band gap. The exciton is formed after creation of an

IThese coefficients differ in general for the two perpendicular linear polarizations TE and TM
due to the symmetry of the problem. As the polarization effects are not discussed here, we drop
the resolution of TE and TM and the variables here should be understood to stand for any of the
polarizations.



electron—hole pair which is stable due to the attractive electrostatic force and reveals
optical nonlinearities whose investigation was the subject of the research.

It is possible to fabricate a layered structure, similarly to waveguides, whose layers
are made of materials with different band gap widths and thus effective potential en-
ergy for particles. Such structure may reveal quantum confinement in the z direction
and the wave function of electrons (excitons) can be written:

\Ij(lr') = wn(z)'@[]k” (x,y) )

where n is a quantum number of a particle in one-dimensional potential well and kj is
an in-plane wave vector, defined according to periodic boundary condition and Bloch
theorem [3,10]. There are principially two different types of electron states in quantum
wells: bound states and scattering states. The bound states are localized in the
potential well and its close proximity in the z direction while they are delocalized in the
remaining two dimensions. The scattering states are, on the contrary, fully delocalized
in the whole structure. Electron gas in the localized states is then effectively two-
dimensional in the xy plane. There is, however, a significant difference from optical
waveguides: bound states exist for arbitrary in-plane wave vector kj and therefore
there can exist a bound state even with zero wave vector k| = 0.2

The heavy- and light-hole bands split in quantum wells with zinc-blende crystalic
structure due to symmetry arguments, resulting in removal of fourfold degeneracy
at the I' point as compared to bulk crystals. This property is favorable for optical
applications because it is then possible to optically inject electrons and holes with
100% net spin polarization [11]. It is possible to make many different types of struc-
tures with embedded quantum wells having various physical properties. We focused
on main three types in the publications:

e In type I quantum wells, both an electron and a hole are localized in the same
layer (see Fig. 3a) and they form a two-dimensional exciton with large overlap of
the respective wave functions. Such exciton has a large dipole momentum [3,10]
and consequently relatively large linear and nonlinear optical response.

e Multiple type I quantum wells are type I quantum wells separated by a
barrier which eliminates particle tunneling. Without electromagnetic field, there
is no coupling between the particular wells and the energetical spectrum is
equivalent to that of a single well. The level degeneracy reflects the number of
wells in the structure. Multiple wells are used in order to increase the optical
response.

e Type I double quantum wells are composed of two type I wells, separated
by a thin tunneling barrier for electrons or holes. As a result of tunneling, the
double degeneracy is removed. By applying a DC electric field in the z direction,
it is possible to spatially separate electrons and holes (see Fig. 3b): different
particles are trapped in different wells what results in smaller spatial overlap
and thus also the dipole momentum. Finally, their lifetime increases from tens
to hundreds of picosecond [12] because the radiative recombination determines
the exciton lifetime in high quality samples.

Exciton spin and its relaxation

The symmetry of crystal lattice of semiconductors can be rotational besides the
translational symmetry. This symmetry is partly conserved in quantum wells with

2The bound state may not exist in shallow potential wells which reveal only the scattering states.
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Figure 3: Spatial profile of ground state wave function of electron (red) and hole
(green) in exciton in the z direction in type I quantum well (a) and type I double
quantum well with applied electric field (b). Potential energy is depicted in black.

the main axis z. As a mathematical consequence of the crystal symmetry (and also
rotational symmetry of the electron effective potential in a quantum well), the opera-
tor J, of projection of angular momentum to the z axis commutes with Hamiltonian.
The z component of angular momentum is then physically a constant of motion, i.e.
magnetic quantum number is a good quantum number for an electron. This is true,
however, only for electron at rest because:

|:Jzypm7y:| #0

due to the absence of translationally-rotational symmetry. On the contrary, [J,p.]|=0
and therefore quantum confinement has no influence on conservation of angular mo-
mentum.

Electron spin is a good quantum number (it is a constant of motion) at the I" point
(k| = 0) and outside it, electron’s eigenstates are, in the first approximation, linear
combinations of states with differents spins and with a fixed in-plane momentum.
Electron spin with nonzero wave vector is not thus conserved but oscillates due to the
spin-orbit interaction [13] which provides nonzero interaction energy of orbital motion
and the spin. We usually apply k-p theory [14] and Kohn—Luttinger Hamiltonian [15]
for calculation of the spin-orbit interaction. Beyond these theories, one must count
in Dresselhaus term in non-centrosymmetric crystals, Rashba term in quantum wells
and other terms according to the actual symmetry breaking of the system [13].

In combination of spin-orbit interaction and random electron scatterings on dis-
order or phonons, electron’s spatial coherence is lost and spin effectively relaxes ac-
cording to the Dyakonovo-Perel’s spin relaxation mechanism [16]. Other major mech-
anisms are Elliot-Yafet’s mechanism [17], describing spin loss through electron scat-
tering on phonons and disorder with simultaneous electron spin-flip and Bir-Aronov-
Pikus’ mechanism [18] of spin relaxation by its exchange with a sea of holes.

Likewise the electron spin, the spin of an exciton is well defined at the I'" point
[19]. Only those states with the symmery equal to that of electromagentic field are
dipole active while the other states do not interact with optical field in the first order
of perturbation theory. Due to the spin-orbit interaction, the exction spin is not
conserved outside the I' point what can be effectively expressed in terms of power
series in size of the wave vector [20]. Direct absorption of a photon can, in principle,
create only excitons with small wave vectors compared to the size of the first Brillouin
zone and therefore we may neglect the quadratic and higher terms in the power series

10
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Figure 4: (a) Reflectivity spectrum of a Brag mirror, (b) reflectivity of an empty
cavity with the same mirrors as (a).

and we may assume that optical injection creates only excitons with well defined spin.
The spin sbsequently relaxes in picosecond time scale what can be measured with help
of the ultrafast optical spectroscopy [21,22].

Besides the exciton-specific features of spin-orbit interaction which come from a
complex spin structure, as compared to electrons, also exciton—exciton electrostatic
interaction shows up some particularity due to exciton’s internal composite structure
[23]. Spin of fermions (electrons and holes) can be exchanged during interaction of
two excitons and therefore the two interacting excitons can exchange some spin. The
effect is observable in four-wave mixing experiments in optical spectroscopy [22] and
may be theoretically described in terms of nonlinear model of optical excitations in
semiconductors [3,24-34].

2.3 Microcavities
Empty cavity

As outlined on the Introduction, the last part of the collection of publications [P14—
P20] refers about microcavities. These nanostructures mix two-dimensional quantum
states of excitons and photons and also the eigenstates of the structure reveal proper-
ties partially of an electromagnetic wave and partially of a material wave. I propose
rather a wide introduction to microcavities due to the amount of physical phenom-
ena mentioned in the publications: it starts by introducing quantum confinement in
optical cavities with dielectric mirrors and ends with topological defects in polariton
condensates.

It was shown in the previous parts that photons in dielectric waveguides can be
localized in the z direction only if their in-plane wave vector is nonzero while electrons
and excitons are effectively two-dimensional in quantum wells irrespectively of their
wave vector. Light localization is possible in circuits made of 1D waveguides, in
microdisks or microspheres but we never simulate the properties of a 2D photon gas
using 0D structures in particular because of their discrete energetical spectrum while
the 2D gas has continuous spectrum and the density of states approaches a constant.
The use of metallic mirrors, which would fully enclose the photons inside the cavity
even for zero wave vector, are not suitable due to their absorption: the photon lifetime
would be too short and it would not be possible to make it longer.

Photonic structures with Bragg dielectric mirrors solve the problem. There are
altering layers with the optical thickness of A\y;/4 in the mirrors where Ay/4 denotes

11
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Figure 5: (a) Spatial profile of electric field intensity of an optical mode in a cavity in
the z direction (red) and refractive index profile of a cavity and Bragg mirrors (blue).
(b) Exciton dispersion, effective mass 0.5 m, (black) where m, is free electron mass;
cavity photon dispersion with effective mass 5 - 10~5m, (blue) and that of polariton
modes (red color). The green line depicts parabolic dispersion of the lower branch
with effective mass 2 - 10~ %m..

the central wavelength of the high-reflection band of the mirror (see Fig. 4a). Periodic
structure made of materials with different refractive indices implies a modification of
photon dispersion and formation of bands of allowed and forbidden energies. One
of the gaps (band of forbidden energy) has its center at the wavelength Ay. Real
mirror consits of a finite number of layers and therefore evanescent modes (those
lying in the band gap) can tunnel throught the mirror. Consequently, the mirror
reflectivity is smaller than 100% but we can approach this limit arbitrarily by setting
up properly the number of layers and refractive indices of layers. The only limitation
is the accuracy of the technology during growth.

Optical resonator with Bragg mirrors is similar to the Fabry—Pérot resonator and
differs only in the composition of the reflecting elements. The sharp maxima of the
transmission satisfy condition:

oMm(w) + k. (w)Le = mm, meN,

where ¢y (w) is the phase shift of a photon with frequency w during its reflection at
the Bragg mirror (we consider both the mirrors the same), k.(w) denotes the wave
vector in the cavity in the direction z at the frequency w and L is the cavity length.
If the resonation frequency of the cavity is close to that of the mirrors:

jim/2 = ncLc,

where j is an integer and nc is the cavity refractive index, we observe a maximum
of reflectivity of the whole structure as well as the reflectivity maximum of a single
mirror but there is a sharp minimum at the wavelength Ac = ncLc which represents
a cavity optical mode (see Fig. 4b). The reflectivity minimum reveals a resonance
which has a small spectral width usually at the order of 0.1 meV thanks to high
quality of the resonator (high reflectivity of mirrors). The electric intensity profile
at the frequency of the resonance depicted in Fig. 5a clearly shows an increase of
the energy density of the field inside the cavity as compared to the space outside.
Such increase is responsible for large nonlinearities of cavities into whose an optically
nonlinear material is placed.

If we set the resonance frequency of the cavity much different from that of the
mirrors, the frequency of the eigenmode is somwhere in between: its particular value

12



depends on many factors [35, pp. 63]. The important property in this case is, however,
removal of the polarization degeneracy of the eigenstates — they split into TE and
TM mode at nonzero wave vector.

One should note what is the largest difference between macroscopic cavities (e.g.
laser cavity) and microcavities. There are two main points: firstly, there are limited
diffraction losses of microcavities due to large ratio of the characteristic lateral size
and the cavity length. Secondly, the eigenstates reveal an effectively continuous dis-
persion in microcavitites while we consider the laser cavity spectrum to be discrete.
Furthermore, the microcavity dispersion is close to the parabolic one [35, pp. 62] inside
the light cone what is a large deviation from the 3D photons with linear dispersion.
We may then define an effective mass of the 2D photons. This effective mass can
be tuned by the sample geometry and it varies in the order 107% — 107° of the free
electron mass. We therefore usually apply a model of particles with nonzero mass and
finite lifetime to the cavity photons. The annihilation process stands for the photon
tunneling through mirrors and coupling to the 3D modes outside the cavity.

Strong interaction, polariton concept

As mentioned above, large optical nonlinearities emerge when an optically non-
linear material is placed into the cavity. Bulk material or low-dimensional objects
can be used, usually quantum wells play the role of nonlinear medium due to their
relatively simple and known band structure. The exciton absorption is the dominant
effect among all contributions to optical absorption near the band edge in intrinsic
semiconductors. The exciton—photon interaction energy is proportional to the over-
lap of their wave functions which is larger by orders of magnitude in a microcavity as
compared to free space due to the high density of electromagnetic energy. The inter-
action energy then may exceed the value 2/i/Ty, where Ty is an effective dephasing
time of exciton. In that case, the photon coherence is conserved during its absorption
and re-emission by excitons and therefore it does not undercome scattering but rather
coherent oscillation in a common mode with excitons. Mathematically, we may de-
scribe the problem of exciton—photon oscillation by the equation for eigen-frequency
w of coupled linear harmonic oscillators with interaction energy V' [35, pp. 151]:

V2
(wo —w —iy)(we —w —iy.) = R

2w0wLTLC
V = hy) e
Lper + Lc

where wg and v are the frequency and dephasing rate of the bare exciton resonance
and wc and 7¢ are frequency and dephasing rate of the bare photon resonance.
Longitudinal-transverse splitting of exciton is denoted as hwpr and finally Lpgg
is an effective thickness of the Bragg mirror [35, pp. 63]. The eigen-frequencies of the
modes of a nonlinear medium inside the cavity are then expressed as:

wo + we i

wi2 = 5 5(’7 +7¢c) £

wo—wo\®  (r—0\, V? i
sy (27) - (75) el

The imaginary part of the frequency describes homogeneous linewidth of the appro-
priate spectral line. Let us put wg = wg for illustration:

i V2 —c\?
W12 = wWp — 5(’74"}/0) :l:\/hQ_ (ry 2'70)
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If the term under square root is negative, then the square root is imaginary and the
resulting modes are degenerate like in the problem of interaction of a quantum well
with light. One of the modes is then a fully material wave while the second is fully
photonic. If the term under the square root is positive, on the contrary, degeneracy
is clearly removed and the modes split into two. The interaction energy must be
sufficiently large for that purpose:

V> hh’ — el
—
The above condition is necessary but not sufficient: the modes must be physically
distinguishable, e.g. two distinct peaks must arise in transmission spectra. We may
require that the splitting energy must at least the sum of homogeneous linewidths:

V2o (7—%)2 _te

h2 2 2
If the above conditions are met i.e. if the modes of the cavity split, it is a conse-
quence of the strong interaction between the photon and the exciton which comes as
a result of their increased wave function overlap due to the photon resonance in the
microcavity. The photon and the material waves mix in the new eigenmodes and give
rise to quasiparticles — polaritons — with partial material and partial electromag-
netic character whose magnitude can be mathematically expressed through Hopfield
coefficients [35, pp. 209]. Polaritons are widely known as optical excitations of bulk
crystals however the microcavity polaritons differ in particular in dispersion depicted
in Fig. 5b. It is important to observe the dispersion minimum at nonzero energy,
it is non-parabolic and it contains inflection points. If we consider the dispersion as
parabolic around its minimum and we also consider polariton’s mixed character of
partly material and partly photon wave, we conclude that these are extremely light
and interacting particles with non-trivial dispersion — properties which are respon-
sible for an interesting physics in the area of the optical spectroscopy of solid state.

Stimulated scattering and condensation

Polariton’s total angular momentum (denoted here also as “spin”) is 1 as well
as photon’s spin and therefore they obey Bose statistics.®> Therefore, as for other
bosons, stimulated scattering processes should be observable, for example stimulated
scattering: if two polaritons with equal spins and with in-plane wave vectors k1 and ko
interact and scatter into final states with wave vectors k3 and k4 whose populations
are N3 and N4 and if ki1 + ko = ks + k4, the scattering rate is proportional to
N3 + N4+ 1. Such effect can be observed in other bosonic systems in solid state, e.g.
in exciton—exciton scattering [36], indeed in polaritonic systems the phenomenon is
more pronounced due to weaker band filling.

The total momentum and energy of the particle pair must be conserved in an
efficient scattering process. One possible geometry in two-dimensional systems is the
scattering on an elastic circle in which two particles with opposite wave vectors (and
equal energies) scatter to states with equal energies and opposite wave vectors again,
which lie on a circle in reciprocal space due to conservation laws (see Fig. 6). This
geometry for parametric interactions allows one to investigate the spin properties of
the polariton—polariton interaction which reflects the complex spin structure of the

3This is true only in the low density limit as well as for excitons, i.e. band filling effects are
negligible. Partial photonic character allows to reach much higher particle density as compared to
excitons, until the band filling effects start to take place.

14
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Figure 6: Scattering on elastic circle (a) in real and (b) in reciprocal space. Elastic
circle is depicted in (b) by blue line while the red and green lines show the polariton
dispersion in a microcavity. The incoming beams with wave vectors ki » are displayed
by yellow line, scattered beams by the magenta line. From [P14].

exciton—exciton scattering due to particular fermion—fermion interaction. The spin of
scattered polariton thus may depend on the angle of scattering.

Stimulated scattering is an important feature of the cavity polariton physics. It
allows for creation of high density of particles in the minimum of their dispersion
and reaching the quantum degeneracy limit. Condensate creation, its properties and
dynamics are the large area of the research of microcavities which aims at spontaneous
symmetry breaking, macroscopic coherence etc. This area is connected to condensates
in other quantum systems but microcavities are very cheap “laboratory” as compared
to other physical ssytems because phase transition is possible at room temperature
and optical emission directly displays the particle density. The disadvantage is, on
the other hand, short lifetime of polaritons due to tunneling through mirrors and
is about 10-100 ps and it is sometimes hard to determine whether the system is in
thermodynamics equilibrium or not.

Besides the resonant scattering, the condensate can be formed spontaneously. In-
coherent electron—hole pairs are injected into the semiconductor optically, electrically
or in other way. Then they quickly form bound free excitons and these subsequently
relax their energy via optical phonon emission and finally by accoustic phonon emis-
sion. After few tens of picoseconds, they reach the polariton band [37]. Energy re-
laxation continues at sufficiently large polariton density due to stimulated processes
(polariton—polariton or phonon—polariton) and finally a macroscopic population of
particles in the energetical minimum — the condensate — is formed [38].

Condensates and topological defects

Researchers in the field of cavity polaritons are interested in also other subjects but
the condensation kinetics: the major domains are research of spatial propagation and
coherence [39], superfluidity [40,41], topological defects of condensates, their kinetics
and mutual interaction [42,43], etc. The research areas mentioned here are connected
with the spatial coherence and phase transition to condensed state which is described
as the Kosterlitz—Thouless transition [44] to the superfluid phase.
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The polariton system may be assumed to be a two-dimensional, weakly interacting
gas with spin (polarization) degree of freedom, the total spin is 1. The lowest-energy
state is ordered with long-range coherence of both phase and spin. In two dimensions,
however, the ordering is broken by interaction with phonons and therefore the long-
range correlations vanish at nonzero temperature. Even though there does not exist
correlations at arbitrary distances, there is a local ordering as shown in [44]. The cited
model is based on an analysis of thermodynamic variables assigned to topological
defects, namely vortices in fluids. Isolated, freely propagating vortices may exist in
a system if the Helmholtz free energy of an isolated vortex F' = U — T'S is negative
with U being the internal energy, T is temperature and S is entropy. The condition
of negative free energy holds above the critical temperature:

wh%n
Tk = ——
KT kaB )

where n is the particle density, m is their effective mass and kg is the Boltzmann con-
stant. The advantage of polaritons is seen from the formula: as compared to the atom
nuclei in two dimensions, their mass is smaller by 8 orders of magnitude implying the
critical temperature being by 8 orders of magnitude higher. Spontaneous ordering is
disturbed by thermal fluctuations in a form of random creation of topological defects.
Initially, a vortex pair of type particle—antiparticle (with opposite angular momenta)
is virtually excited in the fluid. Above the critical temperature, the vortices dissoci-
ate and the particular quasiparticles move freely in the system, destroying the spatial
phase coherence which then decreases exponentially with distance. The fluid is then
in the normal (non-condensed) phase which is viscous due to the free vortices. At the
temperature below Tk, thermal fluctuations appear also as spontaneous creation of
vortex—antivortex pairs but they cannot dissociate so they disturb the spatial phase
correlations only locally and the phase correlation function decreases as a power law.
The superfluid does not exist in terms of the global order in the system nevertheless
local correlations provide persistent current loops and thus the superfluidity.

As proposed by the model, vortices are the elementary excitations of the system
of spins. The rotation of the wave function phase is denoted by the number k& which
determine the number of 27 phase rotations due to the periodic boundary condition
along a closed loop around the vortex core. We can define spin vortices as well: they
are the linear polarization rotation along a closed loop around the core by an integer
multiple 27rm. As shown theoretically [45], mixed phase and polarization vortices are
the lowes-energy excitations. In such type of vortices, the linear polarization rotates
at a closed loop by only £7 and also the wave function’s phase change must be +7
along the same loop in order to satisfy the periodic boundary condition. Both the
quantum numbers are then half-integer and there exist four distinct basic vortices:
(kym) = (1, +1).

The spatial correlation length of polariton condensates can be as large as tens of
micrometers [39] and the vortex core diameter is of the order of micrometers. We can
therefore directly observe condensates and their topological defects using spatially
and spin-resolved optical spectroscopy. Optical spectroscopy may be successfuly used
also in order to observe the behavior of the flow of polariton fluid in normal and
superfluid phase. In experiments, a phenomenon similar to the spin Hall effect has
been observed in the polariton system [46]. This phenomenon is caused by effective
spin-orbit interaction which takes place due to the TE and TM polarization splitting
of polariton eigenmodes in specially designed cavities. Also flow of the polariton fluid
in normal and superfluid phase around defects has been detected [40,41] and proofs
of the existence of superfluid behavior have been proposed.
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3 Overview of the results

All the publications collected in this habilitation thesis refer to the optical spec-
troscopy of two-dimensional semiconductor systems (nanostructures) and it is possible
to divide them into three distinct groups as suggested in the Introduction:

1. optical waveguides,
2. semiconductor quantum wells,
3. semiconductor microcavities.

I give a comment to all of the groups in this part of the thesis in which the origi-
nal results and context of the publications are introduced. The most of the papers
contain an extensive experimental part, for example, they present observations of
new phenomena whose interpretation was, however, possible only with a theoretical
background. Finally, detailed theoretical modelling in order to confirm or refuse hy-
potheses about the origin of the effects was necessary. I consider such collaboration
of the theoretical and experimenal physics as the advantage of the publications due
to the wide characterization of the physical system.

3.1 Optical waveguides

Submicron size of a material may notably change its physical properties as compared
to bulk. Silicon nanocrystals are one example: they reveal strong photoluminescence
in the visible spectral range with quantum efficiency by orders of magnitude higher
than the 3D crystal whose band structure contains indirect optical band-to-band
transitions and thus phonon scattering is necessary for photoluminescence. Quantum
confinement (charge localization) causes delocalization of the wave function in the
reciprocal space, leading to a partial overlap of wave functions of electron and hole
what makes the optical transitions to be direct.

Silicon nanocrystals revealed themselves as a promising material for construction
of an efficient light source based on silicon technology, in particular for construction of
a laser which could be integrable to the existing platform of silicon opto-electronics.
The variable stripe length method (VSL) [6] is widely used for determination of the
size of optical gain, which is essential for the laser operation. The method is based
on measurement of the photoluminescence intensity when varying the lenght of an
optically excited stripe. The method has been applied among others to waveguiding
samples with optical waveguides [7]. The measurements reveal, however, optical arti-
facts whose origin was not clear. Futhermore, the photoluminescence spectra contain
distinct unexpected maxima, see Fig. 7 whose position is a characteristics of partic-
ular samples. Such mode structure was observed also in other waveguiding samples
prepared using a different method [47].

We performed a detailed experimental characterization of the above mentioned
modes in [P1-P3] and we proposed the hypothesis about their origin. Waveguiding
samples behave similarly to the common (passive) planar waveguides, however they
show up one additional property: the light source is inside the waveguide core while
the light coupling to the passive waveguides is from outside. Nanocrystals in the core
of the active waveguide therefore emit light to the whole wide spectrum of eigenmodes
introduced in the part 2.1 i.e. not only to the guided modes (with continuous spec-
trum) but also into the substrate modes. When using the particular detection optics,
light is collected from a small spatial angle and thus we select only those substrate
modes which propagate along the core from their continuum of states. The propa-
gation direction of substrate mode is connected with the angle of mode propagation
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Figure 7: Comparison of experimental (a) and theoretical (b) photoluminescence
spectra collected along the waveguiding layer of an active waveguide with silicon
nanocrystals. Spectra were detected and simulated at distinct deviations of the de-
tection direction from the direction of guiding, denoted as an angle close to the curves.
From [P7].

direction in the core ¥ through the Snell’s law while the substrate modes of interest
satisfy 9 S 0. Using Fresnel’s formulae, we found that the reflectivity of the wave

with 9 S 95 on the core/substrate boundary is close to one. Light in such type of sub-
strate modes is therefore guided inside the core for several tens of roundtrips before it
decouples into the substrate and it must therefore satisfy the condition of constructive
interference as well as the guided modes. It is possible only for discrete energies and
therefore we observe pronounced maxima in photoluminiscence spectra at particular
wavelengths, characteristic for each of the samples. We compare the hypothesis in
[P1-P3] with experimental data and we performed additional measurements in order
to check the validity of the theory. The additional experiments clearly identified the
substrate modes and not the guided modes to be responsible for the phenomenon. We
compare the luminiscence and transmission spectra in [P4] and we show that spectral
positions of peaks are equal what is a clear confirmation of the theory.

The existence of observable substrate modes in the active planar waveguides with
silicon nanocrystals clearly implies the strong influence of mode leakage into the sub-
strate on measurements of the optical gain using the VSL and other methods. The
major question is, whether it is possible to reach positive net gain of these modes.
Our theoretical model is presented in detail in [P5] where also relevant formulae for
an estimate of luminescense response of a bulk or a waveguiding sample in various
experimental geometries are derived. With the help of numerics, we have marked
distinctions in the response of 3D and 2D samples which comes from the presence
of the substrate modes. The calculations show that corrections are essential in order
to properly determine the net gain value in VSL experiments. The theory of the ac-
tive waveguides and theoretical calculations of the optical field distribution across the
waveguide, of the optical gain etc. are summarized in the in-book chapter [P7]. The
overview of the experimental results with a basic theoretical description is presented
in another chapter [P8].
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The last publication [P6] dedicated to optical waveguides reports a phenomenon
which had not been yet described in the literature. Using the laser-induced transient
grating method, we measured the diffusion coefficient of excitons created by the laser
beam in a layer of silicon nanocrystals embedded in a waveguide. In this method,
the efficiency of diffraction on the transient grating is measured as a function of time
and grating period. Then it is possible to determine the diffusion coefficient from
the dependency of the time decay constant of the signal on the grating period. The
standard analysis of data results in the diffusion coefficient D = 420 cm?s~! in our
experiment what is a value larger by one order of magnitude than the coefficient
for bulk silicon Dg; ~ 10 cm?s™!'. There must therefore exist another important
physical effect besides diffusion which causes significant decay of the grating contrast
at the time scale of picoseconds. We proposed a hypothesis based on an optical
grating-induced feedback for photons which propagate in the waveguide. The feedback
amplifies spontaneously emitted light in the layer with crystals what leads at the end
to fast stimulated recombination of the excited states. As we show in the numerical
calculations, the rate of stimulated recombnation is affected by the period of grating

and therefore significantly influences the measurement of the diffusion coefficient.

3.2 Semiconductor quantum wells

The publications in the area of quantum wells may be separated into two subgropus
according to their particular subject: spin-related papers aiming at nonlinear spin
interactions in single quantum wells [P9-P11] and the other subgroup with works
aiming at spin transport in double quantum wells [P12-P13].

The paper [P9] deals with the basic characterization of the exciton and biexci-
ton wave functions. Based on the group theory, we deduce the spin structure of the
symmetrized wave functions of exciton and biexciton states as a combination of the
electron and the hole spin for quantum wells made from materials with wurtzite and
zinc-blende crystallographics structure and grown in main crystallographic directions.
We then apply the method of invariants to these wave functions and we derive ap-
propriate Hamiltonians which describe mixing of the symmetrized states what results
e.g. in the mixing of the states with equal spin and wave vector and different band
index in quantum wells. The size of this particular effect is also shown numerically.

We deal with nonlinear interactions of excitons in the article [P10], focusing on
the spin in optical four-wave mixing. There is a variety of models describing the same
thing which are based on semiconductor Bloch equations [24] or microscopic theories
with higher electron—hole correlation terms [25-28] and finally there are models which
consider level schemes with exciton states [30-34]. From the cited sources, only those
microscopic theories with higher-order correlation terms give the correct predictions
of both the dynamics and spin of the output signal: in semiconductor Bloch equations,
a reduced density matrix is used whose elements are two-point correlation functions
while the higher correlations are factorized in the kinetic equations in order to obtain
a closed set of equations. Higher order terms, consisting of informations about spin-
spin correlations, are absent. This disadvantage is corrected in the models which
contain full higher-order terms. Although the microscopic theories are successful,
they require time-consuming numerical evaluation. It is then much easier to resolve
an empiric model in a form of an exciton level scheme where the polarization of
the response can be found analytically. The polarization predictions of the existing
models nevertheless fail in some cases, presumably due to an inaccurate symmetry
of the starting Hamiltonian. Our model, published in [P10], has been found in order
to take into account the full symmetry of the relevant states which take place during
the nonlinear interaction and to give appropriate analytic predictions of the physical
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properties of the nonlinear optical response. We choose the basic optical excitations in
intrinsic semiconductors, namely the exciton and biexciton states as the starting point,
taking into account their correct internal structure, according to the composition of
the host material (bulk semiconductor, quantum well). The Hamiltonian contains the
interaction term for the exciton—exciton scattering which respects the spin structure
of particles and which is the key element for the nonlinear interactions. We then
derive kinetic equations for the reduced density matrix with four-point correlators
whose analytic solution is possible and the calculation of the outgoing polarization
reduces to an algebraic problem. Predictions of the model in [P10] agree with the
microscopic theories. The complexity of the calculations is, on the other hand, much
smaller and the model is applicable to systems with any arbitrary symmetry with
only minor modifications.

Time evolution of the exciton spin in GaAs quantum wells is analyzed in the pa-
per [P11]. Using the time- and spin-resolved optical spectroscopy, we measure the
dynamics of nonlinear response of excitons in multiple quantum wells. The study is
unique due to the use of pump and probe technique whose time-integrated response
after excitation by a picosecond pulse is detected in a wide spectral range which covers
the most of excitonic resonances of the system. We were able to accurately determine
the density of bright and also dark excitons from the differential transmission spectra
by spectral shape fitting. We proposed a simple level scheme which describes the
system’s dynamics, including the spin relaxation. We consider the proper particle
(exciton and biexciton) symmetry in the model according to [P9] and we perform
numerical fit of the measured dynamics in order to extract the appropriate spin relex-
ation times for particular processes, including spin relaxation of electrons, holes and
whole excitons. Even though the resulting data just confirmed the previously pub-
lished results measured by different techniques, our publication still has some impact
due to the complex analysis of the spectra of the response and also thanks to the
consistency of the kinetic model. These facts refute doubts about the correctness
of interpretation of e.g. degenerate pump and probe experiments on which most of
previous publications were based.

In semiconductor double quantum wells, we investigated spin transport of exci-
tons at macroscopic distances. In the paper [P12], the transport is diffusive while it
is ballistic in [P13]. In both works, DC voltage is applied across the layered structure
what results in spatial separation of electrons and holes to individual quantum wells.
The Coulomb interaction across the tunnelling barier is still strong enough in order
to allow creation of the bound electron—hole pairs — indirect excitons. Such exci-
tons have long lifetime due to slow radiative recombination and they can therefore
travel over large distances (up to tens of micrometers) during diffusive transport, even
though their effective mass is large (comparable to the free electron mass). Besides
the particle transport, we are interested mainly in the spin transport in our study: as
the exciton spin relaxes, according to the part 2.2, it is not clear whether the diffusive
spin transport could be efficient. Based on an experiment and subsequent theoretical
analysis, we show in [P12] that the spin transport is possible at the distance of sev-
eral micrometers and we discuss critical parameters which influence the spin transport
efficiency.

It is possible to observe ballistic exciton transport at higher exciton densities
which are accessible through increase of the energy density in the optical excitation.
Hot excitons in double quantum wells quickly relax their energy after optical exci-
tation and access low-energy states whose temperature can drop below the quantum
degeneracy limit due to the exciton long lifetime. Exciton—exciton interaction then
effectively screen exciton interactions with static defects and low temperature reduces
the strength of interactions with phonons. Exciton transport is then ballistic with
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Figure 8: Degree of linear polarization Py, and degree of circular polarization P, of
indirect excitons in double quantum wells. The green box encloses the same object
under the same experimental conditions with the exception of the detection optics
which is set to different polarization components. The exciton source is in the centre
of the green box. From [P13].

the coherence lenght of the order of few micrometers [48]. We observed spin struc-
tures which form spin vortices in linear polarization [P13] in systems of excitons,
propagating from a point source (see Fig. 8). We propose a theoretical model for the
interpretation of the phenomenon in which we consider coherent exciton propagation
and we include spin precession due to spin—orbit interaction. The model outputs are
in agreement with the experimental data. The model contributes to understanding of
the dynamics of the charge carriers in the researched structure and in general it con-
tributes to the knowledge of the dynamics of quantum degenerate systems of bosons
and fermions.

3.3 Semiconductor microcavities

In the publications in the microcavity area included in this habilitation thesis, the
research subject are the parametric interactions of polaritons with the special atten-
tion to the polariton spin and manifestation of the spin coherence. In the primary
works [P14-P15], we develop a theory of spin—spin interactions on the elastic circle:
two polaritons with opposite momenta scatter into states on the elastic circle in the
opposite positions in reciprocal space due to momentum conservation. We analyze
the scattering amplitudes in the paper [P14] using microscopic calculation, taking
into account the spatial and spin structure of polaritons. The calculations show that
the degree of optical polarization of the scattered particles is not isotropic and it is
strongly influenced by the composition and spatial separation of the electron and hole
wave function as a result of e.g. applied DC electric field perpendicular to the sample
plane. We further analyze the same geometry of the experiment in [P15] considering
additionally stimulated processes. There is a clear crossover between spontaneous
scattering with low polarization degree and the stimulated scattering regime with al-
most 100% polarization degree of the final states. Furthermore, we show theoretically
the existence of breaking of the spatial symmetry by the presence of the excitation
beams. The scattered polaritons in the stimulated regime do not occupy the whole
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elastic circle but rather discrete points so that the scattered beams propagate per-
pendicular to the incoming beams in the real space. Finally we point out that the
particular experimental geometry may be used in order to construct logical X-NOR
gate whose logical information is stored in the polarization of optical field.

Theory of logical circuits is further discussed in the paper [P16] on a model system
made of a microcavity covered by a line of thin metal rectangles. Eigenstates of the
microcavity—metal structure are a combination of the Tamm plasmon and exciton—
polariton [49] and they have lower energy compared to the cavity without the metal
stripe on its surface. The metal areas are then the potential wells for optically excited
states what is a promising feature for construction of circuits for optical excitations.
The dependency of the particle density in the nanostructure on the external illumina-
tion density is nontrivial and reveals a hysteresis loop and therefore bistable behavior.
One bit of the logical information may be then represented by the particle density
depending in which of the two bistable states the system is. We show, using numerical
calculations based on the solution of the Gross—Pitaevskii equation, that a logical in-
formation propagates in the chain of the areas with the metallic rectangles on the top
in a form of switching the polariton density from one branch of the hysteresis loop to
the other one. The gap between the rectangles plays a role of a barrier through which
polaritons tunnel from the neighboring well and move the hysteresis loop in the actual
well such that the density of polaritons skips to the second hysteresis branch. In this
way it is possible to “transport” the information to the logical gate where it is eval-
uated and the result may be carried in the same manner towards the next gate. We
also demonstrate theoretically that the hysteresis loops may be shifted by applying
electric field across the structure. It is then possible to construct field effect transistor
for polaritons or we may utilize the effect in setting up the logical information in the
circuit using electric field and connect integrated electronics and optics.

A possibility of an efficient condensation kinetics in a microcavity is experimen-
tally investigatedin the paper [P17]. Cavity polaritons are promising for construction
of efficient coherent light sources in particular due to theoretically higher quantum
efficiency as compared to usual lassers and due to the absence of a threshold for co-
herent emission. Kinetics of the polariton condensation from a thermal state to the
bottom of the polariton band is rather complex because the condensation requires
several interactions with accoustic phonons in the area where the polariton lifetime
is in the picosecond scale. Polaritons cumulate in the zone with negative effective
mass (polariton bottleneck) and they annihilate due to their short lifetime. Conden-
sation is possible only above some critical density [38] at which the phonon—assisted
scateerings are stimulated and the energy relaxation is fast enough. Clearly there
is a nonzero threshold on the contrary to the early theoretical estimate. We take
an advantage of the relaxation mechanism by optical phonon emission in the study
[P17]: the phonon energy is well defined in semiconductor crystals and the interac-
tion energy is by an order of magnitude larger as compared to the accoustic phonon
emission. The whole microcavity struture was designed such that the ligh hole (LH)
exciton band was above the polariton band minimum approximately by the energy of
an optical phonon. The relaxation then was a one—step process of the optical phonon
emission from the LH band directly to the bottom of the polariton band. The system
was optically pumped at the LH exciton energy and we measured the threshold for
coherent emission as a function of the energy diffrence between the LH exciton band
and the bottom of the polariton band. We found that this dependency is nontrivial
so we conclude that the energy relaxation by optical phonon emission may be efficient
and we may use the effect in electronic components where the system is electrically
pumped across a proper tunneling barrier.

The study of topological structures and perturbations is an indispensable part of
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Figure 9: Results of an experiment (a),(b) and theoretical simulation (c),(d) of inten-
sity of 2D optical field in a microcavity in real space when an optical wave approaches
a defect. The light is incident on a defect at the position (0,0) with the size of 3 um
and propagates along the y axis. The plots (b) and (d) show an interference patterns
after interference with a reference beam. From [P20].

the condensed matter physics. There was a successful observation of phase vortices
in polariton condensates [50] but theory [45] predicates the existence of half-phase
and half-polarization vortices as being the elementary excitations in the cavity po-
lariton systems. We focus in the paper [P18] on experimental evidence of this type
of vortices, using spin-resolved optical spectroscopy. With the help of several differ-
ent experiments, we unambiguously showed the existence of the mentioned vortices,
confirming theoretical models of polariton fluids and quantum systems with the spin
degree of freedom in general and we opened the way for both theoretical and experi-
mental research of the dynamics of new topological defects in condensates.

In the last two publications listed in this thesis, we consider linear effects in micro-
cavities without nonlinear medium (with no exciton—photon interactions). The stud-
ied system is therefore an effectively two-dimensional non-interacting photon gas. On
the contrary to waveguides, cavity photons reveal parabolic dispersion and the state
with zero in-plane wave vector is a well defined eigenstate of the system. Study of the
photon dynamics in the linear regime is essential in order to understand the influence
of the interactions with material on the photon behavior or to study the effect of op-
tical nonlinearities on the characteristics of the photon gas. In the first study [P19],
we investigate polariton spin-orbit interaction and its consequences for the so-called
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optical spin Hall effect [46]. While the authors of Ref. [46] claim that exciton—photon
interaction is necessary for the phenomenon, both theoretical calculations and experi-
mental data in [P19] unambiguously show the opposite. We interpret the phenomenon
in terms of photon ballistic transport and effetive spin—orbit interaction. The conclu-
sions refer to and support the paper [P13] where we discuss ballistic transport and
spin—orbit interaction in the system of indirect excitons in double quantum wells.

The theory of phase transition to the superfluid state by Kosterlitz and Thouless
[44] defines the critical temperature under which there is a nonzero density of particles
in locally correlated state in the system. The theory is, however, formulated for
spinless particles with an infinite lifetime while cavity polaritons have nonzero spin and
the lifetime comparable to the thermalization time. Despite of these facts, theoretical
works indicate that cavity polaritons should be able to reach the macroscopically
ordered state. Nonetheless it is the experiment which plays the key role and confirms
theory. There were several publications claiming on the polariton superfluidity [40,41]
in which the fluid was tested with several criteria for superfluidity. In the experiments,
the fluid mostly flows around an artificial defect and the fluid density is investigated
under different excitation conditions. Since it is possible to create the cavity polaritons
in a condensed state at an arbitrary point in the k-space by resonant optical excitation,
the influence of the fluid density and velocity on their scattering by the defect and
formation of dark solitons is widely studied. We perform a very similar study in the
publication [P20] in fully linear regime both experimentally and theoretically — we
study the linear scattering of the 2D photon gas on a defect and we also investigate the
role of the scattering in formation of structures similar to dark solitons and vortices.
Our results show that the criteria widely used up to now in order to indentify the
superfluid state are not sufficient for unambiguous confirmation of its existence. The
same structures with similar dimensions like in the proposed polariton superfluids
were identified in the optical response of the linear system both in the experiment
and theory under similar experimental conditions (see Fig. 9). It does not mean,
however, that the polariton superfluid does not exist. The clear message is, that
we should apply additional criteria for confirmation of the superfluidity and perform
supplementary experiments which give an answer to the question what is the critical
temperature for superfluid and whether it is possible to reach it.

4 The role of theory in optical spectroscopy

Optical spectroscopy consists of various experimental methods for indirect observation
of phenomena which occur in the investigated physical systems. One of the systems
of interest are semiconductors which are the subject of the collection of publications
in theis thesis. Despite of the experimental character of the methods used in optical
spectroscopy, it is not a purely experimental discipline: the data from indirect obser-
vations need to be analyzed and interpreted, often with the help of theoretical models
and computer simulations. Furthermore, in the era of the extensive development of
nanostructures and hybrid structures of various materials, the standard experimental
methods are not suitable for research of some particular properties of samples and
therefore it is necessary to develop new methods or to improve the older ones. One
then needs in some cases theoretical modeling and computer analysis of the design of
the setup. Most of the publications in this thesis reflect intensive collaboration of the
experiment and theory to which I contributed considerably. This type of collabora-
tion should continue at Faculty of Mathematics and Physics at Charles University in
Prague, for example recent publication [51] deals with measurement and theoretical
description of Kerr effect in magnetic semiconductors based on GaAs.
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The propagation of light emitted from silicon nanocrystals forming planar waveguides buried in
SiO, is studied both experimentally and theoretically. Experiments reveal that photolumines-
cence spectra detected from the sample facet mainly contains narrow (10-20 nm
full-with-at-half-maximum) polarization-resolved transverse electric and transverse magnetic modes
instead of the usual broad nanocrystal emission band peaked at 700—800 nm. A theoretical model
developed in the framework of wave optics identifies these modes as substrate modes propagating
along the waveguide boundary (not the usual modes guided inside the nanocrystal plane due to its
graded index profile). This peculiar observation is the consequence of the high losses in the
nanocrystalline waveguide and may occur in other dissipative waveguide structures under
conditions that are discussed. © 2004 American Institute of Physics. [DOI: 10.1063/1.1795984]

I. INTRODUCTION

Light-emitting silicon nanostructures have attracted con-
siderable interest since the discovery of bright visible photo-
luminescence (PL) in porous silicon by Canham.' This inter-
est has been further stimulated by recent reports of optical
gain in an ensemble of silicon nanocrystals (Si-NCs).>”
Most of the investigators looking for optical gain use
samples in the form of a thin Si-NC layer (prepared either by
the Si-ion implantation or by the plasma-enhanced chemical
vapour deposition method) embedded in a transparent silica
matrix, or Si/SiO, superlattices. Such structures work as
asymmetric active planar optical waveguides, where the light
is not coupled to the core from outside but originates from an
ensemble of emitting Si-NCs inside the waveguide.

Here we report on experimental observations of unusual
PL from planar waveguides made of luminescent Si-NCs in
Si0, matrix. In particular, a significant narrowing of PL line-
shape and splitting of the emission into spectrally separated
transverse electric (TE) and transverse magnetic (TM)
modes. Such behavior is very similar to III-V semiconductor-
based microcavity PL TE-TM splitting observed in directions

Y Author to whom correspondence should be addressed; electronic mail:
jan.valenta@mff.cuni.cz

0021-8979/2004/96(9)/5222/4/$22.00

5222

different from surface normal.*> We show that the narrow
TE and TM modes, which the waveguide self-selects from a
wide spontaneous emission spectrum, are not the usual
guided modes, as assumed in our earlier report, but leaky
substrate modes. They arise from constructive Fabry-Perot
interference of luminescence rays leaving the active Si-NC
layer to the substrate near the angle of total internal reflec-
tion. The existence of such modes is a general property of
thin luminescent layers, irrespective of whether they are in
the form of semiconductor microcavities.”'’ or simple
organic/inorganic thin films.'"'"? Hereafter, we deal with a
general case of an asymmetric planar waveguide with a
graded index profile where these modes are extremely well
developed. We show, both experimentally and theoretically,
that such experimental dominance of the leaky modes de-
pends strongly upon a coincidence of several parameters,
including the waveguide losses experienced by guided
modes, the refractive index contrast of the core and cladding
and the depth of core layer within the substrate.

Il. SAMPLE PREPARATION AND EXPERIMENTAL
SET-UPS

The samples used in this study were prepared by im-
planting 400 keV Si* ions into 1 nm thick silica slab (Infra-
sil) with optically polished surface and edges. Implantation

© 2004 American Institute of Physics
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Imaging
spectro- | cal
graph

optical fiber
(light collection)

FIG. 1. Sketchof the experimentalgeometryfor the
+ microPL setup(a) and for the goniometersetup (b).
Lower panels show PL intensity images (area 2
X 1.2 mn?) of the excitedwaveguide(using micro-PL
setup for sample inclination of «=-15° (c) and
a=+15°(d). Theelliptical spotis the excitedregionon

substrate

dosesof 3, 4, 5,and 6x 10 Si cm 2 (in four differentre-

gionsof the slab werechosento producedifferentlevelsof

refractive index contrast betweenthe core and cladding/
substratelayers. PeakexcessSi concentrationsvere up to

26 at. %Si. Implantedsampleswere subsequenthannealed
for 1 hin N, ambientat 1100°C and1 h in forming-gas(

5%H, in N,) at 500°C. The presencef Si-NCsin the an-

nealed layers, with diameter between4—-5nm, was con-

firmed by Ramanscattering(not shownhere.

The PL propertiesof sampleswere investigatedusinga
continuouswave He-Cd laser (325nm) as the excitation
source(excitationintensity ~0.3 W/cn¥?) anda microscope
connectedo an imaging spectrograptwith a CCD camera
for detection[Fig. 1(a)]. The detectionnumerical aperture
(NA) was 0.075(i.e., an angularresolutionof about8.6°).
All measurementa/ere performedat room temperatureand
all PL spectrawere correctedfor the systemresponseTo
achievebetterangularresolutiona secondexperimentalar-
rangementvasalsoemployedn which the samplewasfixed
to the centreof a goniometer[Fig. 1(b)]. The PL emission
was then collected by a silica optical fiber (core diameter
1 mm) rotatedaroundthe sampleat a distanceof 50 mm,
giving an angular resolution slightly less than 1° (NA
~0.01). The output of the fibre was measuredusing the
samedetectionsystemdescribedabove.

Typical images observedwith the microscopic setup
[Fig. 1(a)] areillustrated in Figs. 1(c) and 1(d). Here the
diameterof the excitationspot, locatedat aboutl mm from
the sampleedge,is roughly 1 mm. Onecaneasilyrecognize
PL emissionfrom the excitedspotasa bright ellipsoid. How-
ever thereis alsoa secondcontributionemanatingrom the
facet of the sample.This light is obviously guidedin the
implantedlayer or closeto it. The imagesin Figs. 1(c) and
1(d) werecollectedfor sampleinclinationanglesof —15° and
+15°, respectivelyi.e., in a geometryfor which the excited
spotwas observedeither directly [Fig. 1(c)] or throughthe
substrate[Fig. 1(d)]. The experimentalarrangemenshown
in Fig. 1(a) enablesthe detectionof the PL either from the
excitedspotor from the edgeof sampleby positioningthe
entrancsslit of the spectrographo differentlocationsof the
PL image.

the surfaceof the sample,andthe narrowline is the PL
emanatingfrom the sample facet. The substrateis
slightly illuminatedwith a white lamp giving riseto the
lighter gray color in the bottompart of theimages.The
white arrowsindicatethe direction of excitedbeam.

substrate

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

Figure?2 (left column) presentsL spectraof four layers
producedby implantingto differentdoses.The broaddotted
curvescorrespondo PL emanatingrom the samplesurface
(perpendicularlyto the Si-NC layer, i.e., conventionageom-
etry) while the other curvesrepresenPL collectedfrom the
facetof the sample(sampleinclinationwas+2.5°). It canbe
seenthat thesetwo typesof spectradiffer considerablyThe
facet PL spectraare much narrowerand contain(exceptthe
3Xx 10" cm 2 sampl@ narrow TE and TM modesclearly re-

Photon Energy (eV)
2 18 16 142 18 16

A% [Bx10%nd?

1.4

x:|1017cm;"!
h. [6 x 10"cm? l
800 90

900 700

PL intensity (a.u.)

700

800
Wavelength (nm)

0

FIG. 2. Left column: ExperimentalPL spectrafor layersimplantedwith

doses3, 4, 5,and6 x 10" Si cm 2 (from top dowr) detectedn two different
directions:The conventionahormalincidencePL spectrabroaddottedline)

and PL spectraemanatingfrom the facet of the sample[black line—PL
without polarizer dashedline—with polarizer parallel to the layer (TE
mode, short-dashedlines—polarizer perpendicularto the layer (TM

mode]. Right column: CalculatedPL spectrafrom the samplefacet (a
=0°), taking into accountthe detectionNA=0.075. The broad emission
bandsappearingn the samples3 x 10t Si cm? and 4 X 10 Si cm2 rep-
resentguidedmodesscatterednto the detectorcollectionangle.
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FIG. 3. Angular dependenciegsample5x 10t Si cm?): UnpolarizedPL
spectrameasuredat various anglesa with respectto the normalto the
output facet in the sample5x 10t Si cm™2 using either the goniometer
setup(a) or the micro-PLsetup(b). The angularresolutionis about8.6° and
1°, respectively Panel (c) representsnodel calculationsof the angularde-
pendencdor aperturecollectionangleof 8.6°.

solvedwith a linear polarizationfilter parallel (TE) or per
pendicular(TM) to the layer edge.SuchsurprisingPL spec-
trafrom a simplelayerof Si-NCshave beemeportedfor the
first time only recently*** Typical PL spectrafrom Si-NCs
consist of a broad band centeredat 700-800nm with
FWHM of 150-200 nm, consistentvith the dottedcurvesin
Fig. 2.

We stressthat the TE/TM mode structureis only re-
solvedin PL spectracollectedin a direction closeto a=0°
(i.e., detectionaxis lying in the implanted plang. This is
clearly illustratedin Fig. 3(a) where PL spectrafor several
collectionanglesa are plotted. Theseresultswere obtained
usingthe goniometersetup[Fig. 1(b)] with anangularreso-
lution of about1°. In this case however all emissionpropa-
gating towardsthe collecting optical fibre is detected Only
in the micro-PL setupwe can separatethe contribution of
light guided along the implanted layer from normal inci-
dencelight emission[Fig. 1(a)]. The angulardependencef
the separatee@dgeemissionis shownin Fig. 3(b) whereone
can seeclear mode structureemitted preferentiallyto the «
=0° direction.

The crucial questionto be addresseds how do these
narrow lines originate? The waveguide formed by the
Si-NC plane“buried” in the SiO, matrix is shownschemati-
cally in Fig. 4(a). Therefractiveindex profile n(z) acrossthe
layer is determinedby the Si-NC distribution beneaththe
surface.Such profiles were obtainedby fitting interference
fringesin visible-infraredtransmissiorspectreof Si-NC lay-
ers (not shown here. Thesen(z) profiles are displayedin
Fig. 4(b) for eachof the samplesinvestigatedTheir differ-
encesfrom the substraterefractedindex ng,=1.455are ap-
proximated either by nonsymmetric Gaussian or by
Gaussian-Lorentzianurves.The depthof the maximumre-
fractiveindex contrastAn belowthe surfacewasfoundto be
d=0.63 um in all samplesand the profiles are asymmetric,
tailing towardsthe surface,consistenwith the implantedSi
distribution (not showr).

Figure 4(a) summarizeghe following reasoningin the
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FIG. 4. (a) Crosssectionof the Si-NC planar waveguidewith a graded
index profile n(z). Rays of both guidedand substratenodes aréndicated.
(b) Refractiveindex profiles n(z) in the investigatedsamples.Lower two
panelsshowcalculatedspectralpositionsof the substratenodesAs a func-
tion of the refractiveindex contrastAn (c) and as a function of the maxi-
mum index contrastdepthd in the sample5 x 10t Si cm2 (d).

frameworkof aray schemePL rays,emeging (at depthd) at

high enoughanglesé, undego total internalreflectionat the

core-claddingnterfaceand propagatewithin the Si-NC core
region as normal guided modes (representingcontinuous
spectrun). However raysemeging at anglesd thatareclose
but slightly below the critical angle §.=arcsifingy (Nsup

+An)] for total reflectionat the core-substraténterfacecan
reachthe samplesurfacez=0 andbe totally reflectedat this

boundary'® This reflectionintroducesan extrasteplikephase
shift that causesthe splitting of the TE and TM modes'®*’
The reflectedbeamthen propagateshroughthe coreregion
and undegoespartial reflection from the core-substratén-

terface.At eachsuch reflection a small part of enegy of

modescanleak out from the Si-NC layer into the SiO, ma-
trix asa substratenodé?® thatfinally leavesthe samplefacet
at the detectionangle « closeto zero[Fig. 4(a)].

It is now demonstratedhat this model can simulatethe
experimentakmissionspectrawith high fidelity whentaking
into consideratiorthesesubstratenodes.We assumesotro-
pic radiationof randomlyorienteddipoles(Si-NC) that are
randomly scatteredinside the waveguide(i.e., we neglect
their positionswith respectto the z axis which would be-
comeimportantwhen studyingmicrocavity effects. The in-
teresthereis on the modeenepy, i.e., the output PL inten-
sity, asa function of the angle # and wavelengthx.*® With
the aid of equationsfor deriving the cavity enhancement
factor® we getfor the modeamplitudeinsidethe waveguide

A(ON) = Agf(1 =tryry),

whereA, is an effective sourcestrengthandt<1 is a trans-
mission coefficient [in general t=t(6#,\)] during one
roundtrip of the wave in the waveguide.r; andr, are the
reflectivitiesof the waveguideboundarieghat canbe calcu-
lated (see,e.g., 16) by using a transfermatrix method.The
transfermatrix M is calculatedasM =M;M,M3- --M,,, where
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My, 0<k=n, aretransfermatricesfor very thin layersinto
which the structurewas “cut,” in parallel with the sample
surface for the purposeof numericalcalculation.The inten-
sity of amodeis proportionalto AA". In the presenstudywe
usedt=0.995[in agreementvith experimentallyestablished
dampingof about10 cm™* (Ref. 21) ] andn=5000.

The resultsof calculationsare presentedn Fig. 2 (right
column. The overall agreementvith the experimentaldata
(left column) is excellent,providing strong supportfor the
proposednodelthatthe observedPL spectraiharrowingand
TE/TM splitting aredueto the substratenodespropagating
nearlyin parallelwith the boundaryof the waveguide (We
should note that the intensity of the calculatedmodeshere
hasbeenmodulatedby the spontaneoudroad PL emission
bandto allow direct comparisorwith experimenf. Onecan
easilyrecognizen Fig. 2 aTE/TM “doublet” whosespectral
positionis red shifting and the separationbetweencompo-
nentsis increasingwith increasingimplantationdose.This
behavioris displayedmoregenerallyin Fig. 4(c) (calculated
mode positionas a function of the maximumindex contrast
An, whichis linked to theimplantationenegy) andFig. 4(d)
(calculatedmodepositionasa function of the depthd). Simi-
lar calculationswere performedfor the angulardependence
of PL for the layer 5x 10 Si cm2 and the resultsare dis-
playedin Fig. 3(c). Onecanclearly seethe narrowmodesat
anglescloseto «=0 in goodagreementvith the experimen-
tal results[Fig. 3(b)].

Thequestionthatremainss why the substratenodesare
sosignificanthere A likely answerto this questionis thatthe
regular guided modesexperiencegreaterloss during their
propagatiorin the planeof thewaveguidelndeed thebeams
responsibldor generatinghe substratenodestravel reduced
distancesthrough the core region and once launched,the
substratenodeundegoesvirtually nolossin travelingto the
substratefacet. On the other hand, the standardguided
modesare stronglydampedon their trip over a macroscopic
distancefrom the placeof creationtowardsthe sampleedge
due to absorptionand scattering.The model employedhere
doesnot dependon the natureof the core lossesbut simply
onthefact thatthe lossis significant.The mostlikely source
of lossin the presentcaseis absorptionand scatteringfrom
nanocrystalsas well as scatteringfrom the “interface” be-
tweenthe core and claddinglayers. The latter likely arises
from theimplantationprocesswvherethe penetratiordepthof
the Si* ions directly reflectsthe surfaceroughnessof the
polishedsilica substrateyhich is of the orderof £10 nm. It
is known that microphotonic etched waveguidestructures
suffer from optical scatteringossdueto sidewallroughness
and that this loss increaseswith increasingrefractiveindex
contrastAn.?? The contribution of this later processis sup-
portedby the fact that thesesubstratemodesdo not reveal
themselvesn the edgeemissionof waveguideswith atomi-
cally flat sidewalls.

IV. CONCLUSIONS

It hasbeendemonstratedyoth experimentallyandtheo-
retically, that continuouswave PL can propagaten specific
narrow band, highly directional, substratemodesinsteadof

Valenta et al. 5225

normalguidedmodesin an active planaroptical waveguide.
We haveanalyzeda waveguidemadeof Si-NCs but the ef-
fect is a general property of asymmetricthin films. The
waveguideself-selectehesemodesfrom the broadbandPL
emissionof the core. The spectraldistribution and experi-
mental manifestationof suchmodesis critically dependent
upon severalwaveguideparameterspredominantlythe re-
fractive index difference betweenthe core and cladding/
substratédeterminecby theimplantationdosein the present
study), the waveguideloss, the depthd of Si-NCs distribu-
tion beneattthe surfaceandalsouponthe shapeof n(z). The
role of thesemodesin facilitating/hamperingoptical gain
requiresfurther analysis-*
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ABSTRACT Layers of densely packed luminescent Si nanocrys-
tals embedded in fused silica act as wavelength-specific planar
waveguides that filter the wide-band spontaneous emission.
The waveguides’ light output consists of two spectrally narrow
(~ 10 nm), orthogonally polarized, and spatially directed bands.
This effect is shown to result from leaky modes of the lossy
waveguides. The results have general applicability to lossy,
asymmetric waveguides and show the way to produce spectrally
narrow emission without the use of optical cavities.

PACS 78.67.Bf; 42.79.Gn; 81.07.Bc

1 Introduction

Silicon-based photonics is an exciting new area
of research that aims to produce integrated electronic and
photonic functionality in a single silicon chip. Silicon quan-
tum dots or nanocrystals (Si-NCs) are efficient light emit-
ters [1-3], unlike bulk silicon, and have been used to
demonstrate silicon-based light-emitting diodes [4,5]. The
Si-NCs can also be employed to fabricate active optical
waveguides [6—12]. Some of these Si-NC waveguides, with
properly designed refractive-index profile, exhibit spectral
filtering of the Si-NC photoluminescence emission. The fil-
tered emission consists of narrow (~ 10nm), polarization-
dependent emission lines [7, 8, 12]. This unexpected effect,
which holds promise for potential applications in silicon pho-
tonics, was reported by Khriachtchev et al. [7] for Si/SiO,
waveguides and by our group [12—-14] (probably also by
Ivanda et al. [15]) for samples containing Si-NC prepared by
Sit implantation into silica slabs. Full understanding of the
phenomenon is, however, still missing. Here we study this
filtering effect in more detail and demonstrate, both experi-
mentally and using theoretical modeling, that the origin of the
filtering is based, contrary to intuition, on leaky modes of the
lossy planar waveguides.

B« Fax: +420-2-21911249, E-mail: jan.valenta@mff.cuni.cz
*Also at: IPCMS, Groupe d’Optique Nonlineaire et d’Optoelectronique,
UMR 7504 CNRS-ULP, 67037 Strasbourg Cedex, France

2 Methods

The Si-NC thin-film waveguides were prepared by
400-keV Sit-ion implantation into optically polished Infrasil
slabs. Samples were subsequently annealed for 1 hat 1100 °C
in a N, ambient to form Si-NCs and further annealed for 1 h at
500°C in forming gas (N»>/H,) to enhance the luminescence
emission. The presence of Si-NCs and an estimate of their
size was determined by Raman scattering, as shown in Fig. lc.
A simple approach, exploiting the shift and half-width of the
Raman peak [16], provided an estimation of the Si-NC sizes
from4.4 nmto 5.9 nm.

Photoluminescence was measured at room temperature
using a cw He-Cd laser (325 or 442 nm) and detected with
a spectrograph coupled to a CCD camera. All spectra were
corrected for the system response. Emitted light was coupled
to the detection system either using a quartz optical fiber (col-
lection angle ~ 1°) or by a microscope objective lens (magni-
fication x2.5,NA = 0.075, collection angle ~ 8.6°). To meas-
ure a polar radiation diagram, the input of the optical fiber was
rotated around the sample by a goniometer.

Phase-shift interferometry and atomic force microscopy
(AFM) were used to characterize the surface morphology of
the samples.

Neither spectral profiles nor spectral positions of substrate
radiation modes can be calculated analytically. Numerical cal-
culations were therefore performed using the formula for the
cavity enhancement factor [17]. The relevant reflectivity co-
efficients on the boundaries were calculated using the transfer
matrix method, taking into account the continuous profile of
the refractive index. We also considered both the numerical
aperture of the given experimental set-up and the loss coef-
ficient in the Si-NC films. Details of this procedure will be
published elsewhere.

3 Results and discussion

The visual appearance of our samples is shown in
Fig. la. The refractive-index change for different implant flu-
ences leads to variations in the color of the implanted regions
under ambient (white) light. The resulting Si-NCs are embed-
ded in the silica slabs as a thin (~ 1 pum) buried layer that
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FIGURE 1 Planar optical waveguides formed by Si-NC thin layers embed-

ded in silica slabs. (a) Edge view of a silica sheet (Infrasil) ~ 5.0 x 1.0 x
0.1 cm? under diffused white light, with colored regions formed by Si-NC
films. Corresponding implant fluences, ranging from 3 to 6 x 10'7 cm~2, are
indicated. (b) Dotted curves: conventional broad photoluminescence spec-
tra from Si-NCs measured at normal incidence. Full lines: room-temperature
photoluminescence spectra taken from the sample facet, in the direction in-
dicated by arrows in (). Left-hand plots — experimental, right-hand plots
— calculated. (c¢) Examples of Raman spectra evidencing the presence of
Si-NCs (red and brown curves). Blue curve — Raman spectrum of unim-
planted Infrasil, black curve — reference spectrum of crystalline Si wafer

forms the high- refractive-index core of the waveguide struc-
ture. Because the refractive index of the Si-NC film is higher
than that of the SiO, substrate and extends to the surface, the
film acts as a planar asymmetric optical waveguide.

The effect of photoluminescence spectral filtering is high-
lighted in Fig. 1b. The left-hand column in this figure shows
measured room-temperature photoluminescence spectra for
four different Si-NC waveguides under UV excitation. The
dotted curves represent emission from Si-NCs embedded
within the waveguide core, measured from the sample surface,
i.e. perpendicular to the Si-NC layer. Such broadband spectra
are typical of the inhomogeneously broadened emission from
Si-NCs but are undesirable for many optical applications. The
solid curves represent spectra taken parallel to the surface, i.e.
from the edge (facet) of the waveguide (arrows in Fig. 1a). The
two sets of spectra are clearly quite different, the latter be-
ing composed of two distinct peaks separated by about 30 nm.

Moreover, each of these peaks has a distinct linear polariza-
tion: the electric vector E of the short-wavelength peak lies in
the Si-NC film (red curves, TE polarization) while the long-
wavelength peak is characterized by E perpendicular to the
film (green curves, TM polarization). The right-hand column
in Fig. 1b represents theoretically calculated spectra, the basis
of which will be discussed later.

The strong directionality of the TE/TM peak emission
is highlighted in Fig. 2, which shows a polar radiation dia-
gram of the spectrally integrated emission for the sample im-
planted to a fluence of 5 x 107 cm~2. The emission contains
surface Lambertian photoluminescence emission peaked at
~90° (brownish areas in Fig. 2a), as well as two distinct lobes
due to emission emanating from the sample edge (the left-
hand lobe) and the internal reflection (the right-hand lobe).
The well-developed TE/TM peaks occur within the left-hand
lobe, close to the angle ~ 0° only (yellow region in Fig. 2a).
This is more clearly seen in Fig. 2b, where the photolumi-
nescence emission was collected using a microscope objec-
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FIGURE 2 Directionality of edge emission (the sample was implanted to
a fluence of 5x 107 cm™2). (a) Spectrally integrated photoluminescence
emission as a function of the polar angle, measured with the sample fixed
at the center of a goniometer. (b) Micro-photoluminescence spectra for six
directions (£5°, £10°, £15°): the direct emission from the excited spot is
plotted by blue lines, the edge emission by black lines, and the polarization-
resolved TE and TM modes by red and green lines, respectively. (The
collection angle of the objective lens is ~ 8.6°.) Note different intensity
scales for upper and lower plots
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tive (with numerical aperture of 0.075, i.e. collection angle
of ~ 8.6°). The micro-imaging-spectroscopic set-up enabled
us to detect separately photoluminescence leaving the excited
spot directly (blue lines) and that coming from the edge of the
implanted layer (black lines).

With regard to the physical processes that give rise to this
novel spectral structure, we consider two distinct mechanisms
(summarized in Fig. 3a and b):

(1) The two linearly polarized peaks could simply re-
sult from standard guided modes of the planar Si-NC wave-
guide (Fig. 3a). However, an ideal transparent planar wave-
guide should transmit a continuous spectrum of guided modes
up to a cut-off wavelength [18]. The cut-off wavelength for
the first-order modes of our waveguides can be estimated to
lie above ~ 1500 nm. Consequently, the Si-NC films should
transmit the entire 600—900 nm band emitted by the nanocrys-
tals, which obviously is not the case. Nevertheless, some
structure might arise from wavelength-dependent losses, with
those modes (wavelengths) that undergo the smallest loss be-
ing guided to the edge of the sample. These are likely those
modes that are ‘weakly guided’, i.e. the modes whose electric
field is strongly delocalized, and the modes propagate basi-
cally as a planar wave in the substrate [18]. Their effective
guide thickness tends to infinity [19]. Ray optics describes
these modes by an angle of incidence 6 that is greater than but
very close to the critical angle 6, for total internal reflection’'.
The situation is depicted in Fig. 3c, which displays schemati-
cally the reflectance R and phase shift @ of TE and TM waves
on the boundary between two dielectric media as a function

! Here the lower boundary is of importance only since the refractive-
index contrast at the upper boundary is high enough to assure total
internal reflection at angles 6 safely higher than 6,
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FIGURE 3  Schematics of spectral filtering processes. (a) Guided modes of
an asymmetric waveguide (inset shows implanted Si*-ion distribution across
the Si-NC film as calculated by SRIM (the Stopping and Range of Ions in
Matter), which determines the refractive-index profile). (b) Substrate radia-
tion (leaky) modes from the Si-NC core. (¢) Reflectance and phase shifts on
the planar boundary between two dielectric media plotted for TE and TM
modes versus incident angle 6

of 6. In our case the boundaries are either the core/air (upper
boundary) or the core/SiO; substrate (lower boundary). The
arrow G labels the angle 0 for the strongly delocalized guided
modes, which were invoked [20, 21] to be responsible for the
filtration effect. The salient feature of the filtering, namely, the
separation between TE and TM modes, is then a direct con-
sequence of the asymmetric guide. It is due to different phase
shifts @ for the TE and TM modes under total reflection at
both boundaries. In order to fulfill the phase condition that
after two successive reflections the phase difference can only
be equal to an integral multiple of 27, suitable wavelengths
from the (continuous) emission band are combined with avail-
able (continuous) values of @. The latter is slightly different
for TE and TM polarizations at a given angle of incidence
(Fig. 3¢c) and results in mode wavelengths that are also slightly
different.

(ii) The second possible mechanism involves substrate
leaky or radiation modes of the Si-NC waveguide (Fig. 3b).
These propagate at an angle 6 situated close to but below
0. (arrow S in Fig. 3c). These modes undergo total reflec-
tion at the upper boundary (larger index difference) but are
only partially reflected on the lower boundary (smaller index
difference). Consequently, a small fraction of their power is
radiated into the substrate at each bottom reflection. These
leaky modes are usually considered undesirable parasitic ra-
diation [18] and thus do not normally receive much attention.
If, however, the angle 6 is only slightly less than 6., the leaky
modes propagate near-parallel to the Si-NC plane. Moreover,
the number of reflections is very high (R is close to unity), re-
sulting in a narrow spectral width for the modes. The mechan-
ism of spectral filtering in this case remains basically the same
as discussed above, the only difference being that a phase shift
@ at the upper boundary only comes to play during the initial
stages of propagation.

After a finite number of internal reflections all the radiant
power escapes into leaky modes and emerges from the sample
facet in a well-defined direction, basically parallel with the Si-
NC film (see [14] and Fig. 2). This makes such leaky substrate
modes virtually indistinguishable from the guided modes.

The fact that the two mechanisms have a different depen-
dence on the refractive-index difference at the surface pro-
vides the basis for testing their validity. The principle is to
change locally the cladding layer refractive index between
a photoexcitation spot and the sample facet — which can be
achieved by putting drops of various liquids on the sample
surface close to the sample edge (Fig. 3a and b). If the ef-
fect of spectral filtering is due to weakly guided modes, then
the edge-emission spectrum should be strongly distorted by
such changes in index, since reflections on the upper boundary
(now with modified refractive index) control the phase condi-
tion for mode creation all along the ray trajectory. If, on the
other hand, the filtering is due to the substrate leaky modes,
no change in the spectrum is expected since, after propagat-
ing < 1 mm from the excitation source, all energy flux in the
modes has leaked into the substrate and is no longer influ-
enced by the upper boundary (Fig. 3b).

Results of this experiment are displayed in Fig. 4a and
show no change in emission spectrum for liquid refractive
indices in the range from 1.359 to 1.657 — clear evidence
that the effect is due to leaky substrate modes. (This ob-
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FIGURE 4 Orthogonal polarization emission ‘doublet’ in the sample im-
planted to a fluence of 5 x 107 cm~2. (a) Drops of various liquids located
on the upper boundary between excitation spot and sample facet, as sketched
by the liquid drops on the right in Fig. 3a and b. Black curve — blank upper
boundary. (b) The same liquids as in (a) but located above the excitation spot
(the dotted drops on the left in Fig. 3a and b)

servation contrasts with a similar experiment performed by
shifting the same liquid drops just above the excitation spot
— dotted drops in Fig. 3a and b — where reflections of the
leaky modes on the upper boundary still occur. The results
are shown in Fig. 4b: drastic spectral modifications, scaling
with liquid refractive index [22].) As further confirmation of
this model, the right-hand column in Fig. 1b shows theoret-
ically calculated edge-emission spectra of the substrate radi-
ation modes for all samples. In calculating these curves the
graded index profile of each sample [14] was employed as
extracted from interference-modulated optical transmission
curves, measured in normal incidence?. It is evident that the
calculated curves reproduce the measured spectra very well.
Importantly, the dominance of the leaky substrate mode
emission implies the suppression of the broadband emis-
sion from the Si-NCs. (This latter emission is partly ob-

2 We take this opportunity to correct the original version of the calcu-
lated curves quoted in [14], where a numerical error made worse the
agreement with experiment
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FIGURE 5 Morphology of the sample surface (upper waveguide bound-
ary). (a) Line profile measured with a ZYGO phase-shifting interferometer
over a range of 180 wm. (b) AFM normal force image over an area of 500 x
500 nm?. A selected line profile of the local height is also shown, giving the
vertical distance between the points marked by arrows of about 1.7 nm, in
good agreement with the interferometric data. (¢) Three-dimensional image
of the local height in a 500 x 500 nm? area. The z-range of the surface (min-
imum to maximum) is 3.9 nm, yielding a RMS roughness of 0.5 nm

served in samples implanted to fluences of 3 x 10!7 cm~2 and
4 x 107 cm™2 — Fig. 1b.) The attenuation of these guided
modes is attributed to waveguide losses. Surface and side-wall
roughness is often invoked to explain waveguide losses; how-
ever, this is not a likely cause in the present case. Indeed, in
the present case the waveguide surface morphology (Fig. 5)
is very flat with a RMS roughness of ~ 0.5 nm only. This
value is substantially lower than typical side-wall roughness
in e.g. etched semiconductor waveguides [23] or in typical
silica waveguides [24]. The loss is therefore likely due to
self-absorption and/or Mie scattering in the waveguide core.
(Diffraction of the guided modes at the output facet may also
play arole.) The exact nature of the observed waveguide atten-
uation remains unsolved at present.
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4 Conclusions

To summarize, using a combination of experimen-
tal and theoretical results we have elucidated the principal role
of substrate radiation modes in the spectral filtration effect
of thin-film Si-NC waveguides. It is noteworthy that the nar-
row spectral width of both orthogonal polarization modes is
comparable with the emission of Si-NCs in an optical micro-
cavity [25,26], without fabricating any Bragg reflectors. In
a certain sense the investigated waveguides act as a micro-
scopic Lummer—Gehrcke plate. The possibility of selecting
the output wavelength via modification of waveguide pa-
rameters can be applicable in silicon photonics for Si-laser
wavelength tuning, optical signal multiplexing, and optical
sensing.
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We study both experimentally and theoretically the propagation of light emitted from silicon
nanocrystals forming planar waveguides buried in SiO,. Photoluminescence spectra detected from
the sample facet show significant spectral narrowing—Ileaky modes—with respect to the spectra
measured in standard photoluminescence configuration. The spectral position of the leaky modes
responds strongly to a local change of refractive index (liquid drop) on the sample surface. Higher
refractive index of the liquid induces higher redshift of the mode position. Experimental data agree
with the previously proposed leaky mode model. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2356781]

INTRODUCTION

Luminescent layers containing silicon nanocrystals are
very promising materials for potential all-silicon optoelec-
tronics. Strong effort is aimed nowadays towards successful
demonstration of silicon-based laser. Several laboratories re-
ported positive optical gain in systems with silicon
nanocrystals.l’8 Most of these samples are designed in a
form of active planar waveguides. A significant narrowing of
the photoluminescence (PL) emission spectrum measured in
the direction of the waveguide plane (from the sample facet)
is, among others, often used as an indication of the presence
of stimulated emission in such waveguide structures. How-
ever, some recent works showed that in appropriate cases the
significant PL spectrum narrowing does not result from
stimulated emission, but from the development of a wave-
guide mode structure in the close vicinity of the waveguide
cutoff frequency.gf11 Such mode structure in PL spectra has
so far been interpreted either as substrate leaky modes'>"* or
as a kind of delocalized guided modes near the cutoff
frequency.ls']7 The question of which of the two models is
valid deserves more detailed discussion.

In the present work, we study behavior of the
nanocystalline-waveguide PL spectra at different ambient
conditions and give further evidence in favor of the leaky
mode model, developed previously by our group‘u']3 We
change locally the refractive index (by dropping various lig-
uids) on the sample surface above the excited luminescing
spot and monitor subsequently spectral change of the PL. We
compare the results with the theoretical spectra calculated
using the leaky mode model. Excellent agreement of the ex-
perimental and theoretical data affirms the validity of the
model.

“Electronic mail: pelant@fzu.cz

0021-8979/2006/100(7)/074307/4/$23.00

100, 074307-1

EXPERIMENT

The samples used in this study were prepared by im-
planting 400 keV Si* ions into 1 mm thick silica slab (Infra-
sil, refractive index n,=1.455) with optically polished sur-
face and edges. Implant fluences of 3, 4, 5, and 6
X 10" em™ were applied in four different regions of the
slab. They produced different levels of refractive index con-
trast (with asymmetric graded index proﬁles'z) between the
core and cladding/substrate layers. Peak excess Si concentra-
tions were up to 26 at. % Si. Implanted samples were subse-
quently annealed for 1 h in N, ambient at 1100 °C and for
1 h in forming gas (5% H, in N,) at 500 °C. Raman scatter-
ing confirmed the presence of Si nanocrystals in the annealed
layers, with diameter between 3 and 6 nm.'®

The PL properties of the samples were investigated using
a continuous wave He—Cd laser (442 nm) as an excitation
source. A silica optical cable collected the PL radiation. The
output of the cable was connected to an f=20 cm spec-
trograph equipped with a cooled charge-coupled device
(CCD) camera. All measurements were performed at room
temperature and all PL spectra were corrected for the system
spectral response.

RESULTS AND DISCUSSION

Figure 1 recalls the peculiar waveguiding properties in
our Si*-ion implanted samples. The spectrum recorded in the
standard 45° PL geometry [see thin solid line in Fig. 1(c) for
the sample implanted to a fluence of 5 X 10'7 cm™2] consists
of one broad peak (full width at half maximum of ~150 nm)
centered at ~860 nm. However, the PL spectra detected
from the cleaved facet of the sample—in the waveguide
geometry—show, besides the broad peak due to ordinary
guided modes, a fundamentally different feature: doublet of
two narrow [full width at half maximum (FWHM) of
~20 nm] peaks. Here, the short-wavelength peak is TE po-

© 2006 American Institute of Physics
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FIG. 1. Room-temperature PL spectra from the sample facet (in the
waveguiding geometry schematically depicted in the inset) for layers im-
planted to a fluence of (a) 3%107 cm™, (b) 4x107 cm™, (c) 5
%107 em™2, and (d) 6X 10'7 cm™, compared to the conventional 45° PL
geometry spectrum [curve “nonguided” in panel (c)]. Thick lines—PL with-
out polarizer and thin lines—measurement with a polarizer: TE polarization
(vector E parallel to the waveguiding layer) and TM polarization (E perpen-
dicular to the layer).

larized (vector E parallel to the sample plane) while the peak
on the long-wavelength side is TM polarized (vector E per-
pendicular to the sample plane). The position of this doublet
shifts with increasing implant fluence (increasing refractive
index contrast between substrate and the waveguiding layer)
towards longer wavelengths.

We interpret the narrow modes in the edge PL spectra
using the leaky mode model'>" schematically depicted in
Fig. 2. The waveguide refractive index profile can be ap-
proximated by nonsymmetrical Gaussian or Gaussian-
Lorentzian curves (similar to the implanted Si-ions distribu-
tion) with FWHM of about 0.3 ,A,Lm.l2 The trajectory of
relevant optical waves emitted by a chosen Si nanocrystal is
shown. In case of ordinary guided modes, the optical wave
undergoes total reflections both on the sample surface and at
the interface waveguide core/substrate and the wave propa-
gates inside the waveguide core. The leaky modes, on the
contrary, are developing in a different way: optical wave,
emitted by a silicon nanocrystal to the suitable direction
(close to the boundary for the total reflection on the sample
surface), undergoes the total reflection on the sample surface
only. On the interface between the waveguide core and the
substrate, where the refractive index contrast is lower than on
the sample surface, the condition for the total reflection is not

J. Appl. Phys. 100, 074307 (2006)

fulfilled. The light partially reflects and partially refracts at
the angle very close to 90°; the refracted part then propagates
outside the waveguide core (leaky or radiation mode) but
almost parallel to it. The reflected part of light reflects again
on the sample surface and interferes with the original re-
fracted wave. The constructive interference arises only for a
narrow range of wavelengths. Therefore, only narrow spec-
tral range fulfilling the condition for the constructive inter-
ference is selected from the broad PL spectrum and these
leaky modes manifest themselves in the PL spectra as very
narrow peaks. Different spectral positions of the TE and TM
polarized peaks can be then explained by different phase
shifts for both polarizations, which are induced during the
optical wave total reflection at the sample surface.

The question arises as whether ordinary waveguided
light mode propagation within the implanted layer core can
also occur in our samples. The answer is yes; this kind of
emission can be noticed in samples implanted to fluences of
3x10"7 and 4%X10"7 cm™ as a wide band peaked at
~850-900 nm [Figs. 1(a) and 1(b)]. However, these guided
modes are strongly attenuated in samples implanted to higher
total fluences due to waveguide losses. The exact nature of
this attenuation is not known at present.I4

From the point of view of the waveguide optics, we
expect the leaky modes to be spectrally situated at slightly
lower frequencies than the cutoff frequencies of the wave-
guide. This is the main observable difference between our
leaky mode theory and the approach based on delocalized
ordinary waveguide modes as proposed by Khriachtchev
et al.,"""7 where these modes approach the cutoff frequency
from the higher frequency side. Because values of theoretical
cutoff frequencies are not easy to calculate, in particular, for
graded index profile, neither is easy to distinguish between
the two above models on the basis of spectral PL measure-
mens themselves. However, we have recently proposed and
realized a simple experimental approach of how to do it,
which takes advantage of local change of refractive index on
the sample surface.' In what follows we apply this method
in a modified form to investigate further the properties of the
TE/TM doublets.

Figure 2(a) depicts the principle of our experiment,
based on dropping various liquids onto the excited spot on
the sample. By dropping a selected liquid, we change locally
the refractive index of the surrounding media on the sample
surface (air, formerly). The optical conditions for developing
leaky modes will thus be changed on the sample surface. The
optical wave travels different distances and undergoes differ-
ent phase shifts during total reflection. Therefore, also the
conditions for constructive interference forming the leaky
modes change, which should manifest directly in the PL
spectra as a shift of the observed modes. Indeed, the left
column in Fig. 2(b) shows the change of the PL spectra in
our quartet of the samples upon dropping ethanol onto the
sample surface. In all cases, the observed narrow modes un-
dergo a significant redshift.

The right column of Fig. 2(b) demonstrates clearly that
the above-mentioned leaky mode model is able to describe
the observed redshift of the modes with high fidelity. This
column presents the results of theoretical calculations of the

Downloaded 11 Oct 2006 to 147.231.126.230. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 2. (Color) (a) Schematic cross section of the asymmetric planar wave-
guide showing propagation of the guided modes as well as formation of the
substrate leaky modes. Surface refractive index change (induced by a liquid
drop placed directly above the excited region) influences the development of
the leaky modes. (b) Comparison of the PL spectra in the waveguiding
geometry for the samples in ambient atmosphere (full lines) and upon drop-
ping ethanol (refractive index n=1.361, dotted lines) on the sample surface.
Implant fluences are indicated for each sample. Left column: experimental
data and right column: theory of leaky modes.

leaky mode model developed in the framework of wave op-
tics. In calculating these curves the above mentioned graded
index profile of each sample, as determined by fitting
interference-modulated optical transmission spectra of the
implanted layers, was taken into account, together with re-
fractive index values of applied liquids. Neither spectral pro-
files nor spectral positions of the substrate leaky modes can
be calculated analytically. Numerical calculations were per-
formed using the formula for cavity enhancement factor'”
(for more details, see Refs. 12 and 13) for the whole set of
the samples. Taking in account that the theoretical model
calculates only the leaky mode part of the PL spectra but not
the ordinary, spectrally broad guided modes, both experi-
mental data and the model correspond very well, which pro-
vides strong support for the validity of the model.

In order to further support the model, we investigate
both experimentally and theoretically the effect of different
liquids (different refractive indices) dropped onto the sample
implanted to a fluence of 5X10'7 cm™. The results are
drawn in Fig. 3(a) and again, the measured and the simulated
data agree very well. With increasing refractive index of the
liquid, we initially observe increasing redshift of the modes.
At some point, however, the “doublet” mode structure disap-
pears and a broad PL spectrum can be seen. Actually, this
happens when the refractive index of the liquid reaches the

J. Appl. Phys. 100, 074307 (2006)
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FIG. 3. (Color) (a) PL spectra in the waveguiding geometry showing leaky
modes in the layer implanted to a fluence of 5% 10'7 cm™2. Drops of various
liquids above the excited spot lead to a redshift of both TE and TM modes.
Spectra corresponding to various liquids have been vertically shifted. (b) PL
peak position as a function of the refractive index of the liquid. Symbols:
experimental data and lines: theory. For liquid refractive index higher than
refractive index of the silica substrate (n,=1.455) the theory predicts both
disappearance of the distinct doublet structure and a back shift of the broad
emission band to shorter wavelengths [see also the right panel in (a)].

refractive index of the sample substrate (n,=1.455), i.e., the
point where the waveguide loses its asymmetry, total reflec-
tion on the upper boundary is canceled, and the condition for
developing narrow TE/TM resolved leaky modes is not ful-
filled anymore.

Figure 3(b) plots the PL peak position versus the refrac-
tive index of the applied liquids. Further refractive index
increase above n; still keeps the broad spectrum. Theoreti-
cally calculated shift goes, somewhat surprisingly, back to
shorter wavelengths. However, this can be intuitively under-
stood, since with further increasing refractive index of the
liquid above the refractive index of the sample substrate, the
role of the substrate and of the capping medium will inter-
change and (another type of) leaky modes should appear
again. Such a back shift is, however, difficult to trace experi-
mentally because of the large spectral bandwidth and pos-
sible admixture of normal incidence PL emission.

In calculating the theoretical curves in Figs. 3(a) and

Downloaded 11 Oct 2006 to 147.231.126.230. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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3(b) we considered the liquid droplet thickness infinite, since
its real thickness (~1 mm) is much larger than the wave-
guide core thickness as determined by the refractive index
profile (FWHM of ~0.3 um).

CONCLUSIONS

In conclusion, by comparing the experimental and theo-
retical PL spectra under different ambient conditions, we fur-
ther verified the validity of the leaky mode PL model in the
samples containing silicon nanocrystals embedded in a SiO,
matrix. This phenomenon can find practical applications, for
example, as an optical sensor of the refractive index of the
media surrounding the sample.
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Abstract

Nanophotonic structures combining electronic confinement in nanocrystals with photon confinement in photonic structures are
potential building blocks of future Si-based photonic devices. Here, we present a detailed optical investigation of active planar
waveguides fabricated by Si*-ion implantation (400 keV, fluences from 3 to 6 x 10'7 cm™2) of fused silica and thermally oxidized Si
wafers. Si nanocrystals formed after annealing emit red-IR photoluminescence (PL) (under UV-blue excitation) and define a layer of high
refractive index that guides part of the PL emission. Light from external sources can also be coupled into the waveguides (directly to the
polished edge facet or from the surface by applying a quartz prism coupler). In both cases the optical emission from the sample facet
exhibits narrow polarization-resolved transverse electric and transverse magnetic modes instead of the usual broad spectra characteristic
of Si nanocrystals. This effect is explained by a theoretical model which identifies the microcavity-like peaks as leaking modes
propagating below the waveguide/substrate boundary. We present also permanent changes induced by intense femtosecond laser
exposure, which can be applied to write structures like gratings into the Si-nanocrystalline waveguides. Finally, we discuss the potential

for application of these unconventional and relatively simple all-silicon nanostructures in future photonic devices.

© 2006 Elsevier B.V. All rights reserved.
PACS: 78.67.Bf; 42.79.gn; 81.07.Bc

Keywords: Nanocrystals; Waveguide; Silicon; Photonics

1. Introduction

Research on silicon-based photonics is motivated by the
aim to combine integrated electronic and photonic
structures on a single silicon chip. Silicon quantum dots
or nanocrystals (Si-NCs) have attracted much attention
due to their strong photoluminescence (PL) [1] and have
been used to demonstrate silicon-based light-emitting
diodes [2,3]. Ensembles of Si-NCs can also be employed
to fabricate active optical waveguides [4-8] that exhibit
spectral filtering of the Si-NC PL emission, if the refractive

*Corresponding author. Tel.: +420221911272; fax: +420221911249.
E-mail address: jan.valenta@mff.cuni.cz (J. Valenta).

0022-2313/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jlumin.2006.08.004

index profile is properly designed. The occurrence of
narrow (~10nm), polarization-dependent emission lines
was reported by Khriachtchev et al. [4] for Si/SiO,
waveguides and by our group [5,9] for samples containing
Si-NC prepared by Si*-implantation into silica slabs. In
our previous papers we explained the unexpected wave-
guiding properties using a model based on substrate
leaking modes of a lossy waveguide [10,11].

In this work we compare the propagation of the intrinsic
luminescence from Si-NCs with that of external light
coupled into the waveguides. This knowledge is crucial for
pump-and-probe measurements (e.g. optical gain) and
potential application as photonic devices (modulators,
amplifiers etc.). In addition we show permanent changes
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induced by femtosecond laser exposure which can be
applied to write 2D structures (gratings etc.) into the Si-
nanocrystalline waveguides with sub-micron resolution.

2. Experimental methods

Samples used in this study were prepared by Si*-ion
implantation into 1mm thick Infrasil (refractive index
ns = 1.455) slabs with polished surfaces and edges, and into
SiO, layers (about Sum thick) prepared by thermal
oxidation of Si wafers. An implantation energy of
400keV and ion fluences ranging between 3.0 and
6.0 x 10" cm™2 were used to fabricate the slab waveguides.
In order to form Si nanocrystals the samples were annealed
for 1hat 1100 °C in an N, ambient and then passivated for
1h at 500 °C in forming gas (5% H, in Nj).

The implanted layer acts as an asymmetric planar
waveguide. The profile of the refraction index depends
not only on the implantation energy and fluence but also
on the annealing conditions. Although the annealing
temperatures, ambients and durations were nominally the
same, various sets of samples were annealed in different
laboratories and furnaces. Possible variations in the
thermal history and levels of oxidation lead to apparent
differences in refraction index for nominally identical
samples (here, Figs. 2-4 present results from one set of
samples and another set with lower refraction index is
shown in Figs. 5-7). In order to numerically model the
optical properties of particular samples the refraction index
profiles were measured separately for each implanted
sample. This was done by measuring infrared transmission
spectra (see Fig. 2B) and fitting the interference fringes
assuming an asymmetric double-Gaussian refraction index
profile. The maximum of the profile is typically about
600 nm below surface with a half width of about 300 nm.
The peak refraction index has a value as high as 2 for the
highest implantation fluence [11]. The diameter of nano-
crystals in the samples is estimated to be between 4 and
6 nm using Raman scattering (not shown here) [11].

PL was excited by a continuous wave He—Cd laser (325 nm,
excitation intensity ~0.3 W/cm?). The sample was placed on a
rotatable x—y—z stage. A microscope with numerical aperture
(NA) of 0.075 (i.e. an angular resolution of about 8.6°) was
used to collect light and send it to a detection system
consisting of an imaging spectrograph (Jobin Yvon Triax
190) with a CCD camera (Hamamatsu C4880) [9]. All
measurements were performed at room temperature and all
PL spectra were corrected for the system response.

The coupling of external light into the waveguides was
achieved in two ways (Fig. 1):

(a) Prism coupling of light from the upper surface of the
sample. Light from the Xe or halogen lamp was
collimated into a quartz prism. For better optical
contact between the prism and sample an immerse
liquid (index of refraction n = 1.515) was dropped
between the contact surfaces.

white

ligh
%’g t prism shield
<0’

o>0 detection

70°

optical fibre
on goniometer

(A)
I
Y F‘ﬁ _____ s 0>0
PP 2 — ~&
white T
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Fig. 1. Two experimental arrangements for coupling of external light into
a waveguide sample: (A) coupling through a quartz prism on the upper
sample surface. The second prism below sample is used to inhibit the back
reflection of light not coupled into the waveguide; (B) focused light
directed on the truncated edge of a sample. In both cases light leaving the
opposite edge of sample is collected with an optical fiber and sent to a
spectrometer. Sketches not to scale.

(b) Direct coupling into the truncated facet (Fig. 1B). The
edge of the sample was polished at angle of about 70° in
order to separate light refracted to the higher-index
waveguide from light entering lower-index substrate.
Here a warm-white LED was used as a convenient light
source. The angle of incidence y was between 15° and
30° with respect to the plane of implanted layer. The
divergence of incident light was about 10°.

In both external-light-coupling set-ups the signal is
collected by an optical fiber (detection NA ~0.008) and
guided to the entrance slit of the imaging spectrometer
Jobin Yvon Triax 320 (with the low-dispersion grating of
100 grooves/mm). Spectra are detected with the PI-Max
intensified CCD (Princeton Instruments).

3. Results and discussion
3.1. Transmission spectra of Si-NC layers

The color of the Si-NC waveguide layers is yellow-brown
with the optical density increasing with implantation
fluence. The corresponding absorbance spectra are plotted
in Fig. 2A (they are measured in a direction perpendicular
to the nanocrystal plane using a UV-VIS double beam
spectrometer (Hitachi U-3300), the non-implanted area of
a silica slab being employed as a reference). The absorption
edge has approximately exponential shape. In infrared
spectral region several interference fringes are observed
(Fig. 2B) which are used to model refraction index profile
(see above).
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Fig. 2. (A) Absorption spectra of the samples implanted with fluences
from 3 to 6 x 10" cm™2. A non-implanted area of the fused silica slab was
used as a reference. (B) Infrared transmission spectra of the same samples.
Interference fringes are used to calculate refraction index profiles.

3.2. PL of active planar waveguides

The PL spectra of the active planar waveguides have
very different shape depending on the experiment geome-
try. Two arrangements are used: (i) the light is collected in
a direction roughly perpendicular to the sample plane (this
is a conventional PL arrangement) or (ii) in the direction
close to parallel to the waveguide plane (i.e. from the
sample facet-waveguide arrangement)—see inset in Fig. 3.
In the former geometry the PL spectra are always broad
with a peak around 830 nm, typical of oxide-passivated Si
NCs with mean diameter ~5nm. On the other hand, the
waveguide geometry reveals narrow (down to 10nm)
spectral features with a high degree of linear polarization.

Figs. 3A and B show PL spectra of implanted oxide
layers (on Si substrates) measured in directions perpendi-
cular and parallel to the layer, respectively. The conven-
tional PL (Fig. 3A) is modulated by deep interference
fringes due to high reflectivity of the Si substrate. The
facet-PL (Fig. 3B) is not affected by interference; instead
a relatively narrow band is observed, the position of
which depends on implantation fluence (i.e. refraction
index profile). This peak shows partial linear polarization
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Fig. 3. PL spectra of SiO; layers on Si substrates implanted with fluences
of 3, 4, and 5x 10'7ecm™2 (A) PL detected in direction perpendicular to
the layer. (B) PL detected in direction parallel to the layer (from the facet).
The inset illustrates the experimental arrangement.
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Fig. 4. PL spectra of 4 x 10'”cm™? layers measured in edge geometry
without polarizer (solid line) or with a linear polarizer parallel (TE, dashed
line) or perpendicular to the waveguide plane (TM, dotted line). The upper
panel (A) concerns SiO, layers on Si substrate, while the lower panel (B) is
for implanted fused silica slab.
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(Fig. 4A). Under identical conditions (of both fabrication
and PL-experiment) the facet-PL features are much better
resolved in implanted silica slabs (Fig. 4B). Here a clear
splitting of the narrow PL peak into two peaks with
polarization parallel (transverse electric TE or s mode) and
perpendicular (transverse magnetic TM or p mode) to the
Si-NC waveguide plane is observed. The following discus-
sion is restricted to implanted fused silica slabs where the
TE/TM splitted modes are nicely resolved.

PL spectra of other set of five samples prepared by
implantation to fluences of 4.0, 4.5, 5.0, 5.5, and
6.0 x 10"7cm™2 are plotted in Fig. 5. The upper spectra
in Fig. 5A represent PL collected from the plane of
implanted layers, while the lower PL spectra with TE/TM
double-peaks are collected from the facet at angle +5°
(NAger = 0.075). An angle-resolved facet PL spectra from
the layer implanted with dose of 6 x 10" cm™2 are plotted in
Fig. 5B and the polar representation of their integrated
intensity is shown in Fig. 5C. The TE/TM split doublets shift

to longer wavelength with increasing implantation dose. The
facet PL has a very narrow emission cone with the maximum
slightly shifted closer to substrate (z>0°) (Figs. 1B and C).

3.3. Theoretical model of the mode structure—radiative
substrate modes

The surprising PL observations reported above do not
correspond to simple waveguiding in ideal transparent
waveguide which should transmit a continuous spectrum of
guided modes up to a cut-off wavelength [12]. The cut-off
for the first order modes of our waveguides can be
estimated to lie above ~1500nm. Consequently, the
waveguides should transmit the entire 600-900 nm band
emitted by Si-NCs, which is clearly not the case. There are
two possible explanations:

(1) Delocalized guided modes: Let us assume wavelength-
dependent losses in the waveguide, then those modes
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Fig. 5. PL spectra of five fused silica slabs implanted to fluences of 4-6 x 10'”cm ™2 (A) Upper curves (a single wide band) correspond to PL emitted in a
direction perpendicular to the waveguide, while lower spectra with doublet peaks are facet-PL detected in a direction o = 5° (a sketch of the experimental
arrangement is shown in the inset). (B) Angle resolved facet PL spectra of the sample 6 x 10'7 cm™2. (C) Polar representation of integrated PL intensity of
angle resolved facet spectra from the panel B. Most of the PL intensity is emitted in a direction close to 0°.
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(wavelengths) that undergo the smallest losses will be
advantaged. These are likely those modes that are
“weakly guided” with a strongly delocalized electric
field. Such modes propagate basically as planar waves
in the substrate [13]. Ray optics describes these modes
by an angle of incidence 0 that is greater than but very
close to the critical angle 0. for total internal refection
(here the lower core/SiO,-substrate boundary is of
importance only since the refractive index contrast at
the upper core/air boundary is high enough to ensure
total internal reflection at angles 0 safely higher than
0.). This model was proposed by Khriachtchev et al.
[14,15] to explain TE/TM mode structure in Si-NC
planar waveguides similar to ours. The spectral
separation between TE and TM modes, is then a direct
consequence of the asymmetric index profile with
different phase shifts expected for the TE and TM
modes under total reflection at both boundaries.

(i1) Radiative substrate modes: We have previously pro-
posed an alternative mechanism involving substrate
leaking or radiation modes of the Si-NC waveguide
[10,11]. These modes propagate at angle 0 situated close
to but below 0. and undergo total reflection at the
upper boundary (larger index difference) but are only
partially reflected on the lower boundary (smaller index
difference). Consequently, a small fraction of their
power is radiated into the substrate at each bottom
reflection. If the angle 0 is only slightly less than 0., the
leaking modes propagate near-parallel to the Si-NC
plane. Moreover, the number of reflections is very high
(R is close to unity), resulting in a narrow spectral
width for the modes. The mechanism of spectral
filtering in this case remains the same as discussed
above, the only difference being that a phase shift at the
upper boundary only comes to play during the initial
stages of propagation. After a finite number of internal
reflections all the radiant power escapes into leaking
modes and emerges from the sample facet in a well
defined direction, basically parallel to the Si-NC film.
This makes such substrate modes virtually indistin-
guishable from the guided modes. The substrate modes
are usually considered undesirable parasitic radiation
and thus do not normally receive much attention.
Indeed, only in cases where guided modes undergo
significant losses (absorption and scattering in the
waveguide core and diffraction on the narrow output
aperture) do the substrate leaking modes play a
dominant role.

The fact that the two above proposed mechanisms have
a different dependence on the refractive index difference at
the surface provides the basis for testing their validity
experimentally. The principle is to change locally the
cladding layer refractive index. This was done by placing
liquid drops on the waveguide/air surface [11,16]. If a drop
is above the excited PL spot, the TE/TM modes gradually
red-shift and broaden with increasing refraction index of

applied liquid and eventually disappear if the index
contrast approaches zero. However, when the drop is
placed some millimeters away from the spot (between the
photo-excited spot and the output facet), no changes in
modes is observed, consistent with all the radiant power
escaping into radiative substrate modes. These experiments
are supported by numerical modeling of the PL spectra
which show excellent agreement with experiments and
provide unambiguous validation of the leaking modes
model [11].

3.4. Coupling and propagation of external light in Si-Nc
waveguides

The transmission spectra of the five samples (implanta-
tion fluence 4-6x 10"7cm™>) obtained by white-light
coupling through a prism (Fig. 1A) are shown in Fig. 6.
In the measured spectral region two broad transmission
bands (blue and red) are observed for each sample. The
positions of both bands red-shifts with increasing fluence
and the position of long-wavelength bands coincides with
that of the PL leaking modes (Fig. 5A). Our calculation
show that the red and blue bands correspond to second and
third order leaking modes (the first one being in infrared).
Broadening of the mode structure may be a consequence of
the very low number of reflections undertaken by coupled
light before escaping to the substrate [17].

Coupling of external light (the warm-white LED)
through a truncated facet (Fig. 1B) gives the best result
for a coupling angle y~20°, as expected (Fig. 7). In this
configuration we detect narrow and polarization-split
peaks at an output angle a~2°. The peaks are, however,
not transmission but absorption peaks. This can be
understood if it is assumed that the detected light is not
from radiative substrate modes (which represent a small
portion of transmitted light) but from filtered transmitted
light propagating almost parallel to the Si-NC waveguide
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Fig. 6. The transmission spectra of prism-coupled light detected at angle
o = 7° from samples presented in Fig. 5.



272 P. Janda et al. | Journal of Luminescence 121 (2006) 267-273

T T T T T T T T T T T T T T T
F ot

edge coupling
y=20°% a=2° i

™ 5.5x 10" cm®

Transmission [a.u.]
1

prism coupling
a=7°

T T T T T T T T T T T T T T T T T T
400 450 500 550 600 650 700 750 800
Wavelength [nm]

Fig. 7. Comparison of transmission spectra of sample 5.5 x 10'7cm™

obtained by the direct facet-coupling (upper curves, solid line—no-
polarization, dashed and dotted lines correspond to TE and TM
polarization, respectively) and by the prism-coupling (lower spectrum).

from which a part of power escaped to the substrate
modes. The blue third order modes are much stronger
compared to second order because of higher absorption in
blue spectral region.

3.5. Leaking modes vs. optical gain

One of the most interesting questions concerning
nanocrystal waveguides is the interplay between radiative
substrate modes and optical amplification by stimulated
emission. Since the first report on optical gain in Si-ion
implanted Si-NC layers by Pavesi et al. [18] similar samples
have been investigated by other groups with both positive
[4] and negative [19] results. Two aspects of this problem
are addressed here.

First, experimental artefacts have been shown to play an
important role when measuring optical gain close to
leaking modes maxima by the commonly used variable-
stripe-length (VSL) technique [20]. These artefacts are
mainly due to unconventional propagation and coupling of
these modes in the detection system, and their interplay
with the NA of detection. In order to correct most of these
artefacts it has previously been proposed that VSL
measurements be combined with a shifting-excitation-spot
(SES) technique [20]. Indeed, it should be stressed that the
interpretation of VSL results without associated SES
measurements can lead to erroneous results.

Secondly, the potential advantages of leaking modes for
achieving optical gain are spectral narrowing, low losses,
and directionality of propagation. On the other hand the
propagation path of radiative modes through a pumped
active medium (Si-NCs forming the waveguide) is limited
by leakage into the substrate. Attempts to achieve optical

gain on leaking modes was successful only under strong
nanosecond pulsed pumping (6ns, 355nm from THG-
Nd:YAG laser) with the gain threshold around 50 mJ/cm?>
and maximum gain at TM mode of about 12cm™' for
100 mJ/cm? excitation [21].

Further theoretical investigation of the radiative modes
in the loss/gain medium is in progress.

3.6. Permanent changes of Si-NC waveguides induced by
laser pulses

The Si-NC waveguides in silica may be damaged by
high-intensity laser excitation and apparent differences in
damage are evident for nanosecond and femtosecond
pulses. When irradiated with the 420-nm, 5ns output of
an optical parametric oscillator (OPO) pumped by THG-
Nd:YAG (NL 303+ PG122, Ekspla) the damage threshold
is very sharp at around 800 mJ/cm?. The damage appears
as micrometer-size granular aggregates in the Si-NC
followed immediately by complete ablation of the im-
planted layer. The mechanism is most probably related to
heating and even melting of Si-NCs [22] which leads to
failure of the silica matrix. This is evidenced by the
appearance of cracks and surface ruptures which can lead
to complete removal of the SiNC layer.

In contrast, femtosecond laser excitation (400 fs, 400 nm
from SHG-Ti:sapphire laser) starts to modify sample at
much lower pulse energies >20mJ/cm?. There are two
distinct phases of layer damage. The initial stage appears
as darkening (brown coloration) of the excited area. Micro-
Raman measurements (not presented here) show that
it corresponds to amorphization of the Si-NC layer
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Fig. 8. (A) The diffraction grating (period of about 12 um) ablated in the
Si-NC waveguide (implanted fluence 4 x 10'” cm™~?) by an interfering laser
pulses from femtosecond laser (SHG-Ti:sapphire laser, 400 fs, 400 nm). (B)
A photograph of the pattern produced by diffraction of 633nm He-Ne
laser beam on the ablated grating.
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(it appears similar to the implanted layer before annealing).
In the second step at higher excitation the layer is ablated.
Clearly, the damage mechanism for ultrashort laser pulses
(400 fs) is different to that of the longer (5ns) pulses. The
advantage of fs-ablation is that the boundary between the
ablated and unchanged area can be very sharp, enabling
fs-laser-ablation to be used for lithography to create
microstructures in the planar waveguides. In Fig. 8 we
demonstrate a diffraction grating with 12pum period
written into 4 x 107 cm™ implanted layer by 400fs,
400 nm fs-pulses.

4. Conclusions

Si-ion implantation into silica slabs or oxide layers on Si
wafer followed by annealing is a relatively easy way to
fabricate active nanocrystalline planar waveguides. In spite
of their simplicity these waveguides show rich optical
phenomena which are mainly connected to peculiar
radiative substrate modes—so-called leaking modes. This
study has investigated the influence of these complex
propagation modes on PL, transmission, and gain spectra
both experimentally and theoretically. Similar anomalous
phenomena connected to the interplay between radiative
and guided modes are expected to take place in other types
of active waveguides. The possibility of spectral, polariza-
tion, and spatial filtering reported for active Si-NC
waveguides offer interesting possibilities for application
in silicon-based photonic devices or sensors.
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Optical gain in planar waveguides
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ABSTRACT

Description of optical waveguides is commonly restricted to propagation at distances much larger than the width of the
waveguide core and therefore only guided modes are taken into account in theory. Effects connected with leaking of the
waves into the substrate may be, however, very important for possible applications in microelectronics. In this paper, we
overview our model of photoluminescence of an active planar waveguide and we extend it in order to describe mode
formation during propagation in the waveguide. We also include optical amplification into our model and derive
formula for description of the Variable Stripe Length (VSL) method widely used for measurement of the net gain
coefficient. We demonstrate necessity for corrections of VSL results since their straightforward interpretation may be
misleading.

Keywords: planar waveguide, optical gain, silicon nanocrystals, radiative modes
1. INTRODUCTION

High-density integration of current integrated circuits has physical limits due to heat dissipation and other effects. Some
of these problems may be solved by incorporation of new types of devices, for example optoelectronic or spintronic.

Electronic chips are mostly fabricated on silicon substrates using planar technologies that enable to create Si/SiO,
islands, metallic interconnections, p and n-doped areas etc., but cannot directly integrate devices based on other types of
semiconductor materials (GaAs optoelectronic devices etc.). Unlike bulk silicon, which emits light inefficiently,
nanostructured silicon could be used to build integrated light sources, which are under recent research.

Luminescence was achieved using porous silicon or silicon nanocrystals' and also electroluminescence was
demonstrated.>* A source of coherent light based on silicon is, nevertheless, under development because of a small
optical gain of Si nanocrystals** (of the order ~10 cm™).

Light sources integrated in optoelectronic devices will be probably in a form of active planar or rib waveguides —
waveguiding structures with embedded Si nanocrystals or other luminescent bodies. As shown previously,®’ these
waveguides reveal inavoidable mode leaking of radiation from the waveguide core to the substrate. The radiated field
then propagates along the waveguide core and it is detected in spectroscopic experiments together with the guided
modes. Although we can take the advantage of this effect for e.g. luminescence spectral filtering in active nanophotonic
devices® leaking of energy to the substrate is also potentially unwanted effect in integrated devices because it may be
responsible for cross talks or other errors.

In this work, we present results of our theoretical investigation of the effects connected with guiding and leaking of light
in planar structures on a transparent substrate. The paper may be divided to two main parts: stationary properties
(sections 3 and 4) and mode propagation (sections 5 to 7). In the first part, we outline our model which explains our
experimental observations in photoluminescence (PL) experiments under low excitation and we show how the
parameters of samples may influence measured PL spectra. In the second part, we extend the model in order to describe
mode propagation in the direction of the waveguide and we focus on mode formation with and without presence of
optical gain. At the end, we show important consequences which follow from our theory for optical spectroscopy but
also for future applications in optoelectronics.

* Corresponding author e-mail: osty@matfyz.cz; Address: Ke Karlovu 3, 12116 Prague 2, Czech Republic
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Fig. 1: PL from the waveguiding samples implanted to fluences of 410" cm? (a) and 5- 10'7 em? (b). The dotted line
depicts PL collected in the normal geometry and the solid line the PL measured in the waveguiding geometry. The
dashed line is the result of numerical modeling. The TE and TM-polarized peaks are well resolved.

2. EXPERIMENTAL

Our samples are formed by a thin layer (~1 pum thick) of silicon nanocrystals (Si-NCs) with average diameter of about
5nm (determined by Raman scattering) in 1 mm thick silica slabs . The Si-NC layer was prepared by Si'-ion
implantation to a polished substrate at the energy of 400 keV. The samples were subsequently annealed in order to form
Si-NCs in the implanted layer. As a result, active layers of luminescent Si nanocrystals with density controlled by the
fluence of Si* ions were formed on transparent substrates. The distribution of the Si-NCs density (and thus the refractive
index) below the sample surface was non-uniform with a peak at the depth ~0.6 pm’ (Fig. 4b).

We measured photoluminescence (cw excitation by a He-Cd laser at 325 or 442 nm) of the waveguiding layer in two
geometries (cf. Fig. 2): in a standard normal incidence geometry (both excitation and detection nearly perpendicular to
the implanted layer) and in the waveguiding geometry (excitation perpendicular to the layer, detected light was collected
from the sample edge in the direction parallel with the waveguide).” The signal was collected by a microscope objective
lens with collection angle about 9°. At the normal incidence, the PL spectra reveal the usual shape (see Fig. 1) of Si
nanocrystals — the PL spectrum covers a broad spectral region with the peak around 800 nm and obviously its shape is
not affected by the spatial confinement in the waveguiding layer. In the waveguinding geometry, on the contrary, the PL
spectrum contains narrow peaks besides a broad spectrum as seen in Fig. 1, the doublet contains the TE and TM
polarized modes as verified experimentally. Similar spectral filtering feature of the waveguiding samples was reported
also by other groups.'’

The samples reveal also unique features when the core/substrate is irradiated at angles near n/2: spectra of absorbance
reveal TE and TM-polarized peaks, see Fig. 3. Unlike the PL peaks, resonances are observable in a broader spectral
region which is not limited by the spectrum of radiation of the Si-NCs and therefore we observe more TE/TM doublets
in absorbance. Spectral positions of the PL maxima coincide with the peaks in the absorbance spectra.

Optical gain is usually measured by the Variable Stripe Length (VSL) method. The principle of the method is, that a
spatially wide laser beam is focused by a cylindrical lens to excite a stripe in the sample. Depending on the stripe length
¢, the intensity of the amplified spontaneous emission (ASE) signal detected in the waveguiding geometry is expected to
increase with extending length £ due to amplification of the spontaneous emission'" (the gain coefficient is denoted g):

1(0) %. M
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Fig. 2: Sketch of the experimental setup with the normal Fig 3: Absorbance of the waveguiding sample implanted to a
(n) and the waveguiding (w) geometry. fluence of 5.5-10'7 cm™ in the reflection geometry when the

implanted layer was illuminated by white light at an angle near
90°. The solid line is the overall measured signal, dashed lines
depict measured TE and TM-polarized spectra and the dotted
line is a numerical calculation.

The formula (1) is, however, valid only in the limit of high net gain since it doesn’t take into account leaking of waves
out of the excited stripe. This fact was pointed out and it was verified experimentally that interpretation of the results of
the VSL experiments may be misleading if the results were not corrected for the leaking. For this reason, we proposed a
simple experimental method — called Shifting Excitation Spot (SES)® — which is suitable for such corrections. Using the
VSL and SES methods, it was shown,>'? that the measured net gain in the waveguiding samples strongly depends on the
spectral position. We explain this fact by a model which follows.

3. MODEL

In this section, we consider a sample with a step-like profile of the refractive index (see Fig. 4a) for clarity. (Numerical
calculations in the next section are performed with a real profile of the refractive index.) The waveguide with refractive
index » and thickness d is deposited on a substrate with refractive index n, and it is covered by a cladding with refractive
index n,. We consider that the substrate is transparent and the guiding layer absorbs light (the refractive indexes 1, and
n(A)=nd ) HiAfA)/Ax are generally complex). Nanocrystals randomly distributed in the guiding layer are the source of
PL.

Our explanation of occurrence of the narrow peaks in PL spectra (under cw excitation) is based on the existence of the
substrate radiative modes besides the guided modes of a waveguide.”® The guided modes propagate mostly inside the
waveguide core and leave a sample through its edge, see Fig. 4a. The radiative modes, on the contrary, leave the
waveguide core after several reflections at the core/substrate boundary and then they freely propagate in the lossless
substrate until they reach the edge. The crucial point is, that both types of the modes may propagate in the same
directions and therefore we cannot separate them when using a detection system with a small numerical aperture.'

The total spectral density of the detected radiation may be expressed as /(4)=Ig(4) +1x(1), where I5(1) stands for the part
of the guided modes and /z(A) is the part of the radiative modes. The spectrum of the guided modes is broad without any
narrow maxima since there exists a guided mode for every wavelength far below the cutoff (the cutoff is expected to be
above 2 um in our samples). Although Khriachtchev et al. proposed' that the narrow peaks in the PL spectra are
formed by the selective absorption due to the mode delocalization, our calculations and experiments have shown’ that
this model is insufficient. We therefore express the spectral profile of the guided modes by an approximate formula:
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16(2.2)= 1o (A)exp- 7(2)e]. @

where /(1) stands for the spectral density of the PL of the nanocrystals (i.e. experimentally measured spectrum in the
normal geometry) and a variable z is the distance of an excited spot from the sample edge. We consider that the
spectrum of the guided modes does not depend on the observation angle & due to diffraction on the sample edge.'* On
the contrary, there exists an unambiguous relation between the angle of detection of the radiative modes « and their
direction of propagation in the waveguide core @ (see Fig. 4a). Considering this fact, one may derive® the formula for
spectral density of the radiative modes:

I ()= I,(A)1(9) a9

‘1 (9 (explin(a, )] de 3)

Functions r, and r, are the reflection coefficients for reflection on the two respective core boundaries, T is the

v
transmittance of the core/substrate boundary, x = (27" n) - ﬁ2 :%n cos$is the wave vector of the mode in the

direction perpendicular to the propagation direction and the term% is the correction factor for the spatial density of the

PL radiated by a nanocrystal which is isotropic in the core. Assuming an aperture of the detection system with a nonzero
size, the detected signal may be calculated using the equation:

a
Ingrac(2)= _H]G (A)+ 1y (2, @)le, 4
0]
where ¢, denote the limits of the integration over the aperture of the detection system. Formula (3) clearly shows that
the shape of PL spectrum of the radiative modes strongly depends on the angle of detection « and therefore we may do
the following conclusion.

The PL spectrum contains two components: narrow peaks and a broad spectrum shifted to longer wavelengths compared
to the original PL of the intrinsic nanocrystals due to wavelength-dependent absorption. The ratio of the magnitudes of
these two parts depends on the absorption coefficient of the core layer and the geometry of the detection system. We
may generally state that the higher absorption induces stronger appereance of the radiative modes. This fact directly
follows from Egs. (2) and (3): since z»d, the guided modes are suppressed when losses in the core are too high, while
radiative modes propagate mostly in the transparent substrate. This fact was clearly illustrated in our previous
publications” where the absorption coefficient increases with the fluence of implantation. At the lowest fluence, a wide
PL band is resolved above 700 nm and no radiative modes are seen while the spectra for higher fluences contain both
types of PL. The above statements are further supported experimentally'> — we were able to separate the PL of the
guided modes by spatial filtering.

4. NUMERICAL CALCULATIONS

We considered an asymmetric continuous profile of the refractive index below the sample surface. The particular
profiles of the refractive indexes were determined on the basis of numerical fitting of infra-red transmission spectra® and
are schematically plotted in Fig. 4b. We slightly modified the above formulae and we numerically calculated the PL
spectra using the standard transfer matrix formalism. The results are plotted in Fig. 1 for the parameters used in the
experiments.

The shape of the PL spectrum depends on the conditions of observation (position of a detector and its numerical
aperture) and it also strongly depends on the sample parameters and thus the preparation conditions. These facts are
summarized in Fig. 5 where we plotted the calculated dependences of PL characteristics (widths of the respective TE
and TM peaks and their spectral positions) on the following parameters: the angle of observation «, peak value of the
core refractive index An (controlled by the fluence of implantation), width of the distribution of nanocrystals o below
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the sample surface and the refractive index of the cladding n, We took parameters of the sample implanted with fluence
of 510" cm™ as a reference.

nf(x) T f(x)
«— (a) «— 9, (b)
Na / | — Mg /‘
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Fig. 4: Ray propagation in a sample with step-like (a) and continuous (b) profile of refractive index of the core.

In our particular case, the planar waveguide is considered to be asymmetric, i.e. n,<n,. Radiative modes are therefore
expected to leak only to the substrate and to be observed only for angles >0 as seen in Fig. 5a. Change of the
observation angle causes change of both the exponential factor in Eq. (3) and reflectivity on the core/substrate boundary
and therefore the spectral positions and widths of the PL maxima change. The greater detection angle « is, the smaller is
the reflectivity of the core/substrate boundary and the wider PL peaks are.

Figs.5b-d illustrate the possibility of tuning the sample properties by variation of the preparation conditions. We may
prepare for example structures for real-time sensing of the refractive index of liquids which is represented by the
refractive index of the cladding in Fig. 5d, Ref. 7.

1000 g T 20
780 (b)
18
900 ™
= Z - TE {16 2
g = E =
kS ’ TE 40 £ 800
<760 ’ < =
< 4 =y g T TM 4%
e 3 3
7 TE 20 700 .
-~ \)—: 2 TE 0
740 0 600
3 2 -1 0 1 2 3 4 5 6 7 0.3 0.4 0.5 0.6
Detection angle o [deg.] Refractive index contrast ngng
250
900
200
e o]
z 800 5 T 150 2
=) 2 = =
2 = 2 =
£ 700 B 100 5
50
600
s 0
50 100 150 200 1.0 12 14 16 18 20
Waveguide width [%] Refractive index n,,

Proc. of SPIE Vol. 6609 66090F-5



Fig 5: Calculated dependence of the spectral width and spectral position of the modes detected in PL on: (a) detection angle in the
waveguiding geometry, (b) contrast of the maximum of the refractive index of the core relative to the refractive index of the substrate,
(c) width of distribution of the refractive index of the core (100% means FWHM of the refractive index distribution 6.5 pm) and (d)
refractive index of the cladding. We took the parameters of the sample implanted with fluence of 5-10'7 cm™ as a reference.

The grazing incidence absorbance spectra depicted in Fig. 3 are also fully consistent with the model. Although light
should be totally reflected by the waveguiding structure, some part is absorbed in the core. The maximum of absorption
arises when the phase matching condition is met — this is the same condition as the condition for the peak of PL.
Calculated theoretical curve of the absorbance is depicted in Fig. 3 by a dotted line.

5. FORMATION OF MODES

The model formulated in section 3 describes a situation when the waves undergo an infinite number of reflections inside
the waveguide core. This situation corresponds to an experiment in which the excitation spot is far from the edge (z»d).
However, as poited out in our previous publication' and later by Khriachtchev et al.,'® the shape of the modes in PL
undergoes evolution when the distance of the excitation spot from the edge is increased. Interpretation, based on our
model, is simple: the smaller is the distance z, the less round-trips between the core boundaries are performed by the
wave. Constructive/destructive interference is best met at an infinite number of reflections and therefore we expect the
best mode formation at high number of reflections N and therefore at long distances z whereas no modes in the PL
spectra are expected at small distances. The effect may be enhanced due to the dominance of radiative modes at long
distances and the dominance of the flat spectrum of the guided modes at small distances.

Spectrum of the guided modes is not influenced by the number of internal reflections and therefore we can keep formula
(2) for determination of their spectral profile. Formula (3), however, needs a correction for a finite number of

reflections:

2

1o (oats)= m 1) s)
P(L.a)=r,(9)r,(9exp[2ix(4,9)d |exp[- (1. 9)z, /2]. (©)

where N (3, z) is the number of reflections of the wave inside the core and z is the distance between two points of

reflection on the core/substrate boundary. The intensity of radiation which remains in the core after N reflections of a
ray on the core/substrate boundary (see Fig. 4a) may be expressed as:

2N
I(NY=1Io|nr|™" =1, expl- 27 2], @)
and therefore the number of reflections may be evaluated in the following way:
z
N=- TerE ®)
log‘ r rz‘
and zp =— loglir) where 7. is an effective attenuation coefficient which reflects the leaking to the substrate. It may be

Vet
calculated from the Poynting vector. In the case of an asymmetric waveguide with the step-like profile of the refractive
index, the coefficient may be expressed for TE waves as:

:K' Y 9
Vet 7ﬂd7(1(+p)2, (©)]
2 _ [ 2mg 2_ 2
Yol —( N ] £ (10)
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In structures with more complicated profile of the refractive index, the attenuation coefficient must be evaluated
numerically, however Egs. (7) and (8) remain valid. Results of the calculation of the narrowing of the modes in a sample
with step-like profile of the refractive index are plotted in Fig. 6. Presence of the guided modes may cause apparent shift
of the PL maxima due to wavelength-dependent absorption. Calculated widths of the maxima and the distance on which
they are formed strongly depend on the profile of refractive index: if it changes continuously, modes would be wider
and they would form on longer distances z.
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Fig. 6: Width of the radiative modes as a function of the
distance of the excitation spot from the sample edge.
Default parameters are n=1.46, n=1.8, =10 cm'l,
d=1.5 pm. Inset shows spectral profile of the modes.

Fig. 7: Sketch for derivation of the ASE signal.

6. OPTICAL GAIN

Considering a homogeneously excited stripe with length £ which reveals an optical gain and considering that only the
plane waves which propagate in the direction of the excited stripe are detected, one derives formula (1) for dependence
of the detected light intensity on ¢. The formula is widely used in spectroscopy in the VSL method, however it is valid
(for real detectors with a nonzero numerical aperture) only in the limit of large optical gain. For the limit of small or
zero optical gain and a large numerical aperture of the detector, a rigorous theoretical and experimental review was
published,'® however we use a simplified approach in order to show the main characteristics of the waveguiding
samples. First we derive a formula for determination of the ASE signal as a function of the stripe length in a bulk
sample. We must take into account that the amount of energy radiated by a nanocrystal and detected by a detector scales
with the distance » between the nanocrystal and the detector as 1/7%. Let’s denote the distance between the edge of the
sample and the detector s considering that s is much larger that the width of the excited stripe, let’s denote the gain
coefficient g and the real part of the refractive index of the sample 7 (see Fig. 7). One may directly derive that the total
intensity detected by the detector is:

/
exp

14(0) j([igT*SZ)]d an

Note that the above formula describes the situation depicted in Fig. 7 — if the signal is collected using some optical
elements in front of the detector, the calculation must be adapted according to the particular situation. The function in
Eq. (11) is not integrable analytically, however for large g it clearly reduces to Eq. (1). We plotted the function (11) for
various parameters in graph in Fig. 8. Obviously it qualitatively fits the measured ASE curves.'? The exponential growth
of the experimental data slightly above the zero length of the excited stripe is due to diffraction or other optical artifacts
which are not taken into account in the present model.
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Fig. 8: Calculated intensity detected in a VSL (a) and SES (b) experiments from a bulk sample with refractive index 1.6 and
with the detector in the distance 0.5 and 1 mm from the sample edge. Curves of ASE are calculated for zero, positive and
negative gain coefficients considering the loss coefticient =10 em’.

The ASE curves reveal interesting behavior on for larger lengths of the excitation stripe as shown in Fig. 9 where we
plot dependence of ASE on the stripe length for the same parameters as in Fig. 8, however on a different scale for ¢.
ASE curves in Fig. 8, when compared with Eq. (1), seem to reveal no net gain or a small net gain and strong saturation.
Our calculations show that the apparent saturation is due to the beam divergence and the behavior of superlinear ASE
growth arise for larger lengths of the stripe of the order of several mm. In Fig. 9a we show the ASE curves for gain
coefficients g=0 cm™ and g=20 cm™ in linear scale with graphs of Eq. (1) for g=20 cm™ and g=4.7 cm™ (best fit).
Fig. 9b shows the same curves on an even large scale for £ in order to show that fitting by (1) may give incorrect results
if performed for small stripe lengths — the net gain may be underestimated.

Discussion of optical amplification in waveguides is more complicated because of the existence of the waves which leak
into the substrate. Guided modes propagate in the waveguiding layer and thus they are amplified on the whole path. The
formula analogous to Eq. (9) for the guided modes thus differs only in the denominator which is in the first power:

rexpl(g - 7)z]
Ipe(f)ec [SPREETE: (12)
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. . . . . . . . . . . . . . . . . . 103
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—_ [}
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<
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Fig. 9: Same as Fig. 8 on longer scales for ¢ for g=0 and 20 cm™, respectively. The solid curves stand for predictions of
our model based on Eq. (12), the dashed curve is the result of Eq. (1) with g=20 cm’! and the dotted line is the best fit of Eq.
(12) by Eq. (1) with g=4.6 cm™..
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The radiative modes, on the contrary, may be amplified only on a part of their path because of their leakage to the
substrate. Some of the radiative modes are effectively amplified if the gain coefficient is high enough to compensate the
losses by leaking. We divide derivation of the intensity of the detected waves into two parts: (i) a contribution from the
wave which remains in the core until it reaches a sample edge and (ii) from the wave refracted to the substrate. For the
waves in the core, the same formula as Eq. (12) holds when y is substituted by y.; according to Eq. (9) (yes=y for the
guided modes). Considering the refracted waves, we must take into account that they are amplified only during
propagation in the core and that once the wave leaves the core, its intensity decreases with the second power of the
distance:

1— pM+! 2

I dg
1 =—20 - - 17— 13
RS(Z) (Z+an)2 l—P da’ ( )
P = expleimd explz Jexpl(g )z, /2] (14)
The total ASE signal in the VSL experiment is expressed as the sum:
g 76
J.IRS )dz*‘ccloj 4&/7)_] 15)
Z+nes

Here the symbol C¢ expresses an efficiency of coupling of the guided modes to the detector — generally it is less than 1
due to nonzero numerical aperture of the waveguide. The above function is plotted for various parameters in Fig. 10a-d.
The panels a-b in Fig. 10 show for comparison predicted ASE and SES curves for parameters similar to Fig. 8 (bulk
sample). The initial rise of the ASE measured at wavelengths of the radiative modes is not an effect of optical gain but a
specific (linear optical) characteristics of the waveguiding samples as proven by our calculations. The influence of mode
leaking is clearly seen in Figs. 9c-d: the leaking is most efficient for large detection angles ¢ and near the mode
maximum at 971.5 nm while the modes are mostly guided far from the resonance or at low detection angles. Leaking
causes very complex dependence of the mode coupling to the detector on the distance of the excitation spot from a
sample edge. This effect was also observed experimentally.’ Due to the limited path in the core, leaking waves are
amplified with low efficiency compared to the guided modes, as seen in Fig. 10a. Their net gain may be, nevertheless,
positive but always lower than the net gain of the guided modes.

7. DISCUSSION

Spectrally narrow modes which leak into the substrate are formed, as demonstrated in the results in the previous two
sections, on distances much larger than the waveguide width. This phenomenon was observed experimentally by our
group'® and by Khriachtchev et al.'® Our results do not fit the experimental data exactly because we did not take into
account the exact profile of the refractive index of the sample and we did not consider that the excitation spot has a
nonzero size. The qualitative agreement between the experiment and calculations is, however, excellent and we may
conclude that our model describes the PL experiments with high precision.

In our calculations of SES and ASE curves, we considered a specific experimental setup depicted in Fig. 7 which
models an experiment in which the PL signal is collected by an optical fiber without any optics between the sample and
the fiber. Additional optical elements, however, make the calculations more complex. Optics usually display the sample
edge on an input of a detector (e.g. an optical fiber, an entrance slit of a spectrometer) and its influence is therefore that
only the numerical aperture is changed and the effective distance between the sample and the detector is s—0. The
values s~1 mm used above are not therefore underestimated and the results of calculations may be qualitatively
compared with experimental data.

The curves in Fig. 8 qualitatively reproduce the measured data'? except for the initial rise for £—0 which is due to
diffraction, as noted above. Although the ASE signal in the VSL experiments increase sublinearly, simulations show
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that it is not due to the saturation of optical gain but it is caused by the decrease of the coupling efficiency between the
source and the detector. The effect of varying coupling may be eliminated by putting the detector far from the sample.
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Fig. 10: Calculated ASE (a) and SES (b-d) curves from a waveguiding sample according to Eq. (15) for
leaking waves (solid) and guided modes (dashed). Parameters of the sample were: refractive index
n=1.46, n=1.8,=10 cm’!, d=1.5 pm. Default detection angle was considered o=1°, distance of the
detector from the sample edge s=0.5 mm, detection wavelength 971.5 nm (in the maximum of a mode).
Figs. (c) and (d) show how the shape of the SES curves change with detection angle an wavelength.

This setup corresponds to the Fraunhofer limit of diffraction, i.e. we detect only a plane wave with well defined
direction and the formula (11) reduces to Eq. (1).

Simulations on the waveguiding samples in Fig. 10 are in a good agreement with our experimental data.’ Guided modes
reveal the usual behavior: they are amplified on the whole path through the sample until they reach the edge. The
effective losses are only due to the divergence, i.e. due to the varying coupling to the detector. When compared to the
bulk samples, the coupling coefficient decrease only with the first power of the distance between the excited spot and
the detector and therefore the superlinear growth of the ASE signal may be more likely observed than in the bulk
samples.

Leaking waves, on the other hand, reveal themselves very unusually. In the SES experimental setup, the PL intensity
grows with the distance z and after reaching some limit, it starts to decrease. The limiting distance z is determined by the
angle of the mode propagation in the waveguide core and therefore by the angle of observation. The SES experiments
may be interpreted as follows. The wave is radiated in the core and it subsequently propagates in the core and partly
leaks to the substrate. The longer is the distance of propagation, the more energy is transferred to the substrate. We
detect the sum of the wave which remains in the core and the wave refracted to the substrate from the edge, however the
refracted wave is usually stronger because of absorption in the core and diffraction at the edge. With increasing distance
z, the intensity of PL is increasing until the growth is overridden by the decay due to decreasing coupling to the detector.
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Presence of the positive optical gain is responsible for the growth of ASE in the VSL configuration and therefore the
optical amplification may be detected by the direct comparison of the integrated SES and VSL measurements.
Determination of the gain coefficient is, however, difficult and the changes in PL are not pronounced as nicely as if the
measurement is performed on the guided modes.

The gain measurement should give better results if measured on the guided modes only. We show in Fig. 10d that the
guided modes may be experimentally separated by spectral filtering — if the detected signal is selected from the broad
PL spectrum outside the TE and TM-polarized peaks, only guided modes are coupled to the detector. Analysis of the net
optical gain is then based on Eq. (12) or on a more complex theory in Ref. 16.

8. CONCLUSIONS

We develop a model which describes formation and optical amplification of the modes in optical waveguides (both
leaking and guided). The behavior of the guided modes is affected only by the effective reduction of the dimensionality
of the sample to 2D (compared to bulk samples) and therefore the effective losses due to divergence of the radiated field
are lower than in bulk samples. This fact may result in observation of superlinear increase of the ASE signal on
waveguides containing Si nanocrystals, however we stress out that one must still compare ASE and SES curves in order
to identify whether the net gain is positive or negative. A special attention must be, nevertheless, paid to the leaking
waves since they cause a variety of unwanted effects.

Leaking waves may cause problems not only in spectroscopic experiments but they may play an important role in
micro-optoelectronics on integrated devices. The source of signal (guided modes) then may be also the source of the
noise guided by the substrate. It may therefore appear desirable to cut oft the noise by addition of an absorbing layer to
the substrate or in another way, if necessary.
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Abstract

Femtosecond transient laser-induced grating (LIG) experiments were performed in planar
optical waveguides made of luminescent silicon quantum dots. The LIG was created by
interference of two pulses from the frequency-doubled output of a Ti—sapphire laser (400 nm,
400fs, 1 kHz). The LIG exhibits an extremely fast decay in time (several picoseconds) that
was found to decrease with decreasing grating period. The standard models based on lateral
carrier diffusion cannot explain this observation (this procedure yields an unrealistically high
diffusion constant of 420 cm? s~!). Instead, the results are explained by exciton diffusion
and/or enhanced exciton radiative decay rate in a cavity represented by the periodically

modulated planar waveguide (Purcell effect).

1. Introduction

Silicon quantum dots (silicon nanocrystals, Si-ncs) are efficient
light emitters and have been employed to fabricate silicon-
based light-emitting devices, such as light-emitting diodes.
They have also been employed to fabricate active optical
waveguide structures [1-3], in which complex spectral filtering
of the self-guided photoluminescence (PL) has been observed
[2,3]. Many properties of such waveguides, which hold
promise for exploitation in silicon photonics, remain to be
explored and interpreted.

Transient laser-induced-grating (LIG) experiments are
known to provide insight into fast non-equilibrium carrier
recombination and diffusion in semiconductors. The LIG can
decay in time due to both carrier recombination and lateral
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diffusion. When applied with picosecond laser pulses, a
clear discrimination between both contributions can usually
be obtained and the carrier ambipolar diffusion constant
extracted [4,5]. Here we report on the application of ultrashort
(femtosecond) laser pulses to investigate LIG decay in planar
waveguides made of Si-ncs. We show that the observed grating
efficiency decay is extremely fast, of the order of picoseconds,
and we discuss possible reasons for such an unusual decay in a
system composed of Si nanocrystals, which commonly exhibit
much slower photocarrier recombination—in the microsecond
range or even longer [6].

2. Experimental

Samples investigated in this study were prepared by implanting
Si* ions into slabs of synthetic silica substrates (Infrasil)

© 2008 TIOP Publishing Ltd  Printed in the UK
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Figure 1. PL spectra taken from the edge of investigated samples
(‘waveguiding geometry’). Excitation with the 442 nm line of a cw
HeCd laser, T = 295 K. Owing to insufficient resolving power the
doublet structure of the peaks can be discerned in the sample

3 x 10'7 cm~2 only.

with dimensions of about 8 x 5 x 1 mm?®. The implantation
energy was 400keV and several implant fluences from 1
up to 6 x 107 cm™2 were applied to different samples. A
post-implant anneal at 1100 °C in N, ambient for 1h caused
precipitation of dispersed excess Si*-ions into luminescent
Si-ncs with a typical diameter of 4-5nm. A further anneal
for 1h at 500°C in forming gas (N,/H,) was employed to
passivate non-radiative defects and enhance the Si-nc PL
intensity [7]. Peak excess Si concentrations were up to
26at% Si. To give an idea of how densely the Si-nc are
packed, we suppose (i) the nanocrystal diameter to be S nm and
(ii) only 50% of the implanted Si atoms have been accumulated
to form the nanocrystals. For the excess Si concentration
of 20at% we get in this way the mean distance between
nanocrystals of about 16 nm. The ensembles of Si-ncs with
the nanocrystal concentration peaking at a mean depth of
~630nm (the total thickness of the Si-nc layers being about
800 nm) represent planar waveguides buried in fused silica [3].
Room-temperature PL spectra of the three samples implanted
to the highest fluences, as taken in the waveguiding geometry
(i.e. from the edge of the samples), are shown in figure 1.
The spectra consist of relatively narrow peaks whose position
is systematically red shifted with increasing implant fluence.
These peaks represent radiative modes of the waveguides [3]
and are in fact TE/TM doublets; here, their doublet structure
is clearly resolved in the 3 x 10'7 cm~2 sample only.

In the LIG technique, two coherent laser pulses interfere
in the sample, creating a periodic, spatially modulated pattern.
Diffraction of a third, time-delayed pulse is used to monitor
the decay of the grating with time. Frequency-doubled pulses
(Ap = 400nm, hv = 3.1eV) of ~400fs duration, provided
by a cw doubled Nd**~YAG laser-pumped Ti-sapphire laser,
were split into two pump pulses of equal intensity. These
were used to define an LIG in the waveguides parallel to the
sample surface. The grating period A was varied by varying
the angle 6 between the writing pulses (A = ,/2sin(0/2)).
The pump spot diameter was about 300 um and the pump
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Figure 2. Normalized LIG decay curves for different grating
periods A (next to the curves) in a waveguide implanted to a fluence
of 4 x 10'7 cm~2. Pump energy density ~14 mJ cm~2. The lines are
guides to the eye. Inset represents ‘standard’ evaluation of the data
(see text).

energy density ranged from ~2.8mJcm™2 to ~14mJcm™>
(peak power density Ixc ~ 30GWcm™2). A weaker, time-
delayed test pulse of the fundamental frequency (800 nm) in
the optically transparent region of the samples, with a diameter
of ~100 um, was aligned with the LIG and its diffracted
intensity monitored using a conventional Si photodiode. All
experiments were performed at room temperature.

3. Results and discussion

In what follows we focus our attention on the sample implanted
toafluence of 4 x 10'” cm~2, in which the observed phenomena
are most evident. The LIG dynamics in this sample are shown
in figure 2. It can be seen that the grating decay time 7,
decreases with decreasing grating period A—an effect that is
both distinct and interesting. In particular, our primary interest
has been focused on the potential photocarrier lateral diffusion
between nanocrystals because of the fundamental importance
of this effect for electrical pumping of potential light-emitting
devices based on Si-ncs. Such a lateral carrier diffusion, even
if the Si-ncs are localized in an insulating matrix such as SiO,,
cannot be a priori excluded. It is true that in our samples
the mean internanocrystal spacing (~16 nm) is quite large for
an efficient charge transport. However, taking into account the
non-uniform distribution of the nanocrystals and their tendency
to form larger clumps with higher volume density, at many a
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place the separation between surfaces of neighbouring Si-ncs
may be considerably smaller, several tenths of nanometer
only. Then, carrier tunnelling can occur (an observation of
picosecond carrier tunnelling between Si-ncs has already been
reported [8]). Moreover, the remaining excess Si atoms as well
as the defects in the SiO, matrix could increase conductivity
between the individual Si-ncs. As a result, a percolation
conducting path in the Si-ncs/SiO; system can be established.
To extract information about such carrier diffusion, however,
is not easy.

Itis almost certain that within the duration of the excitation
pulse, nonlinear recombination processes (both radiative and
non-radiative) occur in the excited Si-ncs, since, estimating
the absorption cross section of Si-ncs at 400nm for the
samples with 20% excess Si concentration to be 0 &~ 2 X
107" cm? [9,10] and considering the pump energy density
of ~10mJcm~2, we get the initial mean number of electron—
hole pairs per nanocrystal as high as 3-5 (nevertheless, we
were checking carefully that the pump power density was
always below the threshold for irreversible sample changes,
i.e. below the threshold for writing down a ‘permanent grating’
[11]). These nonlinear recombination processes in principle
can be described by nonlinear terms in the relevant kinetic
equations dealing with the time evolution of the LIG carrier
population [4, 12] and could manifest themselves through a
non-exponential decay of the LIG diffraction efficiency in time.
However, the very formulation of such kinetic equations would
be very difficult if not impossible, in view of the fact that the
physics of highly excited Si-ncs has not been well understood
till now. Instead, we apply here a simplified treatment
of the experimental data, which is based on the following
approach.

In order to estimate the involvement of carrier diffusion we
have used the linear parts (in log scale) of the LIG decay curves
at long delays only where the number of e-h pairs per Si-ncs
can be supposed to be already low and the LIG decay should
be driven mainly by relatively slow carrier lateral diffusion
and recombination. The decay is then expected to be a single-
exponential with a decay time 7,; this is indeed the case (see
figure 2). In this way we obtain 7,(A = 2.8 um) ~1.12ps,
(A = 5.5um) ~1.71ps, 1o(A = 13 um) ~1.92ps and
Tg(A = 31 um) ~2.25ps. Standard evaluation then consists
of plotting (t,)~! against 8772/ A2, the slope of which yields
the diffusion constant of carriers D [4]. Such a plot is
shown in the inset of figure 2 and yields a value of D about
420 cm? s~!, which is unrealistically high, bearing in mind that
D inbulk Siis of the order of 10 cm? s~! [13]. Carrier diffusion
thus seems not to be involved in our ultrafast LIG decay.
One has therefore to suggest another interpretation of the
experimental data, in particular, of the peculiar variation of 7,
with A.

To assist in this regard, additional pump—probe
experiments were undertaken. These used basically the same
experimental set-up as above, only one of the writing beams
was blocked and the energy density of the remaining one
increased. The results, displayed in figure 3, revealed that
the ‘slow components’ (delay >1.5 ps) of pump/probe and of
LIG dynamics with large grating period A coincide. The decay
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Figure 3. Comparison of the LIG dynamics (A = 31 um, full
squares) with a pump-and-probe decay curve (open squares),
measured on one and the same place of the sample. The ‘slow’ parts
of both curves coincide for delays >1.5 ps. Inset shows decrease in
7, with increasing pump energy density. At the initial stage of decay
both the curves are not directly comparable because the energy
density of the pump beam in the pump-and-probe experiment was
chosen slightly higher (~21 mJ cm~2) than that of the total pump in
the case of LIG (~14mJcm™2).

time 7, was also studied as a function of pump intensity and it
was found that increasing the pump intensity led to a reduction
of 7, (inset of figure 3).

The most obvious interpretation of these observations—
fast non-radiative Auger recombination of carriers in Si-ncs—
cannot readily account for the fact that the decay time depends
on the grating period A. We therefore speculate about the
following effects.

(i) Exciton (not free carrier) migration and tunnelling
between neighbouring nanocrystals was proposed to be
responsible for fast LIG decay in CdTe/ZnSe quantum
dots under femtosecond pumping [14]. Both optical and
acoustic phonons can participate in this exciton tunnelling
at room temperature in order to compensate for the
energy difference between different nanocrystals [15].
Due to the concentration gradient, the exciton diffusion
tends to smooth the LIG and such a migration process
should manifest itself predominantly at small A, in good
agreement with our observation, see figure 2. Quite recent
theoretical calculations confirm even the possibility of
resonant (no-phonon) energy transfer between Si quantum
dots [16] following the Forster mechanism. The energy
transfer rate varies as ~1/R® where R is the interdot
distance; for a very small R (of the order of nanocrystal
radius) the transfer rate has been shown to increase even
much faster. In this case submicrosecond transfer time
can be possibly achieved.

(ii) Radiative recombination of excitons in the LIG is very
probably involved in the LIG decay because intense PL is
observed in our experiments under 400 nm femtosecond
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pumping and the occurrence of a very fast (subpicosecond)
component of Si-ncs luminescence has been evidenced
recently by our group using an independent experimental
set-up [17]. It is very interesting to note in this context
that superradiance of an inhomogeneously broadened
ensemble of semiconductor quantum dots has been
experimentally demonstrated under 1.5 ps quasi-resonant
excitation (i.e. excitation below the barrier bandgap energy
and above the exciton ground state energy of the quantum
dot) quite recently [18]. This effect of cooperative
radiation leads to the enhancement of the exciton radiative
recombination rate and thus to PL decay shortening.
The basic requirement for the onset of the collective
superradiant coupling, namely, a closely spaced ensemble
of nanocrystals, has been met in our samples: we recall
that the mean distance between (5 nm sized) Si-ncs in our  gigyre 4, Calculated effective dipole moment enhancement for
samples with the excess Si concentration of 20at% can  Si-ncs located at the maximum of the modulation profile as a
be estimated to amount to ~16 nm while Scheibner ef al  function of A. The inset shows a scheme of the structure under
[18] observed the effect of superradiance in CdSe/ZnSe cqnsideration. For computational reasons, the Gaussian pump spot
quantum dots up to the average interdot spacing of 150 nm. Eldth Wa% ?On“de,red o= 39 pm only. Thf’t parar?etfers An next to
. > i 4 X e curves are the amplitudes of the nonlinear refractive index
Nonetheless, even if we admit that a kind of superradiance ) qulation.
occurs in our ensembles of Si-ncs, this effect alone
can hardly explain the striking observation, namely, the
LIG decay shortening with decreasing A. To this end
we invoke the effect of the periodic modulation of the
refractive index by the LIG, which defines a resonant
optical structure that enhances the overlap between the
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induced refractive index change An = y I thus amounts
(for Iye ~ 30 GW cm™2) to the orders of 0.01-0.1. This,
referring to figure 4, can result in a substantial increase in
the dipole moment magnitude. Since the first-order signal
dynamics in a four-wave mixing process (as observed in

Si-ncs emission frequencies and the available spectral
density of photon modes. As a result, the spontaneous
radiative lifetime of the nanocrystals can be modified
(Purcell effect [19]). A variation of A can therefore
affect the enhancement of the dipole-field coupling and
cause changes in the radiative lifetime of the LIG as a
function of A.

To assess the magnitude of the Purcell effect the following
simplified model was employed: periodic modulation of
the refractive index with a Gaussian envelope across the
plane of the waveguide (see inset to figure 4)

_ +An 1+ 2mx x? !
n(x) = ng > [ cos (T) exp <f;>], (1)

where An stands for the maximum of the induced change
in the refractive index and o is the (Gaussian) beam width.
The propagation of light waves in this structure was then

our experiment) is driven by the speed of deformation of
the cosine-like interference profile, i.e. predominantly by
the maximum dipole enhancement (figure 4), the increase
in the radiative recombination rate due to the Purcell effect
could be quite significant.

(iii) An increase in the (linear) dipole coupling between

the nanocrystals and the optical field can also lead
to an increase in the nonlinear dipole interaction, i.e.
an increase in the stimulated emission rate and the
appearance of optical amplification. Here it is worth
stressing the following facts.  The ultrashort blue
pump pulses (~100fs, ~400nm) from a frequency-
doubled Ti—sapphire system have proved recently to be
very efficient in producing room-temperature positive
optical gain in ensembles of densely arranged Si-ncs.
Experiments using the variable-stripe-length method
[22,23] yielded values of the gain coefficient as high

calculated using an effective refractive index [20] for the as25cm™.

guided modes in the waveguide. Since the increase in
the dipole moment implies a decrease in 7,, figures 2
and 4 display qualitatively the same behaviour. For large
values of A (=35 um) the effect in figure 4 shows a
tendency to disappear. This agrees with the observation
in figure 3, namely, that decay curves for an LIG with
A = 31 pm and for a probe beam passing through a non-
periodic excited spot (A — 00) are basically identical.
Estimating the nonlinear susceptibility of Si-ncs (with the
mean diameter of 5 nm) embedded in an SiO, matrix under
femtosecond pumping to be [21] x @ & 0.2 x 107 (esu)
~3 x 10718 (m? V1) we get a nonlinear refractive index
y =3x® /dcegnZ ~ 3 x 10712 cm? W', The maximum

4. Conclusions

In conclusion, we have performed transient LIG experiments
with picosecond resolution in planar waveguides composed
of luminescent Si-ncs. We explain the observed very fast
LIG decay time and its variations with grating period by
a model invoking exciton diffusion and/or enhancement of
the radiative recombination rate in the periodic distribution
of the electromagnetic field amplitude. ~ An additional
contribution to the LIG decay shortening can originate
from possible involvement of stimulated emission in the
waveguide.
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CHAPTER 10

GUIDING AND AMPLIFICATION OF LIGHT DUE TO SILICON
NANOCRYSTALS EMBEDDED IN WAVEGUIDES

Tomas Ostatnicky, Martin Rejman, and Jan Valenta

Department of Chemical Physics and Optics, Faculty of Mathematics and
Physics, Charles University, Ke Karlovu 3, CZ-121 16 Prague 2,
Czech Republic

Katefina Herynkova, Ivan Pelant

Institute of Physics, Academy of Sciences of the Czech Republic, v.v.i.,
Cukrovarnickd 10, CZ-162 53 Prague 6, Czech Republic

In this chapter, we summarize our progress in both experimental
and theoretical investigations of spontaneous emission of silicon
nanocrystals embedded in planar waveguides. We give an overview of
our photoluminescence measurements which reveal peculiar
phenomena like spectral filtering of the signal or polarization splitting
of the spectra. We discuss possible interpretations of the observed
events and we present a model which is capable of explanation of all
the peculiarities. Finally we apply the model in order to investigate the
consequences of the waveguiding effects for the light amplification,
propagation and spectroscopy measurements.

1. Introduction

Nanocrystalline silicon attracts attention in many research groups
because of its prospective applicability in optoelectronic devices as an
amplifier or a source of light. High concentrations of Si nanocrystals and
high optical quality of the active media are desired to get a positive net
optical gain. To accomplish the requirements, samples prepared by using
various methods have been checked in experiments addressing optical
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Fig. 1. (a) Experimental setup with two possible detection positions: standard (n) and
waveguiding (w). (b) Propagation and decoupling of substrate modes; (c) sketch for
derivation of coupling coefficients; (d) measured PL in standard (A) and waveguiding
geometry (B) and in the waveguiding geometry with a linear polarizer (C,D); (e)
measured ASE intensity at various spectral positions: at maxima of TE and TM modes
and at 825 nm; (f) measured SES signal at the same spectral positions.”

gain: Si* ion implantation,"” plasma—enhanced chemical vapour
deposition,’ reactive Si deposition,® magnetron sputtering® or others.®
The samples prepared by these methods have a form of a thin SiO, layer
(few micrometers thick) doped with Si nanocrystals, located on an
optically thick Si or silica substrate. The thin “sheet” which contains
nanocrystals then may reveal waveguiding properties because of the
refractive index mismatch between the sheet and the SiO, matrix.
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The waveguiding property and the “planar” method of fabrication are
advantageous for integration of components in optoelectronics, however,
it was found that the characteristics of a photoluminescence (PL)
emission of the samples are strongly affected by the presence of the
waveguide®”"> and depend upon many parameters of the sample
preparation.”*'* We have investigated the PL emission of the Si
nanocrystals embedded in waveguides both theoretically and
experimentally and we summarize our findings in this chapter.

Effects connected with waveguiding in the implanted samples were
firstly discussed in detail by our group® and confirmed by an independent
observation of the same phenomenon on samples prepared by reactive
deposition’ — in the experiments, photoluminescence from the active
layer was collected in the “waveguiding” configuration along the layer
with Si nanocrystals (see Fig. 1a for the experimental setup). Compared
to a PL spectrum collected in the standard configuration (perpendicular
to the sample plane), the spectra reveal a disturbance of the wide PL
band and a narrowing to one or more pairs of modes resolved in linear
polarization (Fig. 1d). The unusual behaviour of the PL spectra was
observed in measurements of amplified spontaneous emission (ASE)
using the variable stripe length (VSL) method>" where the shape of the
ASE curves strongly depended on the wavelength of detected radiation
(see Figures le-1f).

Numerical analysis of the problem shows that the spectrally narrow
modes are formed very close to the cut-off frequency of the waveguide.
This fact has led us to the interpretation®'®'” of our observations, namely,
that the modes are formed by the waves leaking from the waveguide
core slightly below the critical angle for the total reflection on the
core/substrate  boundary. Another interpretation was given by
Khriachtchev et al.”*'® in terms of particular guided modes which are
spatially delocalized near the cut-off frequency and therefore their losses
due to absorption in the core are lower than losses of the ordinary guided
modes.

In this chapter, we develop a consistent model which predicts the
observed behaviour and we discuss both hypotheses (delocalization and
wave leaking) in order to find which of them plays a major role in
formation of the PL spectra. We then show the consequences of the
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waveguiding and related effects for spectroscopic measurements,
applications in optics and optoelectronics, gain measurements and
construction of a lasing device. After a short introduction to waveguide
theory in section 2, our model is discussed in more details in section 3.
Since the original model does not take into account propagation of the
modes along the waveguiding layer, we present its phenomenological
extension in section 4, and in section 5 we present numerical calculations
of the wave propagation in active waveguides.

2. Characterization of Waves in Waveguides

Discussion of propagation of the optical field through passive
waveguides is usually limited to the discussion of the guided waves, i.e.
waves (modes) which are spatially confined in the waveguide core. In the
active devices, however, the sources of photons are located inside the
guiding layer and therefore the amount of energy coupled to the guided
modes may be comparable or smaller than the energy coupled to other
modes. On that account, all waves must be considered when dealing with
active devices.

In this section, we review the general theory of planar (slab)
waveguides.'®™ We consider a structure with three layers® of a dielectric
described by a (generally complex) refractive indices n, (cladding), n,
(core) and n; (substrate), see Fig. 1b; we assume for the sake of clarity
for the real parts of the refractive indices n, > n; > n,. The thickness of
the core d is comparable with or larger than the vacuum wavelength of
the optical radiation A. The cladding and the substrate are optically thick
and therefore considered to be infinite. The z axis is the propagation axis
and the x axis is perpendicular to the waveguide layer.

Electromagnetic field from a source within a waveguide is coupled
only to the states of a field which are allowed by boundary conditions —
to the modes of the waveguide. According to the symmetry of the

* The structure with a step-like profile of the refractive index is taken into account for the
sake of clarity. The theory may be, however, generalized to an arbitrary profile of
refractive index including a continuous graded profile. Comparison of calculated PL
spectra with our experimental data has been done considering the real parameters of our
samples, i.e. graded profile of refractive index across the waveguide.
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waveguide, the intensity of electric field of a TE mode may be written as
E(x,z,t) = JE(x,z)e"®", where 3 is a unit vector in the y direction,
« =2mnc/ A is the frequency of the mode, c is the light velocity and

E(x,2) ={A, 4expldt, s (x— x,)]+ B, sexp[-a,;(x - x,)1}”’* (1)

in every layer denoted by the index m (m=1,2,3). The modes are fully
characterized by the propagation constant £, which may be interpreted in
terms of the angle of propagation &, (see Fig. 1b) of a ray:
f = (2nn,siné,)/ 4. A variable Qp =[5 —-(2nn,, I A)*]"? determines
the profile of the mode in the x direction, x,, is a coordinate of the
boundary between the m-th and (m+1)-st layer and the variables A and B
are constants for every layer and mode, fully determined by the boundary
conditions and normalization.”® The axial system has been adapted by
rotation in order to ensure E |l §. In our case of a three-layer structure,
the modes may be resolved into three groups depending on their spatial
profile in the direction of the x axis, hence depending on the values of the
coefficients &, Let us consider for instance a lossless structure, i.e. n,,
real. The maximum value of 3 for propagating waves is clearly 2mn, / 4,
therefore a,pis always imaginary and the field intensity in the core is
nonzero. Other ¢’s, on the contrary, may be real or imaginary.

For both a5 and 045 imaginary, the mode takes the form of a
propagating wave in all three layers and it is called the radiation mode.
In terms of the ray optics, a ray emitted by a source inside the waveguide
is refracted either to the substrate or to the cladding and only a small
portion of its energy is reflected back to the core. The energy of the
mode is therefore radiated from the waveguide core on short distances
compared to the waveguide thickness d.

If the coefficients &4z and ;g are, on the contrary, both real, the
profile of the mode in the cladding and the substrate given by Eq. (1)
takes the form of evanescent waves and the mode energy is localized
predominantly in the core. The mode is bound to the layer with the
highest refractive index and propagates along the z axis, and it is called
the guided mode. In terms of the ray optics, a ray is incident on both
boundaries core/cladding and core/substrate at an angle larger than the
critical angle for total internal reflection, therefore it is totally reflected
and its energy cannot leave the core. Near the critical propagation
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constant B. =2mn, /A< B, the coefficient aag is close to zero and thus
the attenuation of the evanescent wave in the substrate is very weak and
the wave penetrates into the substrate to depths comparable or even
larger than the core thickness.”!

Substrate radiation modes® (substrate modes) are the last kind of the
waveguide modes. They are characterized by a real coefficient ;3 and an
imaginary coefficient ass. The wave may propagate in the substrate but it
is totally reflected at the core/cladding boundary. The substrate modes
are very similar to the radiation modes since the energy radiated by an
emitting nanocrystal to that mode may leave the core on short distances
in the z direction, however the energy of the modes with the propagation
constant near the critical propagation constant, i.e. f < ., may reside
inside the core layer at large distances from the source, by orders of
magnitude larger than the core thickness. The propagation angle 8, of
such mode is near the critical angle for total reflection on the
core/substrate boundary, thus the reflectivity is slightly below 1 and only
a small portion of energy is lost during one round-trip of the ray across
the core layer (c¢f. Fig. 1b). The angle of propagation of the mode in the
substrate is near T/2 implying that the mode propagates along the
core/substrate boundary and in many experiments these modes cannot be
distinguished from regular guided modes. Since the substrate modes
propagate mostly outside the core, their characteristics are determined by
the optical constants of the substrate. Nevertheless, the aforementioned
substrate modes with f = . are affected by the core properties near the
source. Therefore they behave like guided modes at the distances smaller
than a characteristic distance'® of their leakage to the substrate but at the
larger distances they behave more like free plane waves in the substrate.

® In our previous publications, substrate radiation modes have been inaccurately denoted
as “leaky” waves or leaky modes. The label leaky modes should be rather reserved for a
special sort of unphysical solutions of the wave equation with boundary conditions
determined by the symmetry of a waveguide.”
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3. Spectral Filtering of the Modes

In this section, we present a simple model which explains how the TE
and TM modes are formed and which types of the waveguide modes take
part in the spectral filtering process. We consider a large planar
waveguide with the radiating nanocrystals uniformly distributed in the yz
plane and therefore the system is assumed to have a full translational
symmetry in both y and z directions. This model is therefore not able to
simulate phenomena which arise from the wave propagation (for
appropriate models, see sections 4 and 5) since the symmetry-breaking
due to the sample edge is not included in the description, however the
principle of the peak formation in the PL spectra is best illustrated.

The main idea of the model follows from the aforementioned fact that
the substrate modes with the propagation constant slightly below the
critical value undergo several round-trips in the core before their energy
leaves the core. Due to the interference effects (similarly to the Fabry—
Perot interferometer),?> the nanocrystals couple effectively only to the
resonant modes, i.e. to the modes whose phase is reconstructed after one
round-trip. These modes, in addition, refract to the substrate under an
angle near /2, therefore they are hardly distinguishable from the guided
modes in experiments and we observe a superposition of the guided and
the substrate modes in the PL spectra. Using the detection system with a
small numerical aperture,” substrate modes with a fixed propagation
angle are selected (cf. Fig. 1b) and the resonances arise for certain
wavelengths only. These resonances are then observed as sharp peaks in
the PL spectra.

To give a more quantitative description, let us consider nanocrystals
randomly oriented and randomly located in the waveguide core which
radiate the optical field with intensity of electric field E, (/1) under an
angle 6,. The total field at the position of the nanocrystal is evaluated as
a sum of the field E,, the field after one round-trip in the core, the field
after two round-trips efc. Mathematically, we express the field as an
infinite series:
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E emal (/L 0, ) =E, (/1){1 +7,,73 exp[i47m2d cos 8, //7,]+
E,(4) (@)
1=y, 1y explidnn, d cos 6, / 1]’

+(ry 73 explidnn,d cos 6, / A +...} =

where r,; and r,; represent the reflection coefficients at the core/cladding
and the core/substrate boundaries, respectively, which depend upon the
propagation angle &,. Note that the summation is possible in lossless
structures only if lryryl<l, therefore Eq. (2) is valid only for the
radiation and the substrate modes, the guided modes (with Iry;l=Iryl=1)
will be discussed hereafter. Function IEimemal(Z,Hz)lz defined by Eq. (2)
stands for light intensity in the core of the waveguide and has maxima at
the resonances for the wavelengths A for which the condition
Im(r,, r,; explidnn,d cos @, / A])=0 is fulfilled.

3.1. Substrate and radiation modes

Considering only the substrate modes, Ir,;I=1 and lr,;l<1. The more is the
value Iry;l close to unity, the narrower are the peaks in the intensity
IEimemal(/l)Iz. Additionally, the peak value increases with increasing Iry;l
and thus the substrate modes are most visible for angles &, approaching
the critical angle for total internal reflection on the core/substrate
boundary. For radiation modes, the value Iryl is usually much less than
unity and thus the spectra of the radiation modes reveal only broad peaks
with a small peak-valley contrast.

In experiments, the detector has a nonzero numerical aperture and
therefore radiation from a nonzero spatial angle is collected. The total
intensity recorded by the detector is then

a+Aa/2 ) , dgz
I(A.a)= I E e (2,6 )‘ T,(0,)T5 (@) i

a-Aal2

do’, 3)

where the detection angle is given by its mean value & (cf. Figs. la-b)
and Aa72 denotes the numerical aperture of the detector. The symbols 753
and Ts stand for the respective transmittances at the core/substrate
boundary and at the sample edge, which are given by the Fresnel
formulae. The detection angle ¢ and the propagation angle &, are
connected by the Snell’s law
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nysin® @, =n; —sin’ a’. )
The expression d&,/da’ in Eq. (3) stands for the angular mode density
and reflects the fact that the nanocrystals radiate isotropically in the core.

3.2. Guided modes

For the guided modes, the field intensity IEo(A)I* in the core is enhanced
similarly to Eq. (2), however losses due to radiation at the sample edge
should be included in order to get a physically correct formula. Such
derivation is beyond this simple model and therefore we consider that the
intensity of the electric field is given by the formula

Eguided (1,92):F(/1,92 )Eo(/i)y (@)

with F(A,6,) being the enhancement factor similar to the factor in
Eq. (2). The detected intensity is
a+Aal?2 ke
Is(ha)= [ da[d6,|E()F(4.6,f T4(4.6,)D4(2.6,,¢). ©)
a-Aal2 0
where Tg(4,80,) stands for the transmittance of the mode denoted by its
wavelength A and propagation angle 8, through the sample edge and
D;(A,0,,&) is the diffraction efficiency from the mode to the
diffraction angle & . The enhancement factor F(A4,8,) has sharp maxima,
i.e. only the guided modes with well resolved propagation angle are
allowed by the waveguide, therefore we may simplify® Eq. (6):
a+hal2
Io(ha)= [|E,(WF(A)' T4 (A)Dg (A.a)de'. 7
a-Aal?2
Decoupling of electromagnetic waves from a dielectric waveguide to free
space (evaluation of the functions Tg(4) and Dg(A,&')) cannot be
described simply by the Snell’s law but we must take into account
diffraction and full boundary conditions. Such approach is, however,
beyond the scope of this paper, therefore we assess the situation only
qualitatively. It is well known that diffraction on a slit with aperture

¢ We consider here for the sake of simplicity one guided mode for all wavelengths,
however Eq. (7) may be extended to a general case of multimode guiding.
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width comparable to the light wavelength produces a wide diffraction
maximum in the Fraunhoffer limit, thus we may conclude that the
function Dg(A,") has a broad peakI6 in the second variable. The
guided modes, unlike the substrate modes, cannot be distinguished one
from the other by selecting the angle of detection.

The magnitude of the transmittance 7 may be estimated from the
Fresnel formulae; we assume that for the angle of incidence at the
waveguide edge well above the critical value for the total internal
reflection at the boundary the transmittance is low while for smaller
angles, the modes are decoupled more effectively. Simple derivation
gives that the guided modes near the cut-off wavelength are only weakly
decoupled for nt—ny?>1.1In waveguides where nt—ni< 1, all guided
modes may be radiated from the waveguide core with high transmittance.

3.3. All modes together, comparison with experiment

The total intensity at the detector is
1(2)=15(A)+15(2)+ 1, (2). ®)

The symbol Ix(4) denotes the spectrum of the radiation modes which is
almost flat and always less intense when compared to the spectrum of the
substrate modes as seen from Eq. (2). Therefore it plays a minor role and
hence it is not discussed from now on. The detected PL spectrum then
consists of the two major components which compete with each other:
the broad spectrum of the guided modes and the spectrum of the
substrate modes with narrow peaks. Visibility of the respective
components is determined by the numerical aperture of the detection
system and mainly by the geometrical properties of the sample since
these determine the strength of decoupling of the guided modes.

The spectra of the substrate modes reveal one more property which
has not been discussed yet. The phase of the reflection coefficient r,; in
Eq. (2) does not vary with the incident angle €, when considering
substrate and radiation modes, however the phase of the coefficient r;,
does change from O to 7 in the region of substrate modes (see Fig. 3 in
Ref. 17). The phase is, in addition, dependent upon the mode polarization
and therefore the peaks of the TE and TM modes split in the PL spectra.
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In the three-layer waveguides as discussed in this chapter, the TE mode
peak is red-shifted with respect to the TM mode peak. The spectral
positions of the peaks may merge or interchange in the waveguides with
other profile of the refractive index.

We compared the predictions of our model with the PL spectra
measured on samples prepared by Si* ion implantation (for details of the
experimental set-up and sample preparation, see Refs. 2, 8 and 17). With
the help of near-IR transmission measurement and the SRIM software,23
we obtained the refractive index profiles of our waveguides (see Fig. 2e)
which were then used in numerical simulations. The samples with higher
implant fluences reveal higher peak values of the refractive index. The
experimental spectra are shown in Fig. 2b and our theoretical simulations
in Fig. 2c. Fig. 2d shows the PL spectra from another series of samples
implanted to different fluences where the scaling of the narrow peak
intensities can be clearly seen — the peak magnitudes follow well the
spectral course of PL of free nanocrystals (PL measured in the standard
setup).

The experimental data in Fig. 2b reveal significant modulation of the
PL spectra when detecting in the waveguiding geometry. In the standard
geometry (blue line), only the broad PL spectrum characteristic of Si
nanocrystals is displayed and its shape is almost independent of the
density of nanocrystals. Measurements in the waveguiding geometry, on
the contrary, reveal the two abovementioned distinct linearly polarized
peaks (black line without resolution of polarization, red and green lines
represent TE and TM polarization, respectively) which move to longer
wavelengths with increasing density of nanocrystals, and a broader peak
centred around 850 nm which is unpolarized and its spectral position
remains the same in all samples. The broad peak is interpreted as the
spectrum of the guided modes: for the lowest concentration of
nanocrystals (implant fluence of 3x10'” cm™), our calculations show that
the cut-off wavelengths are below 600 nm and above 1.5 wm and thus the
substrate modes are missing in the selected spectral region. The
interpretation is supported by the fact that the broad peak is not
polarized, its shape and magnitude are only weakly dependent on
nanocrystal density (Fig. 2d) and its spectrum is similar to the spectrum
measured in the standard geometry (absorption cuts the spectrum of the



Guiding and Amplification of Light due to Silicon Nanocrystals 279

0.1cm’”
—|(() 1.0 g% (b) (c)
3 50cm' | = /
2 10 cm’! 3
S, 20 cm’! 2 4
> 50 cm’11 5,
-4 100 cm’
a 200 cm”! | &
8 500 cm'{] 2
£ K] 15° /15°
a ErTe 11°
B i 6
= I
i > 14°L
a — 2 U3
024 6 8101214161820 640 720 800 880640 720 800 880
Detection angle o [deg.] Wavelength [nm]

Fig. 4. (a) Theoretical dependence of peak PL intensity on the angle of detection & for
various absorption coefficients of the core; (b) measured PL spectra at different detection
angles; (c) numerical simulations of the measurements. The sample with an implant
fluence of 5x10'7 cm™.

guided modes below 750 nm). The substrate modes are not influenced by
the absorption since they propagate mostly in the transparent substrate.

According to Eq. (8) and the subsequent discussion, the theoretical
spectra represent the sum of the contributions from the two types of the
modes. We are not able to determine the spectrum of the guided modes
analytically within this model and thus we treat the experimental PL
spectrum from the sample with the lowest nanocrystal density as the
spectrum of the guided modes in all samples. The spectra of the substrate
modes are then calculated according to Eq. (3) and added to the spectrum
of the guided modes. Comparison of the resulting theoretical spectra in
Fig. 2¢ to the experimental data in Fig. 2b gives an excellent agreement
indicating a good precision of our model.

In experiments, we are able to set the detection angle « or the
numerical aperture of the detector, therefore the angular properties of the
PL should be discussed. The angle of detection may influence the
detected spectra in two distinct ways: (1) magnitude of the
photoluminescence and (2) shape of the spectra. The spectrum of the
guided modes changes with the angle of detection only slightly,'
therefore we discuss here only the substrate modes which reveal the most
significant changes. The variance of the peak magnitude of the spectra
may be evaluated directly from Eq. (3) considering |Ey(A)l = const. and
considering exact resonance, i.e. Im{ry;rpexp[idnn.dcos,/A]} =0 — it
is plotted in Fig. 4a for several absorption coefficients of the core
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material taken at the wavelength of 500 nm. The peak position of the PL
magnitude is not constant and shifts towards the larger values of the
detection angle with increasing absorption coefficient. Besides the
overall intensity, the PL spectra change also in shape when the angle «is
varied as seen in our experimental results depicted in Fig. 4b. With
increasing angle ¢«, the peaks broaden and shift towards longer
wavelengths. The interpretation is straightforward within our model:
increase of the angle « implies decrease of the angle €, and therefore
decrease of the reflection coefficient r,; and, in addition, change of the
phase of the reflection coefficient r,;. The former is responsible for the
peak broadening while the latter causes a change of the phase matching
condition and thus the spectral shift of the peaks. Our theoretical
simulations in Fig. 4c agree with the experimental results in Fig. 4b
which indicates correct interpretation and modelling. We feel that these
experiments with detection at different angles can be hardly interpreted
in terms of delocalized guided modes since there is no reason for the
guided modes to reveal markedly different spectra in different diffraction
directions.

3.4. Differentiation of the substrate modes from the guided modes

In order to support experimentally our model, we performed a novel
experiment published in Refs. 17 and 24. The refractive index of the
cladding layer may be easily modulated for example by dropping a small
volume of liquid onto the sample. If the refractive index of the whole
layer is changed, the PL spectra should change due to the obvious change
of the phase of the reflection coefficient r,;. The measured spectra for the
sample implanted to the fluence of 5x10' cm™ are depicted in Fig. 3a
and our numerical simulations in Fig. 3b. The theoretically estimated
dependence of the peak positions and their comparison to the
experiments are the plotted in Fig. 3c. The guided and the substrate
modes may be then unambiguously resolved if a small drop of the liquid
is placed only between the excitation spot and the sample edge. The
modes with their characteristic spectra form within a short distance from
the excitation spot where the waveguide is not modified by the liquid.
The guided modes then pass through a modified waveguide where the
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cut-off frequency and thus the resonance condition for the delocalized
modes are shifted. If the model based on delocalized guided modes were
valid, we would thus expect a shift of the spectral positions of the peaks.
The substrate modes, on the contrary, are already decoupled from the
core at the position of the liquid and propagate freely in the substrate and
therefore the core/cladding boundary cannot influence them. The PL
spectra are then, in the case of validity of our model of substrate modes,
expected to remain unchanged when compared to the original spectra
without any liquid above the sample. The experimental data'’ prove the
correctness of the concept of the substrate modes since the spectra do not
modify when dropping a liquid between the excitation spot and the edge.

Obviously the active waveguides may be used as sensitive detectors
of refractive index changes (we estimate their sensitivity up to 107)
which may be tuned for particular applications via tailoring the
preparation parameters as shown in Ref. 25. The spectral region in which
the detector may work is not limited only to the PL band of
nanocrystalline silicon as shown experimentally in Ref. 14. The data
presented therein show that light with a broad spectrum may be coupled
to the substrate modes from outside. The modes which fulfil the
resonance condition are then absorbed in the core and the reflection
reveal dips at the theoretical spectral positions of the PL peaks, which is
in agreement with our model.

4. Wave Propagation in Waveguides

In this section, we introduce an advanced model capable of describing
the wave propagation in the direction along the waveguide layer. Within
this theory, we are able to interpret the mechanism of the mode
formation and we may evaluate the influence of the net optical gain or
losses on the PL intensity. Although the model is formulated in terms of
the ray optics (and an approximative description of the wave
propagation), it gives good qualitative predictions and it is helpful when
interpreting the experiments. A more subtle but with difficulty
interpretable model usable for quantitative predictions is introduced in
section 5.
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Since we are interested here in wave propagation, we must take into
consideration the fact that nanocrystals emit generally spherical waves
and thus the signal recorded by a spatially limited detector decreases
with the distance from the source as already discussed in Ref. 26 for a
special case. The real detector collects the signal from a nonzero spatial
angle as well as the input aperture has a nonzero spatial area and
therefore there are two limiting cases for which we develop our theory:
(1) A small detector with a large numerical aperture (NA), typically an
optical fibre capable of high spatial resolution and small angular
resolution, and (2) A detector with a small NA thus with a high angular
resolution. Since the energy density of a spherical wave decreases as 1//%,
where r denotes a distance from a source, the intensity detected in the
case 1 by a spatially small detector also decreases as 1//%. In the latter
case, on the contrary, when the characteristic size of the input lens of the
detector is much larger than r, the signal would be independent of the
distance from the source. We therefore denote the coupling coefficient as
p(&) in the following text for spherical waves, i.e. for the case 1. The
positive variable ¢ =—z, denotes the distance between the excited spot
and the sample edge, zy being the position of the excited spot at the axis
z. For detectors with a small NA and high angular resolution, we put
pO=1.

We divide the initial discussion into the guided and the substrate
modes while the radiation modes are omitted for the sake of
simplification (as discussed above, they play only a minor role).

4.1. Guided modes

It was stated above in section 3 that the PL from Si nanocrystals couples
to the guided modes in the whole spectral region and that the spectrum of
the guided modes is nearly equal to the spectrum of the PL of the
unperturbed nanocrystals.” A wave emitted by a nanocrystal at a distance
{ from the sample edge is amplified or attenuated depending on the gain

¢ The spectral intensity of the modes is proportional to the number of the guided modes.
Therefore the spectral intensity of the light carried out by the modes may reveal jumps at
distinct wavelengths which correspond to the cut-off wavelengths.
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and the loss coefficients, and the intensity transmitted through the edge
takes the form (according to Eq. (6))

Io2(Aa.0)= 1, F ) pa(§rexpllg () -y
a+Aal?2 (9)
X J.TG (1.6,)D;(4.6,,a')de’,
a-Ao/2
where g(4) and ¥A) stand for the gain and the loss coefficient,
respectively, Io(A)=IEy(A)F is the spectral intensity of the PL and pg(¢) is
the coupling coefficient. The dependence of the gain and the loss
coefficients on wavelength reflects only properties of the material (the
role of mode delocalization is neglected since our calculations show it is
small) and we consider in the following that the major portion of the
energy of guided modes is localized inside the core.

The coupling coefficient cannot be expressed simply as 1/¢ since the
detector is outside the waveguide core and the wave refraction at the
sample edge, illustrated in Fig. 1lc, is responsible for a slight
modification. Considering only rays near the normal incidence in Fig. 1c,
the intensity radiated to the angle @ is ly@/27x After refraction, this
energy further propagates in the yz plane with divergence given by an
angle ¢y=n,¢ and at the position of the detector (its distance from the
sample edge being D), the energy is spread over the arc with length
& (nuD+¢). In the xz plane, the wave decoupled from the waveguide is
also divergent, however the distance D is fixed and the divergence
contributes to the coupling coefficient by a constant term 1/D. It is then
easy to express the coupling coefficient for the guided modes as

Ps ()= (10)

n,D+¢"
Note that this formula is valid only for the spatially small detector, for a
large detector with small NA we should write pg({)=1.

4.2. Substrate modes

Unlike the guided modes, where we usually cannot resolve the particular
guided modes by the angle of detection and the PL spectrum is similar to
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the PL spectrum of unperturbed nanocrystals, the substrate modes reveal
maxima and minima in the spectra according to the constructive or
destructive interference, respectively. The shape of the spectra depends
on the number of internal reflections in the core and thus on the distance
which the mode propagates. To express the shape of the spectrum
mathematically, we then modify Eq. (3) in order to account for the
coupling and Eq. (2) must be adapted to the finite number of reflections.
The intensity emitted from the substrate then reads

a+Aal2

Iss (.a.{)=ps(6,.5) J‘ Ejema (4,65, ;]

a-Aal2

- % da J(11)

where

1— /19 ]Na2 S+l
1— P(1.6,)

‘ internal (/1 62 ’ ;)‘

| 1()(/1), (12)
P(4,6,)=1,,(8,)r,5(8, )expl(g(A) = HA))zg / 2]explidnn,d cos 6, / A]. (13)

Here N (Hz,é' ) is the number of reflections of the wave inside the core
and zg is the distance between two points of reflection on the
core/substrate boundary (see Fig. 1b). The intensity of radiation which
remains in the core may be expressed by a formula similar to Eq. (9),
however we account for the wave leaking by the effective attenuation
coefficient %ff:ls

I, (A a,8)=1,(D)pg () expl(g(d) = Y(A) =27 (1,6,))4 1

a+Aal?2 (1 4)
[75(4,6,)D4(2,6,,a)der’
a-Aal?2
In order to evaluate N, we consider that after N reflections of a ray on the
core/substrate boundary (see Fig. 1b) the intensity in the core with
g =7=0 may be expressed as Ig,(N,{)= IO‘rZIrB‘ZN =1, exp[—Z}/effg“].
The number of reflections may be then evaluated in the following way:
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Nz_yeff;/ln‘rZIrB > (15)

2R :_ln‘r2lr23‘/7eff . (16)

The effective attenuation coefficient may be calculated from the
Poynting vector.'® In the case of an asymmetric waveguide with the step-
like profile of the refractive index, the coefficient may be expressed for
TE waves as

) % a
off = >
pd (a2ﬂ+a3ﬁ.)

with o35 defined in section 2 and B=2mn,sin@/A. In structures with
more complicated profile of the refractive index, the attenuation
coefficient and the reflection coefficients must be evaluated numerically,
however Egs. (13) to (16) remain valid. The coupling coefficient may be,
after simplifications and considering 6, near the critical angle &,
evaluated from the geometry of the system as

, a7

-1

ps(62.0)= \/zH\/n;—nf CemDYC+mD)| . (18)

13

The PL spectrum of the modes radiated to the substrate obviously reveals
narrow peaks for sufficiently large number of reflections, i.e. after a
sufficiently long propagation of the mode. The modes which are excited
near the sample edge undergo only several reflections and their spectrum
is almost flat. With the increasing propagation length, the resonances
become better resolved and the spectrum gets narrower as shown in
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Fig. 5 where we plot the results of the numerical evaluation of Eqs. (11)-
(13) for the special case of a step-like profile of the refractive index. For
different profiles, the modes may form at distances differing by orders of
magnitude as seen when comparing e.g. Refs. 10 and 27.

4.3. Optical gain

Our aim in this paragraph is to discover the role of the optical gain in
waveguiding samples. Let us consider the VSL measurement of the net
optical gain: a stripe of the length £ is optically excited and we detect the
total light intensity radiated from the sample in the waveguiding setup.
The PL comes from all excited nanocrystals in the stripe and thus the
total ASE intensity may be expressed as an integral of Egs. (9), (11) and
(14):

Lise (200 = [[lg 2 (A 0. O) + I, (A, O + I (A ))ag . (19)
0

The above formula is composed of the respective contributions from the
guided modes, the substrate modes diffracted from the core and the
substrate modes refracted from the substrate. The three contributions
have generally different magnitudes because of different mechanisms of
decoupling of the associated waves at the sample edge. Since the
efficiencies of the wave decoupling and the enhancement factor of the
guided modes (see Eq. (7)) are unknown and depend on the particular
sample geometry, we separate phenomenologically our discussion into
two general cases: 1. majority of the guided modes (substrate modes
cannot be distinguished in PL spectra) and 2. majority of the substrate
modes.

1. If the guided modes are dominant, the energy of the radiating
dipole in a silicon nanocrystal is coupled mainly to the guided modes.
We may therefore neglect the contributions from the substrate modes and
evaluate only the integral of Eq. (9). For the detector with a very small
numerical aperture (i.e. when detecting plane waves, p=1), the
integration yields the well known formula'
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Fig. 6. Calculated ASE intensity from Eq. (19) as a function of the excited stripe length
for the guided (a) and the substrate (c) modes; a small detector with a large NA is
supposed. Coupling coefficients are plotted for comparison for the guided (b) and the
substrate (d) modes. Scales of the curves are set for better comparison of their behavior.
Numbers in (a) and (c) mean (gain coefficient in cm™)/(distance D between the sample
and the detector in mm). Circles in (a) denote ASE intensity according to Eq. (20) with
(g-p=100 cm.

_explig -1
g-v
where (g—7) denotes the net gain. The result for a spatially small detector
with a large NA obviously differs, however the result is not analytically
integrable. We thus give only the numerical results in Fig. 6a — we
compare evaluated Eq. (20) with Eq. (19) for the guided modes and the
small detector for several values of the gain coefficient and the position
of the detector. In order to give a clear interpretation of the graph, we
plot in Fig. 6b the strength of coupling p({) of the excited elements to the
detector (the strength of coupling may be directly measured in the
Shifting Excitation Spot® experiment (SES)). It is obvious from Figures
6a and 6b that Eq. (20) is valid only in special cases of the detection of
plane waves by a spatially large detector or by a small detector at the

I sse (Z ) (20)
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distance from the sample edge much larger than the length of the excited
stripe. In the latter case, however, we may expect experimental
complications because of the low PL intensity.

2. If the substrate modes are dominant, we consider that we detect
ASE emission at the wavelength of one of the modes because at other
wavelengths the contribution due to the substrate modes is negligible as
discussed above and then the ASE intensity is modelled according to the
discussion in the previous paragraph. The dominance of the substrate
modes is caused by inefficient decoupling of the waves from the core at
the sample edge and thus the major contribution comes only from the
third term in Eq. (19). We plot in Figs. 6¢c-d the ASE intensity and the
magnitudes of the coupling coefficient for several values of the gain
coefficient and of the distance of the detector from the sample edge. The
curves obviously show that Eq. (20) cannot be used for evaluation of the
net gain in this case. For clear resolution of the net gain, one should use
the SES method.

The theory developed in this section fits very well our experimental
observations in VSL experiments. By choosing proper wavelength, we
are able to select whether we detect guided or substrate modes and then
we can directly compare their characteristics in one sample. An
instructive result published in Ref. 28 means that the guided modes are
more effectively amplified in the presence of a positive net optical gain
than the substrate modes, as follows from the theory. We are also able to
explain the unusual behaviour of the ASE and SES curves presented in
Figs. le-f. The SES curve in Fig. 1f for the guided mode at 825 nm
decreases monotoneously as the coupling coefficient decreases. The
curves for the substrate TE and TM modes, however, initially increase
and for longer distance of the excited spot from the edge they start to
decrease due to the decrease of the coupling coefficient. The initial
increase follows from the initial refraction of the waves into the substrate
— since energy is radiated to the core and we detect the waves from the
substrate, there is a nonzero propagation length necessary for leakage of
the energy from the core. The position at which the SES curve reaches its
peak depends on the detection angle (numerical aperture of the detector)
as shown experimentally in Ref. 8 and as may be shown using our
model.
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5. Numerical Analysis of the Modes

Both models presented above are based on assumptions which simplify
either the real geometry of the problem (consideration of the infinite
waveguide in section 3) or the level of physical description (simple use
of rays in section 4). In this section, we present a rigorous model which
correctly describes propagation of the optical waves along the
waveguide. The calculations in this section are performed numerically
because it is impossible to derive the final expressions analytically.

The structure under description has three layers, two of them being
infinite (the cladding and the substrate). According to the discussion in
Ref. 20, the mode spectrum is then composed of discrete guided modes
and the continuum of the substrate and the radiation modes. Presence of
the continuum represents an unwanted feature in the numerical
evaluation and therefore we overcome this problem by considering that
all the layers are finite and the top and the bottom of the whole guiding
structure is covered by a medium with reflectivity r=1. The waves
propagate in the z direction and we consider the edge at the coordinate
z=0. We assume the infinite structure in the y direction and we consider
detection of the signal in the limit of Fraunhoffer diffraction (propagation
of “plane” waves). The thickness of the cladding and the substrate is set
to 0.6 mm, thus the angular resolution of the pattern diffracted from the
edge is resolved with precision better than 0.15°.

The spatial profile of the intensity of electric field is given by Eq. (1)
for TE modes, i.e. for the waves whose vector of electric intensity lies in
the y direction — the numerical analysis is performed only for the TE
waves since the mode splitting is well explained by the simplified
models and TM modes reveal similar behaviour to TE ones in other
characteristics. Using the theory of Ref. 20, the calculations have been
performed in the way briefly summarized in the following. First, the
allowed propagation modes (i.e. modes with Re f>0) were found
numerically — let us assume that the 2x2 transfer matrix for the whole
structure without mirrors is T and the relation between the field
coefficients at the two opposite boundaries of the structure is®

¢ The medium with index 0 is an infinitesimally thin layer at the top of the cladding with
refractive index ng=n,,
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Boundary conditions imply A¢s=Bos and As;p=B;s and the (generally
complex) coefficients £ which fulfil the above constraints were found
iteratively. The second step consisted in calculation of the field
distribution at the sample edge. We consider a nanocrystal at the
coordinates (xy,zy =—¢) which is coupled to the waveguide modes.
The field E,q(x,zn) radiated by the nanocrystal may be decomposed to
the modes as follows:

[Ep (x’,zN),5(x'—xN)]
Eng(x2y) = — > E; (x.2y),  (22)
a(X 2N ;\/[Eﬂ (xsZN)’Eﬂ,,, 2] 8, (% 2N

where [-,-] stands for a scalar product (integral over the x coordinate) and
the summation goes over all allowed propagating modes. The field
distribution at the sample edge is then, according to the propagating
factor in Eq. (1), expressed as

E /) S(x =
E(x,z=0)=)" L ﬁm(x’ 2y),0(x ng)]
m \/[Eﬂm(x’ZN)’Eﬂm(xva)]

In the third step, we calculated the field diffracted from the sample edge
in the Fraunhoffer limit by performing the Fourier transform on the
function E4(x,z=0) and considering field refraction according to Snell’s
law and Fresnel formulae for simplification.

In the numerical results presented below, we consider a model system
with the cladding with refractive index n;=1 and width w; = 600 pm, the
substrate with refractive index n; = 1.46 and width w; = 600 wm and the
core has refractive index n, = 1.8 and its width is d = 6 um. Formation
and propagation of the modes is illustrated in Figures 7a and 7b where
we plotted the distribution of the light intensity in the structure (the
coordinate x = 0 refers to the core/cladding boundary). The beams which
leave the core to the right are the substrate modes — we may assign an
angle of propagation to each of them. It is interesting that obviously they
are not radiated from the core at one distinct point but they decouple over
long distances. This property is better visualized in the detailed view in
Fig. 7b where we may identify the substrate modes which are rapidly

E; (x,25)expl—=if,2y1.(23)
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Fig. 9. (a), (c) Narrowing of the substrate mode during propagation along the waveguide.
Spectral profiles of the modes at several distances from the excited spot calculated by the
numerical model (black lines) and results of the ray model for comparison (gray lines).
(b), (d) Calculated energy decoupled from the core as a function of the propagation
distance from the excited spot (solid) and results of the ray model for comparison (dashed
line). Parameters of the curves denote wavelengths in the vicinity of the resonance of the
mode (b) and wavelengths of several resonant modes (d). The core thicknes is 6 um (a),

(c) and 0.6 um (b), (d), respectively.

decoupled from the core and one mode which decouples at much longer
distances comparable to 0.5 mm.

The results depicted in Fig. 7 directly support the model from section
4 based on the assumption of the gradual decoupling of the waves from
the core to the substrate. As we have shown, this fact is responsible for
gradual narrowing of the PL spectra when increasing Izxl=¢; i.e. when the
excited spot is moved further from the sample edge. We performed
calculations in order to confirm this hypothesis and the results are plotted
in Fig. 8 — the dependence of the PL intensity measured at the angle
a=2.5° on wavelength A and distance lzy|={ between the nanocrystal and
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Fig. 10. (a) Calculated coupling strength of the excited spot at the distance { from the
sample edge considering a sample with the core thickness of 6 um for several values of
gain coefficient at the resonant wavelength 624.4 nm of the substrate mode (cf. Figs. 7,
8); (b) calculated ASE intensity recorded from the sample with same parameters as in (a).

the sample edge. The cuts of this graph in the directions of both axes ¢, 4
are plotted in Figures 9a and 9b. In Fig. 9a, the mode narrowing is
obvious and we compare these numerical results with the results of the
model from section 4 (plotted as grey lines). We may conclude that the
approximate model gives accurate results and is therefore usable as an
estimate for practical use in evaluation of experiments. The rate of
energy decoupling from the core is depicted in Fig. 9b for several
wavelengths around the resonance together with the estimate performed
according to Ref. 18. Decoupling rate is obviously well estimated by the
theoretical curve for the resonant mode and thus the ray model is usable
also in this case. Graphs similar to those in Figures 9a and 9b are plotted
in Figures 9¢c and 9d for the waveguide core with thickness of 0.6 um
together with comparison with the simplified model. The energy flow
from the core to the substrate is more pronounced when compared to the
waveguide with the wider core. We may interpret this feature in terms of
ray propagation: as seen from Egs. (16) and (17), the distance zz between
the two points of reflection of the ray is proportional to the waveguide
thickness and therefore the energy loss due to transmission to the
substrate is faster in thin waveguides. Although qualitative discussion
well reflects the situation, quantitative comparison in Fig. 9d fails. The
limitations of the ray model from section 4 are thus clearly seen — it
gives good numerical predictions only when d>>A, i.e. when wave
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propagation is well described by ray optics. The narrowing of the modes,
nevertheless, may be roughly estimated by using the ray model also for
structures with d ~ A as seen in Fig. 9c.

We may include small optical losses or optical gain (up to tens cm™)
into the numerical model in the form of a complex refractive index. We
present in Fig. 10a the dependence of the intensity of light emitted by a
nanocrystal and transmitted through the structure with gain or losses on
the distance of propagation. The detection angle is & =2.5°, wavelength
624.4 nm and other parameters equal to those in Fig. 7. By integration of
the curves in Fig. 10a, we get the ASE intensity depicted in Fig. 10b.
According to section 4, all the ASE curves seem to have exponential
behaviour near the origin ' =|zy|=0, however this is not a consequence
of the optical gain but the result of the mode leaking.

We may conclude this section by stating that the approximate models
are capable of a qualitative description of the mode propagation and
leaking in the waveguiding structures. They give good quantitative
results if the waveguide core is wide enough (d>>1) but one should use
them only as rough estimates in other cases where numerical calculation
should be applied in order to get quantitatively correct results.

6. Conclusions and Acknowledgements

The results presented in this chapter show that the substrate modes,
usually considered as an unwanted artificial feature, have properties very
different from the guided modes of the waveguide. Because of their
limited lifetime inside the core, they cannot be effectively absorbed or
amplified and therefore they are hardly controllable. In spectroscopic
measurements, it appears almost impossible to evaluate the magnitude of
the net optical gain from the VSL measurements on the substrate modes
and therefore it is desirable to avoid (by properly designing the core
parameters) the presence of the substrate modes in most applications
including optical spectroscopy. The spatial separation of the substrate
and the guided modes can be exploited in order to filter out the substrate
modes, e.g. by using a detection with high spatial resolution or using
techniques for decoupling of the guided waves from the core (by placing
a prism on the top plane of the sample ezc.).
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The substrate modes may be, however, of importance in nano-silicon
active optoelectronic devices where light is emitted, guided or amplified.
Because of usual small optical gain in Si nanocrystals, the intensity of
the substrate modes may be comparable to or even larger than the
intensity of the guided modes and they may be then a source of noise.
Devices must be then constructed in order to avoid wave propagation in
the substrate — one may use for example absorbing substrate or a special
geometry of the device in order to physically block the waves.

Although the substrate modes represent in most cases a parasitic
feature in waveguiding devices, it appears, however, possible to use them
in a wide range of applications in nano—optics. They may be used for
optical sensing profiting from their sensitivity to the refractive index of
the cladding. Another promising application may be the use of active
waveguides as simple tunable sources of narrow-line directional optical
emission and as tunable optical filters. However, further research in this
direction is needed.

Financial support through research projects GAAVCR 1AA1010316,
GACR 202/01/D030, GACR 202/07/0818, Centrum LC510 and the
institutional research plan AV0Z 10100521 (Institute of Physics) is
greatly appreciated. This work is also a part of the research plan MSM
0021620834 that is financed by the Ministry of Education of the Czech
Republic. Thanks are also due to Prof. R.G. Elliman (ANU Canberra) for
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37.1 Introduction

The term nanophotonics may be understood as abbreviation from
“photonics of nanostructures.” This rapidly evolving research area
deals with light interaction in nanostructured materials and their
applications in photonic devices like light sources, modulators,
detectors, etc.

37.1.1 Basic Types of Waveguides
for Nanophotonics

Optical waveguides are structures that are able to confine
and guide optical electromagnetic field. Classical waveguides
(optical fibers, Figure 37.1a) use refractive index difference
between the core and the cladding layer to guide light by total
internal reflection. When the size of waveguide approaches
the wavelength of light, the confinement decreases and losses
increase. Therefore, the size of practical classical waveguides
is limited to several hundreds of nanometers. Somewhat bet-
ter confinement can be achieved in more complex waveguides
with guiding properties determined by the formation of pho-
tonic bands due to their regular spatial structure (Figure 37.1b
and c): (1) photonic crystal waveguides using “defects” in peri-
odic structures of photonic crystals to confine light and (2)
plasmonic waveguides based on metallic nanostructures with
plasmon resonance (see, e.g., Pavesi and Guillot 2006). Due
to limited space, we are going to describe only a special type
of the “classical” waveguides formed by luminescing silicon
nanocrystals (Si-nc).

37.1.2 Silicon Nanophotonics

The recent years can be characterized by the association of micro-
electronics with optoelectronics or photonics. While the micro-
electronics is based almost exclusively on silicon (indirect band-gap
semiconductor), photonic light sources are currently made out of
direct band-gap III-V compounds (family of GaAs materials). In
order to reduce the material diversity, an effort to develop an effi-
cient, electrically pumped silicon-compatible light-emitting device
is becoming very strong (Pavesi and Lockwood 2004). This ten-
dency to “siliconize photonics” is driven also by the need to reduce
the overheating of silicon integrated circuits due to the ohmic resis-
tance of excessively long multilevel metal interconnects (Pavesi and
Guillot 2006). Supplementary advantages like the reduction in
charging (RC) time constant (speeding up the circuit performance)
and prevention from crosstalks can be obtained as a bonus.

Since bulk silicon, as an indirect band-gap semiconductor,
is a very bad light emitter, nanometer-sized silicon nanocrys-
tals, brightly luminescent at room temperature, represent one
of the possible solutions (Pavesi and Lockwood 2004). It is then
expected that the light signal originating in Si-nc and carry-
ing the required information propagates in a low-loss medium
which assures, at the same time, a good directionality of the
radiation. It has been discovered recently that slabs of fused
quartz SiO, “doped” with Si-nc are able to accomplish both the
role of a light emitter and that of a waveguide (Khriachtchev
et al. 2001, Valenta et al. 2003a, Khriachtchev et al. 2004). We
shall call this type of nanophotonic waveguides (which generate
the luminous signal themselves and therefore there is no need to
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FIGURE 37.1 Nanophotonic waveguides: (a) “Classical” waveguide based on total internal reflection using the core with higher refractive index
than the cladding. (b) Photonic crystal waveguide formed by a “defect” in the regular structure—here is the W1 waveguide formed by a row of
missing holes. (c) Plasmonic waveguide formed by a row of metallic nanocrystals.

couple the light to them from an external source) “active wave-
guides.” In this chapter, we shall describe the preparation meth-
ods of active nanocrystalline waveguides, their experimentally
observed properties, and relevant theoretical description. We
shall also briefly mention their various application possibilities.

37.2 Fabrication of Planar
and Rib Waveguides

There have been many various methods of how to grow thin
sheets of luminescent Si-nc embedded in an optically transparent
matrix: (1) Implantation of fused quartz (SiO,) slabs with Si* ions
(Figure 37.2) (Cheylan et al. 2000), (2) reactive Si deposition onto
fused quartz (Khriachtchev et al. 2002), (3) plasma-enhanced
chemical vapor deposition (PECVD) of substoichiometric sili-
con oxide SiO, thin films on a Si substrate (Iacona et al. 2000),
(4) co-sputtering of a Si wafer and a piece of glass using fused
quartz plates or Si wafers as a substrate (Imakita et al. 2005),

400 keV
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(5) crystallization of Si/SiO, superlattices with nm-thick amor-
phous Si or SiO layers (Riboli et al. 2004), and (6) embedding
of porous silicon grains into sol-gel derived SiO, layers (Luterova
et al. 2004), to list at least the most frequently used. Most of
these techniques comprise high-temperature (1100°C-1200°C)
annealing of deposited SiO, films in order to achieve the phase
separation between Si-nc and the SiO, matrix. The thickness of
the resulting sheets containing Si-nc can vary from hundreds
of nanometers to tens of micrometers. Due to the difference in
refractive index between the matrix (ng;., =~ 1.45) and silicon
(ng; = 3) such sheets act as planar or rib waveguides. Interestingly,
the attractive waveguiding features that we are going to discuss,
namely, the wavelength selective guiding of light (which can be
also called “spectral filtering”) and microcavity-like behavior,
are critically dependent upon the preparation method: Till now,
they have been discovered only in samples fabricated using the
first two methods. We describe them in detail.

Implantation of accelerated Si* ions can be applied either
to fused quartz (silica) slabs or to a thin SiO, layer thermally

(b)

FIGURE37.2 (a) The schematics of a Si-nc planar waveguide preparation. (b) Refractive index profiles (1 as a function of the depth z beneath the
surface) of silicon nanocrystalline waveguides (implanted with 400keV Si* ions and different implant fluences), extracted from optical transmis-

sion measurements. (After Valenta, J. et al., J. Appl. Phys., 96, 5222, 2004.)
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grown on a silicon wafer. Implantation energy varies usually
between 30 and 600keV and implant fluences (ion doses) are
of the order of 10'*-10Y cm. The attractive waveguide prop-
erties of fabricated planar waveguides, i.e., pronounced emis-
sion line narrowing and high output beam directionality in the
visible region, have been found in waveguides prepared from
1 mm thick silica (Infrasil) slabs with optically polished surface
and edges, using the implantation energy of 400keV and the
implant fluences 1 x 10”7 cm™ to 6 x 10 cm™. Because the Si*
ions are almost monoenergetic, their stopping distance beneath
the silica slab surface has only a small dispersion, which results
in narrow and slightly skewed implant distribution, as reflected
in the resulting refractive index profiles shown in Figure 37.2
(Valenta et al. 2004). Peak excess Si concentration was up to 26
atomic%. Spherical silicon nanocrystals with diameter distri-
bution roughly from 4 to 6nm were formed by annealing the
implanted samples at 1100°C in a nitrogen ambient for 1h. To
enhance several times the luminescence intensity of Si-nc, an
additional anneal at 500°C in forming gas (N, + H,) for 1 h was
applied (Cheylan and Elliman 2001). The last operation pro-
motes enhanced hydrogen passivation of non-radiative defects.
The reactive silicon deposition has yielded substoichiomet-
ric SiO, films on circular 1 mm-thick substrate silica plates
(Khriachtchev et al. 2001, 2004). Electron beam evaporation
and radio frequency cells were used as silicon and oxygen
sources. The SiO, layer thickness was ~2um and the value of
the x parameter varied around x = 1.70. The as-grown mate-
rial contained amorphous Si inclusions. Annealing of these
“suboxide” films at 1100°C in nitrogen atmosphere resulted in
the formation of well-defined Si-nc with diameters of 3-4nm,
as evidenced by Raman spectroscopy. Extensive investigations

Rib profile

Rib width 2-5 pm

I 1"’5 Rib height ~1 pm
| E—

Implant. layer

Substrate
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of this type of silica waveguides containing Si-nc discovered a
small effective optical birefringence inside the layers, however,
without radically influencing the properties of the waveguides
(Khriachtchev et al. 2007). Refractive index profile across the
thickness of these waveguides is flat, unlike the preceding case
of the implanted layers.

The reason why Si-nc waveguides fabricated using other tech-
niques do not show the spectral filtering effect are not fully clear
at present. Of course, the condition sine non qua is asymmetry
of the waveguide, i.e., the waveguiding layer must not be sand-
wiched between two materials (cladding layers) having the same
effective refractive index, as we shall see in the next section. One
can speculate about several further critical parameters: suitable
composition and optical quality of the matrix, suitable density of
Si-nc (in the order of 10 cm™), favorable layer thickness (around
1um), excellent flatness and parallelism of both interfaces and,
last but not least, certain optimum value of propagation losses
(several dB/cm). The dominant losses in the waveguides under
discussion are probably due to self-absorption and Mie light
scattering on Si-nc clusters, not due to surface roughness (Pelant
et al. 2006).

The above discussion has dealt implicitly with planar wave-
guides. Rib-loaded waveguides containing nanocrystals seem,
in principle, even more desirable for nanophotonic applications.
They can be also prepared using the ion implantation technique
in either thin SiO, films thermally grown on Si or in polished
fused quartz slabs, as described above. The rib structure can be
formed (using standard photolithography and etching) by two
possible means: either before or after the implantation proce-
dure. Figure 37.3a represents schematics of such a rib waveguide
structure.

/-

(b)

Selective excitation of ribs

Evanescent wave

FIGURE 37.3 (a) Sketch of a rib waveguide structure with silicon nanocrystals, prepared on a polished silica slab. The ribs were fabricated by
optical lithography before Si* implantation. (b) Microscopic (reflection) image of a part of the structure. The spacing between the ribs is 100 pm.
(After Skopalovd, E., Mode structure in the light emission from planar waveguides with silicon nanocrystals, Diploma thesis, Charles University,
Prague, Czech Republic, 2007.) (c) Methods to selectively excite the rib waveguides through the TIR prism or the evanescent field of a fiber.
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Lateral confinement of the light in a narrow rib is expected,
in comparison with the planar waveguides, to have some advan-
tages: saving considerable space in photonics circuits and offer-
ing much wider variability in their design. On the other hand,
the transition from the two-dimensional to the one-dimensional
case can degrade the optical quality of the waveguide and intro-
duce additional losses, such as those due to sidewall roughness
or even due to considerably deformed rib cross section. Indeed,
measurements of propagation losses in similar waveguides
has given values above 10dB/cm and this loss coefficient even
increases for rib widths below 4um (Pellegrino et al. 2005).
Therefore, in what follows, we discuss predominantly the two-
dimensional nanocrystalline waveguides and limited space only
will be given to the rib structures.

37.3 Experimental Techniques

37.3.1 Techniques to Study
Internal Photoluminescence
Propagation in Waveguides

One of the most important advantages of active waveguides is
that light sources are embedded in the waveguide. In our mate-
rial, Si nanocrystals forming the waveguide core can efficiently
emit luminescence in the orange-red-infrared spectral range
when excited with the UV-blue light (usually focused laser
beam). Such internally produced light is automatically coupled
to all possible modes of the waveguide: radiation, substrate, and
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guided modes (see Section 37.5). The emission modes may be
distinguished by measuring their propagation direction, spec-
tra, and polarization, which imposes requirements to experi-
mental setup.

Two types of setups can be conveniently applied to study
luminescence from active waveguides: (1) The micro-imaging-
spectroscopy setup is based on a microscope connected to an
imaging spectrograph with a CCD camera (Figure 37.4a). For
good angular resolution low numerical aperture (NA) objec-
tive lenses should be used (in our experiments, we used mostly
the lens with 2.5 x magnification and NA = 0.075, i.e., an
angular resolution of about 8.6°). The sample is fixed to an
x—y—z table with a rotating holder and excited by a laser beam
(325nm from the cw He-Cd laser), approximately perpendic-
ular to the objective axis. (2) In order to achieve better angular
resolution, an experimental arrangement based on a goniom-
eter is employed (Figure 37.4b). Here, the sample is fixed to the
center of the goniometer, and the photoluminescence emission is
collected by a silica optical fiber (core diameter 1 mm) rotated
around the sample at a distance of 50 mm, giving an angular
resolution slightly less than 1° (NA~0.01). The output of the
fiber can be coupled to the same detection system (a spectrograph
with a CCD camera), as described above.

Typical images observed with the microscopic setup (Figure
37.4a) are illustrated in Figure 37.4c and d. Here, the diameter
of the excitation spot, located about 1 mm from the sample
edge, is roughly 1 mm. One can easily recognize PL emission
from the excited spot as a bright ellipsoid. However, there is

Imaging | CCD
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graph § lens :
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To spectrograph

Optical fiber
(b) (light collection)

Substrate

FIGURE 37.4

Substrate

(a) Micro-spectroscopy setup for studying spatially resolved emission from waveguides, (b) collection of signals from a waveguide

using optical fiber mounted on a goniometer. (c,d) Luminescence microimages of the active planar waveguide (obtained with the setup illustrated
in panel a) where the elliptical spot is the spot excited by the laser beam and the light line is emission emanating from the sample facet. The inclina-
tion of the sample with regard to optical axis is —15° and +15°, respectively. (Adapted from Valenta, J. et al., J. Appl. Phys., 96, 5222, 2004.)
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also a second contribution emanating from the facet of the
sample. This light is obviously guided in the implanted layer
or close to it. The images in Figure 37.4c and d were collected
for sample inclination angles of —15° and +15° respectively,
i.e,, in a geometry for which the excited spot was observed
either directly (Figure 37.4c) or through the substrate (Figure
37.4d). The experimental arrangement shown in Figure 37.4a
enables the detection of the PL either from the excited spot
or from the edge of sample by positioning the entrance slit of
the spectrograph to different locations of the PL image. All
experiments described in this chapter were performed at room
temperature.

37.3.2 Techniques to Study Propagation
of Light from External Sources

The coupling of external light to narrow submicrometer waveguides
is a difficult task. The most used approaches are as follows: (1) Prism
coupling of light from the surface of the sample (Figure 37.5a). Light
from Xe lamp, halogen lamp, or LED is collimated into a prism in
contact with waveguide. For better optical contact, an immerse
liquid should be dropped between the prism and the sample (the
best optical contact—i.e., minimizing reflections on interface—is
achieved when refractive index of the immersion liquid is between
the values for the materials to be connected). A second prism may
be placed on the opposite surface of waveguide to couple out the
passing beam to avoid total internal reflection. (2) Direct coupling
into the facet (Figure 37.5b, sometimes called end-fire coupling). The
edge of the sample can be polished at some angle (here 70°) in order
to separate light refracted to the higher index waveguide from light

White
light

=

Shield

Detection

Optical fiber
on goniometer

(© (d)

FIGURE37.5 Externallight coupling into a narrow waveguide: (a) prism
coupling, (b) end-fire coupling, (c) grating coupling, and (d) evanescent-
wave coupling. (Adapted from Janda, P. et al., J. Lumin., 121, 267, 2006;
Pavesi and Guillot, 2005.)
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entering lower index substrate. For both the external light coupling
setups the signal can be collected by an optical fiber and guided to
the entrance slit of the imaging spectrometer with a CCD detector.
The other coupling methods described in literature are grating cou-
pling and evanescent wave coupling (sometimes called waveguide-
to-waveguide coupling) (see Figure 37.5c and d).

37.3.3 Techniques to Study Losses and Optical
Amplification in Waveguides

The losses in waveguide are divided into insertion (coupling) losses
and propagation losses, which contain scattering, radiation, and
absorption (Figure 37.6a). If the waveguide material can be pumped
to reach population inversion, the guided light may be amplified
by stimulated emission. In this case, the absorption coefficient o
becomes negative and it is called the gain coefficient g(g = —c).

The most used methods to measure losses in waveguides are
(Figure 37.6b through e) (1) “cutback” method detecting light
output from waveguide with different length, (2) scattering
detection from different points of waveguide surface, (3) Fabry-
Perot resonance method, which can be applied to waveguides
with good facets, and (4) shifting excitation spot (SES) method
which can be applied to active waveguides.

Optical gain is measured by the variable stripe-length (VSL)
method or by the pump-and-probe (PP) method. The principle of
the VSL method consists in excitation of a narrow stripe-like region
at the edge of a sample (Figure 37.7a) (Shaklee and Leheny 1971,
Valenta et al. 2003b, Dal Negro et al. 2004). If the pumping is able
to induce population inversion in studied material, photons passing
through the excited region can be amplified by stimulated emis-
sion. It corresponds to a single-pass optical amplifier. If the emis-
sion from the sample edge I''(I,A) is detected as a function of the
stripe length /, the net optical gain G(A) is calculated from a simple
equation

I, (M)

VSL _
I™ (LA = )

[expG)-D-1], (37.1)
where
I, is the intensity of spontaneous emission
G(M) = [g(M) —K] is net optical gain (K stands for losses and
g() is material gain coefficient, i.e., negative absorption
coeflicient) (Valenta et al. 2002)

Equation 37.1 is valid only when I,(A) and g(A) are constant over
the whole excited stripe. It means that the exciting power density
and properties of sample must be uniform. Also, the coupling of
the output emission to a detector must be constant, independent
of x, for any part of the stripe. In reality, the geometry and emis-
sion properties of the sample are never perfectly constant and
the coupling of light is influenced by directionality of emitted
light, limited collection angle (numerical aperture), the confo-
cal effect of imaging optics, etc. (Valenta et al. 2003b) Therefore,
the SES method has been proposed to correct the VSL method
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FIGURE 37.7 The principle of the (a) VSL and (b) SES methods and
typical dependence of the detected signal as function of the excited
length and the distance from edge, respectively (lower panel). (Adapted
from Park, J.H. and Steckl, A.J., Appl. Phys. Lett., 85, 4588, 2004.)

(Valenta et al. 2002). The principle of the SES method takes
advantage of the fact that instead of the whole stripe only small
segments are excited and measured separately (Figure 37.7b).
Figure 37.8 illustrates the procedure to compare the VSL
and SES results. The most transparent approach consists of SES
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FIGURE 37.8 Schematic illustration of the principle of combining
the SES and VSL experiments.

measurement with the spot width equal to the shift step. Let us
assume that the VSL measurement is done using the same ele-
mental steps x, as the SES experiment (obviously, also the stripe
width and excitation density must be the same for both SES and
VSL). Then we can compare the VSL signal I,/™" for a stripe con-
sisting of n elemental steps (I = n-x,) with integrated SES signal
IS5 e, sum of SES signals from » steps
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FIGURE 37.9 The basic arrangement of the pump-and-probe experiment for a (a) planar and (b) rib waveguide.
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Integrated SES signal should contain the same amount of spon-
taneous emission as the VSL measurement (including losses and
effects of imperfect experimental conditions), the only differ-
ence being that in VSL experiment some photons go through the
excited area and might be amplified by stimulated emission or
affected by induced absorption. Which effect takes place is clear
from plotting both I;*" and I™ in one figure.

Similarly, we can calculate the differential VSL intensity
IV je., the difference of signals obtained for stripe lengths
I=n-xyand = (n-1)x,

dVSL _ 7VSL VSL
L =1, =15

and compare it with Iy, Again, the detected signal comes
from spontaneous emission in the nth excited spot that is
passing through the excited or unexcited area for the dVSL
and SES, respectively. In the ideal case, we can use equations
I8V = const exp[(g—K)d,] and I35 = constexp(—Kd, ) to derive
the net optical gain g(A)

(1Y) /1= ()

g(k):T,

where d, is the distance of the center of the nth spot from the edge.

The PP technique is based on the application of two beams: the
first one is pumping the active sample and the second one is test-
ing the state created by the pumping beam. In case of studying
stimulated emission, the test beam may be amplified by stimulated

emission. In general, the test beam spot must be situated inside the
pumping spot in order to test area pumped as homogeneously as
possible. In case of pulsed beams, the temporal coincidence of both
pumping and testing pulses must be controlled (the test beam may
be delayed after pumping pulses to study decay of the effect). If the
thickness of the active layer is small, the induced effect on the test
beam may be difficult to detect. Therefore, for waveguide samples,
the test beam is often coupled to the waveguide, which is excited
from the surface (Figure 37.9b). Then, changes of the outcoupled
light with and without pumping are detected.

37.4 Main Experimental Observations
in Active Si-nc Waveguides

The most important observations for active planar waveguides
are (1) spectral filtering, (2) TE (transverse electric) and TM
(transverse magnetic) mode splitting, and (3) high direction-
ality of TE, TM mode emission. These effects are illustrated in
Figure 37.10; the panel (a) shows that the PL leaving the edge of
waveguide layer is substantially different from the PL perpen-
dicular to the layer. The perpendicular PL is formed by a single
band that corresponds to the well-known emission of Si nano-
crystals, but the edge PL contains two narrow PL bands. Both
narrow lines are linearly polarized, one in the direction of the
waveguide layer (TE mode) and the second one perpendicular
to the layer (TM mode). The spectral position of the TE and
TM modes depends on the exact profile of the refractive index,
it means on the implantation fluence (see also Figure 37.16,
which shows spectra of another set of samples). The panels (b)
and (c) illustrate that the TE and TM modes are emitted only
in an extremely narrow angle (a few degrees), basically in the
direction of the waveguide plane (only slightly inclined to the
substrate, i.e., under positive angles in our notation).
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FIGURE 37.10 PL spectra of five fused silica slabs implanted to the fluences of 4 x 107 cm™ to 6 x 107 cm™. (a) Upper curves (a single wide band)

correspond to PL emitted in a direction perpendicular to the waveguide,

while lower spectra with doublet peaks are facet-PL detected in a direction

o = 5° (a sketch of the experimental arrangement is shown in the inset). (b) Angle-resolved facet PL spectra of the sample 6 x 107 cm™. (c) Polar
representation of integrated PL intensity of the angle-resolved facet spectra from the panel b. Most of the PL intensity is emitted in a direction close

to 0°. (Adapted from Janda, P. et al., J. Lumin., 121, 267, 2006.)

The coupling and propagation of external light in active
Si-nc waveguides were studied by the direct (end-fire) and the
prism coupling (Figure 37.5a and b). The results for one sample
are illustrated in Figure 37.11. For prism coupling, two broad
transmission bands (in the blue and red spectral region) are
observed in the measured spectral range. The positions of both
bands coincide with those of the PL modes (Figure 37.10a). Our
calculations show that the red and blue bands corresponds to
the second and third order of substrate modes (the first order
being in the infrared region), see Section 37.5 and Figure 37.14.
Broadening of the mode structure may be a consequence of the
very low number of reflections undertaken by coupled light
before escaping to the substrate. Coupling of external light
through a truncated facet (Figure 37.5b) gives the best result
for a coupling angle y ~ 20°, as expected (Figure 37.11, upper
curves). In this configuration, the narrow and polarization-
split peaks at an output angle ot~2° are detected. The peaks

are, however, not transmission but absorption peaks. This can
be understood if it is assumed that the detected light comes
not from substrate modes (which represent a small portion of
transmitted light) but from filtered transmitted light propagat-
ing almost parallel to the Si-nc waveguide from which a part of
power escaped to the substrate modes which were subsequently
absorbed in the waveguide core. The blue third order modes
are much stronger compared to second order because of higher
absorption in the blue spectral region.

Experimental observation of rib waveguides indicates
(Figure 37.12) that normal guiding of light is improved—see
increased intensity of the long-wave edge of PL spectra in
Figure 37.12a and b. This is due to the introduction of confine-
ment in the second lateral direction of waveguide (in this case
the confining refractive index profile is symmetrical and the
contrast higher (compared to the implanted layer profile) as the
surrounding medium is air). On the other hand, roughness of
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FIGURE37.11 Comparison of transmission spectra of a sample 5.5 x 107

cm obtained by the direct facet-coupling (upper curves, solid line—no
polarization, dashed and dotted lines correspond to TE and TM polariza-
tion, respectively) and by the prism coupling (lower spectrum). (Adapted
from Janda, P. et al., J. Lumin., 121, 267, 2006.)
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FIGURE 37.12 Comparison of the edge PL spectra from planar and
rib waveguides (dashed and continuous line, respectively) in samples
implanted to a fluence of (a) 3 x 107 cm, (b) 4 x 107 cm™2, (¢) 5 x 107
cm2,and (d) 6 x 107 cm™,

the rib edges can introduce significant losses due to scattering.
The influence of rib structure on the substrate (leaky) modes is
less significant (see Figure 37.12c and d). This is because these
modes propagate mostly in substrate, where the effect of side
walls is negligible.
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37.5 Theoretical Description
of Active Lossy Waveguides

Light coupling to a waveguide and its further propagation may be
understood in terms of coupling between the waveguide modes
and nanocrystals emitting photons. Light field inside the wave-
guide may be expressed as a coherent superposition of excited
waveguide modes, which arise as a solution of a homogeneous
wave equation with proper boundary conditions [the waveguide
modes are an orthonormal basis of the waveguide optical field
(Snyder and Love 1983)]. It is therefore necessary to distinguish
between various types of the waveguide modes in order to explain
different types of energy transport in the waveguides.

Let us consider a common model structure with three trans-
parent layers (see Figure 37.13): the top cladding layer with the
refractive index n,, the bottom substrate with the refractive index
n, and the core with the refractive index n, > n; > n; and thick-
ness d. We may imagine the modes as rays emerging from inside
the waveguide core propagating toward one of the core boundar-
ies. At the boundary, the ray may be either totally reflected back
to the core or it may be partially reflected and partially refracted.
The ray then travels toward the other boundary where it totally
or partially reflects again. Only these modes which are totally
reflected twice during one round-trip may propagate in the core
without losses: these are the common guided modes. There are,
in addition, lossy modes which are called the substrate radiation
modes (they are refracted only into the substrate) and the radia-
tion modes refracted both to the substrate and the cladding.

In many applications, considering traveling of light at large
distances compared to its wavelength (and thus working in the
far-field limit), we may consider only the guided modes as effi-
cient carriers of energy between a source and a detector. In sili-
con-based nanophotonics devices, however, the situation may be
even more complicated. The typical distances between compo-
nents on a chip may be comparable to the light wavelength and
the far-field approach fails. It is therefore important to analyze
an influence of the substrate radiation modes on the response.
We may rule out the radiation modes at this stage: compared to
the substrate modes, they play only a negligible role in the overall
system behavior.
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FIGURE 37.13  Schematic representation of propagation and decoupling
of substrate modes.
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Once light is emitted by a nanocrystal inside the waveguide
mode, it undergoes internal reflections at the core/cladding and
the core/substrate boundaries. The overall intensity of electric
field of an excited mode inside the waveguide core may be written
as superposition of the partial waves:

Ennode(M.0,)=E, (7\')(1 + s exp[w]+ . J

A
E,(N)

= . (37.2)
1— 1153 exp[4min,d cos(6,) / A]

Here, r,, and r,; are the reflection coefficients at the respective
boundaries which depend upon the propagation angle 6,. The
wavelength is A and Ey(A) is an effective emission amplitude of
a nanocrystal to the waveguide mode. Considering the guided
modes and thus |r,,| = |r,;] = 1, the electric field intensity reveals
sharp resonances implying there are well-defined discrete guided
modes. The energy carried by each mode is finite, indeed. Unlike
the guided modes, the electric field intensity is finite for the sub-
strate modes and there are no sharp resonances in the spectra.
We may, however, resolve some weak resonances, depending on
the phase factor of the term r,,7,; exp[4Tin,d cos(6,)/A]: the elec-
tric field is maximum if this term is positive and real.

It is clear from the ray optics that there are substrate modes
which refract to the substrate at the angles near /2 which means
that they propagate nearly parallel to the core/substrate bound-
ary; these modes may be understood as a crossover between the
guided modes and the substrate radiation modes which decou-
ple rapidly from the core, possessing mixed characteristics of the
both types of modes. As the modes may be assigned to a distinct
guided mode of the nth order (energy of the substrate mode is
slightly below the cutoff energy of the nth guided mode), we
denote each series of the substrate modes to be of the nth order
(see Figure 37.14). The Fresnel formulae give us |ry| =1 and |ry| = 1
in such a case (Figure 37.15) and it is then clear from Equation
37.2 that these substrate modes reveal sharp resonances in the
spectra (for a fixed angle 0, < arcsin(n,/n,)). Energy carried by
the substrate modes may be therefore comparable to the energy
carried by guided modes. The most important point here is that
this type of substrate modes cannot be experimentally distin-
guished from the guided modes at short distances from the
source as they propagate near the core/substrate boundary. The
substrate modes therefore significantly contribute to the system
response and they may play an important role in many experi-
ments as well as in real on-a-chip devices.

Although the guided and the substrate modes propagate
in a similar direction, they may behave in very different ways
because they propagate in two different environments. In our
particular case, the guided modes are mostly localized inside
the waveguide core doped by Si-nc providing a possibility of
reabsorption or optical amplification. The substrate modes, on
the contrary, propagate in a transparent substrate and they are
therefore neither amplified nor attenuated. Rigorous deriva-
tion of PL spectra in real waveguides accounting for losses or
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FIGURE 37.14 Calculated spectral positions of the substrate modes
as a function of (a) the refractive index contrast An = n, — n; and (b) the
relative thickness of the waveguide core compared to the sample 5 x 10"
Si cm2. Color scale indicates intensity increasing from deep blue up to
red for the highest intensity. Several orders of modes are seen starting
from the first one in infrared region.
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FIGURE 37.15 Reflectance R = |r;[? and phase shifts ¢ on the planar
boundary between two dielectric media plotted for TE and TM modes
versus incident angle 6. S and G stand for substrate and guided modes,
respectively. (Adapted from Pelant, I. et al., Appl. Phys. B, 83, 87, 2006.)

amplification, decoupling of the light from the waveguide and
real detection geometry is presented elsewhere (Ostatnicky et al.
2008); here we summarize only the main results.

Considering lossy waveguide core, the substrate modes
become dominant in the optical response of a waveguide when
detected in the direction parallel to the core/substrate boundary
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FIGURE37.16 (a) Photograph of the edge of a set of Si* ion implanted layers with direction of PL indicated by arrows, the edge is on the left. (b) Measured
PL from samples implanted to different Si ion fluences in standard (blue lines) and waveguiding geometry (black lines, the red and green lines stand for TE
and TM resolved polarizations). (c) Theoretically calculated PL spectra. We note that these results were obtained on different set of samples than in Figure
37.10. The mode positions are not exactly the same for samples with identical implantation dose because the annealing conditions were slightly different.
Therefore the refractive index profiles are not identical. (Adapted from Pelant, I et al., Appl. Phys. B, 83, 87, 2006.)

using a detector with a small numerical aperture. This situation
is clearly illustrated through the comparison of our experimen-
tal data with the theoretical estimates in Figure 37.16 (we con-
sidered a continuous refractive index profile in our calculations).
The broad part of the emission spectra originates from the
(attenuated) guided modes and the narrow peaks are due to the
substrate modes. The double-peak structure is further resolved
as two single peaks with the respective TE and TM polarizations.
In order to explain this point, we should remark that the coef-
ficient r,; is real for the substrate modes while the coefficient r,
is in general complex. Considering a fixed angle of incidence 6,,
r,, gives different values of the phase shift for the respective TE
and TM polarizations (see Figures 37.14 and 37.15). Therefore,
the resonance condition is met at different wavelengths for dif-
ferent polarizations. From these considerations, the necessity of
waveguide asymmetry for the appearance of the TE-TM polar-
ization-resolved modes follows.

The TE-TM splitting was also reported in Khriachtchev
et al. (2004) but the respective peaks have an opposite order
in the spectra compared to our experiments. Our numerical

calculations have shown that the TE-TM splitting depends
strongly on the refractive index profile of the waveguide core.
For the three-layer structures, the TE mode is positioned
always at the high-energy side of the PL spectra. It is, nev-
ertheless, possible to fabricate a structure with multiple lay-
ers or with a graded refractive index profile, which provides
an arbitrary TE-TM splitting (including both negative and
positive values and also their degeneracy); this feature is well
illustrated in Figure 37.14b where the respective TE and TM
modes interchange depending on the thickness of the guid-
ing layer.

The appearance of the substrate modes is well controllable
by the parameters of the particular layers of the waveguide.
Clearly, the optical thickness of the core d determines the reso-
nance condition through the exponent in the denominator in
Equation 37.2 and the ratio n,/n, has influence on the phase of
the r,, term. The latter may be used in detectors integrated on a
chip—the cladding can be made of a material which changes its
refractive index due to the changes of the surrounding environ-
ment conditions and the position of the emission peak then may
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FIGURE 37.17 (a) Measured PL spectra at different detection angles

o relative to the waveguide axis. (b) Numerical simulation of the mea-
surements from the panel a. The sample with an implantation fluence of
5 x 107 cm™. (Adapted from Ostatnicky, T. et al., Guiding and ampli-
fication of light due to silicon nanocrystals embedded in waveguides,
in Khriachtchev, L. (ed), Silicon Nanophotonics, World Scientific,
Singapore, 2008, 267-296.)

be correlated with some external variable (temperature, pH, etc.,
see Figure 37.20) (Luterova et al. 2006).

As the sharp resonance in the spectra of the substrate modes
is restricted only to the region where r,; = 1, we may expect dis-
appearance of the substrate modes at large detection angles, i.e.,
when the substrate modes do not propagate parallel to the core/
substrate boundary. This feature is illustrated in Figure 37.17 in
comparison to the experimental and the theoretical data. We see
a very good agreement justifying the correctness of our model.

An important aspect of nanodevices is the magnitude of the
decoupling length for the substrate modes, i.e., the distance at
which the substrate modes completely leak out from the wave-
guide core. Our calculations (Ostatnicky et al. 2008) show that
this distance may be few micrometers but also it may be as large
as several hundreds of micrometers. As a consequence, the
appearance of the substrate modes and their decoupling from
the waveguide core may be of a big importance in nanodevices
on the contrary to the fiber optics where the optical response to
any excitation is provided solely by the guided modes at the typi-
cal distances of the order from meters to kilometers.

37.6 Application of Active
Nanocrystalline Waveguides

37.6.1 Amplification of Light

The significant narrowing of substrate leaky mode emis-
sion suggests immediately that optical amplification could be
responsible for this observation. The VSL method (described
in Section 37.3.3) has been applied to the planar asymmetric
Si-nc waveguides in several laboratories (Khriachtchev et al.
2001, Ivanda et al. 2003, Luterové et al. 2005). It is tempting
to interpret the frequently observed initial weak exponential
growth of the VSL curve (Figure 37.18a) as a manifestation of
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FIGURE 37.18 VSL and SES measurements on a sample implanted
to the dose of 4 x 10”7 cm™ under continuous wave excitation 325nm,
0.26 W/cm?: (a) VSL measurement at the peak of TE and TM modes and
for non-guided PL around 825 nm. The fits (lines) give values of G = 35
and 28cm™ for TE and TM modes, respectively, and losses of 11 cm™ for
non-guided PL. (b) Results of the SES measurement performed under
identical conditions as the VSL. (c) Integration of data from panel (b).
The gain fits (lines) give values of G = 29 and 22cm™ for TE and TM
modes, respectively. (Adapted from Valenta, J. et al., Appl. Phys. Lett.,
81, 1396, 2002.)

the occurrence of optical gain. High output directionality of
the substrate mode emission apparently supports such inter-
pretation. However, it has turned out that, as shown above, it
is very difficult if not impossible to evaluate correctly the opti-
cal gain magnitude of the substrate modes, because the non-
linear growth can originate in the mode leaking itself. Figure
37.18 demonstrates that the evaluation of the VSL experiments
can yield a false optical gain if proper comparison between the
VSL and SES results is not taken into account. On the other
hand, VSL measurements employing a high pulsed laser exci-
tation, performed on a similar sample, revealed a characteris-
tic switch from the light attenuation (G < 0) to amplification
(G > 0) with increasing excitation energy density (Figure 37.19).
It may be also of interest here to call the reader’s attention to
recent articles reporting firmly positive optical gain on leaky
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FIGURE 37.19 Time-resolved VSL measurement of optical ampli-
fication at position of the TM mode (760 nm) under pumping by 6ns
pulses, 355nm. The fit with Equation 37.1 gives the net gain coeflicient
of (=6 + 6) and (12 + 2) cm™, for pumping fluence of 5 and 86 mJ/cm?,
respectively. The threshold for positive gain is about 50 mJ/cm?. Sample
was implanted to a dose of 4 x 107 cm. (After Luterova, K. et al., Phys.
Status Solidi (c), 2, 3429, 2005.)
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substrate modes in asymmetric thin-film organic waveguides
(Nakanotani et al. 2007, Yokoyama et al. 2008).

At present, checking the reliability of the VSL method in the
case of active asymmetric thin waveguides represents an issue
requiring further investigation.

37.6.2 Other Applications

Although the benefit of the waveguide spectral filtering for
nanocrystalline thin-film laser design is still controversial,
the substrate modes may be attractive for other nanophotonic
applications. Firstly, they provide a way how to generate easily
the spectrally narrow, polarization resolved and directional emis-
sion in the wavelength range 650-950 nm without the necessity
of building optical (micro)cavities. Moreover, this emission can
be spectrally tuned simply by engineering the silicon excess con-
tent, as shown in Figures 37.10 and 37.16. Potential feasibility
of these properties for demultiplexing optical signal in photonic
circuits is evident, but improvement in quality of the rib wave-
guides is anticipated.

Secondly, spectral sensitivity of the radiative substrate modes
to surrounding (organic) compounds can be utilized in pho-
tonic sensing (Figure 37.20): Magnitude of the refractive index
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FIGURE37.20 The influence of a drop of liquid on the PL spectra: (a) the drop is on the excited spot and (b) the drop is out of excited spot (between
the spot and the sample edge). (c) Comparison of experimental (points) and calculated (line) positions of PL maxima for different refractive indices
of liquid drops. Sample is implanted to a dose of 5 x 10" cm™. (Adapted from Pelant, 1. et al., Appl. Phys. B, 83, 87, 2006; Luterova et al., 2007.)
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n, of the compound (playing role of the cladding layer) affects
markedly the spectral position of the TE-TM doublet. When n,
exceeds the magnitude of the core refractive index (n, = 1.45),
the condition of total reflection |r,| = 1 is canceled and the TE-
TM doublet completely disappears. A more systematic research
in this direction is, however, missing.

Finally, the active waveguides give the chance to circumvent
the coupling problem connected with discrete photonic elements,
i.e., the problem of how to inject efficiently light from an external
source in a waveguide (Orobtchouk 2006). The active waveguides
eliminate the need of any optical couplers and enable it to design
integrated photonic circuits. Theoretical analysis of active Si-nc
devices integrating optical emission and waveguiding, compat-
ible with silicon VLSI processing technology, have been submit-
ted quite recently (Milgram et al. 2007, Redding et al. 2008).

37.7 Conclusions

Active waveguides formed by densely packed silicon nanocrys-
tals represent a promising type of nanophotonic waveguides. In
contrast to other types of nanowaveguides (based on photonic
waveguides, plasmonic structures, etc.), it can be prepared by
various technological approaches available and well mastered in
many research and industrial laboratories. Its potential applica-
tions range from optical amplifiers and filters to optical sensors.
The descriptions of characterization techniques and theory of
waveguide modes in this chapter are applicable to many other
waveguide structures.
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We report on symmetry-based calculations of the spin structure of excitons and biexcitons in
quantum wells. Depending on the point-group symmetry of the material and the growth directions
of the quantum wells, we derive Hamiltonians appropriate for the description of excitons and
biexcitons. We show possible paths of coherent spin-flip processes of a particle and their

consequences for experimental observations. © 2005 American Institute of Physics.
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I. INTRODUCTION

The spin in semiconductors has been studied extensively
in the last few years. In experiments, one usually employs
optical excitation and detection because of the strong cou-
pling of the optical field to electron-hole pairs. There are
many experimental techniques for the observation of the spin
evolution. We focus here on four-wave mixing (FWM) be-
cause of its sensitivity to the coherent evolution of the sys-
tem.

We consider that the system is composed of excitons and
biexcitons in their ground states. Spin-orbit coupling and
electron-hole exchange cause coherent evolution of the exci-
ton and biexciton spins after their creation by a polarized
optical field (symmetry of the electron-hole exchange inter-
action is determined by the symmetry of the crystal lattice).
These changes of spin may occur as rotations of the mean
spin analogous to the behavior in a magnetic field. Processes,
which do not affect the particle’s spin but destroy its coher-
ence (e.g., various scattering processes), then may cause spin
relaxation. Crystal symmetry also determines the symmetry
of the biexciton states which can be observed
experimemally.l'2 It is clear that the knowledge of the exci-
ton and biexciton symmetries is essential when dealing with
phenomena of optical orientation connected with excitons
and biexcitons.

Symmetry of excitons and their molecules was exten-
sively studied both theoretically and experimentally’”’ in
bulk semiconductors but only rarely in quantum wells
(QWS).&9 A systematic study for quantum wells is, however,
missing. We report on the theoretical derivation of coupling
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of exciton subbands in a QW with zinc-blende and wurtzite
structure of the lattice, grown in various crystallographic di-
rections.

Based on symmetry considerations, we calculate the
symmetrized wave functions of excitons and biexcitons in
semiconductor quantum wells. Then we derive the Hamil-
tonian for the symmetrized excitons and biexcitons using the
method of invariants”'® for particles at the I' point. At the
end of the paper, we show possible consequences of the de-
rived results.

One can find similar calculations in Ref. 11 for static
stress which reduces the symmetry of a bulk crystal in the
same manner as the one-dimensional quantum confinement.
Since the stress can be understood as a perturbation, the ex-
change interactions are not strong enough to significantly
influence, e.g., biexciton wave functions. Quantum confine-
ment causes much stronger interactions such that perturba-
tional approach fails and exact calculations of symmetrized
wave functions are needed.

Il. ZINC-BLENDE IN THE [001] DIRECTION

In the following situations, we consider the materials
which have the zinc-blende crystal structure (point-group
symmetry T,). The twofold degenerate conduction band has
I's symmetry and the fourfold degenerate valence band has
I’y symmetry. The split-off band with I'; symmetry is ne-
glected since the spin-orbit interaction is usually strong with
respect to the interactions considered here and therefore the
valence bands do not mix. The growth axis (axis perpendicu-
lar to the plane of the QW) is considered in this section to be
parallel to the z crystallographic axis. The point-group sym-
metry of such well is D,,.” Using Ref. 12, we find that the

© 2005 American Institute of Physics
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symmetry of the heavy-hole (hh) band is I'y and the symme-
try of the light-hole (lh) band is I';. The symmetrized wave
functions are then

Lo @=l-np=l3-3). |
®,=[Da=[3+3),

I @3= \IT[\— Da+ \5|0),B:| = |% — %)

A 1
= 5{[DB+\2I0al=[3+3). ;

These wave functions are equal to those given in Ref. 5 for
bulk material except for a different numbering of the states.
The conduction band has I'g symmetry and one finds that the
symmetries of excitons are ['¢@(Fgaly)=I'@lol;
@', ®2I's. The symmetrized exciton wave functions W are
listed below:

ryw,= %[‘bza— @],
00§ = - (i1\2)[ Dy + @, 8],
T3:0; = 5[ Dya - D8],

TP == (i1\2)[Dy0 + D, B],

. )
I W) = L[ o+ D,p),

WY = (i2)[®a - D,B],
VY = L0+ Dapl,

\I,(S)') =— (1\5)[(13411’ - (D’Sﬁ]

The symbols in parentheses in superscripts of W denote the
spin projection to the coordinate system of the quantum well.
The hh excitons have indices 1, 2, 5 and 6, the others are lh
excitons. Symmetries of biexcitons are given by the formula’

IMeleeld e [(Tsoly) e (TyaTy)L
= elel,0Ts, (3)

where [A; ®A,]_ denotes the antisymmetric part of a direct
product of representations A| and A,. Using the same method
as presented in Ref. 7, we construct two-hole wave functions
with appropriate symmetry properties (antisymmetric with
respect to exchange of the two holes and symmetric with
respect to the crystallographic axes). We multiply these wave
functions by the electron part of the wave function which has
the form "' 8® - BV a® and then we project the result on a
basis of two-exciton states. The numbers in superscript dis-
tinguish here between two different electrons. The calculated
biexciton wave functions are

Hﬂ—h = AOL ® ][h + All(é\-)uﬁ)ci'

J. Appl. Phys. 98, 113516 (2005)

TP = — S + WU + WiwE + Wewg
+Pypl.

WX = - S [WAWE + WS + WIWE 4 W]
+Pugl,

Ly = S[WWE + Wiy + W2 - wowyd

+Pygl,
_ ©)
IR ol (7N | B o (R i e g

+ Pyl
DW= S WIWE + WIWE - WAL+ WiWE + Pyl

WBX = _ (i/2\2)[WAWE - WiIWE 4 WAWE 4 s
+ Pypl.

The letters A and B distinguish between the two contributing
excitons, P,z means permutation of the excitons. In these
wave functions, we identify pure lh or hh biexcitons with
symmetry I'; which can be excited by optical fields with
polarizations o*o~. All other biexcitons are mixed—they are
composed of one lh and one hh exciton. The I'; biexciton
transforms like two dipole-active states xx—yy=oto*
—o 0~ and the I'; biexciton as xy=0%0*"—0"0~. We can con-
clude that one expects a signature of two mixed biexcitons
when using two o*-polarized pulses for excitation. The I's
biexcitons are not accessible by two-photon absorption (if
the incident beam is perpendicular to the QW plane).

Without going into details, we present an effective exci-
ton Hamiltonian which has the structure

fl:ﬁle+lflh+lfle_/,+lflg, (5)

where the first term stands for electron Hamiltonian, the sec-
ond for the hole Hamiltonian, the third term represents the
electron-hole exchange Hamiltonian, and the last term is a
k-linear term. The particular terms are then expressed using
the method of invariants.”'° The k-linear term has contribu-
tions only from the in-plane momentum, therefore we do not
take it into account since we consider excitation perpendicu-
lar to the QW plane. The electron Hamiltonian is a constant,
the hole Hamiltonian introduces lh-hh splitting and we thus
express it as follows:

fih:%(jg_l). ©)

The symbol J :(.}l,j),,jz) is the operator of the hole’s angu-
lar momentum and we define the electron spin operator o
=(6y,6y,0;). The electron-hole exchange term has the form®

&y‘;y) + AIZ&Z]Z + AZl(é}}i + &vjz) + Azzé'zji + A3[&x{jx, (])2 - j?)} + &}v{jy,(]i - JA?)}], (7
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113516-3 Ostatnicky, Gilliot, and Hénerlage

where I, , stand for identity operators on a subspace of elec-
trons and holes, respectively. The curly braces {} stand for an
anticommutator: {A ,é}:%(ﬁ]§+l§ﬁ). The Hamiltonian is not
diagonal and therefore there exist some couplings between
the states even for zero wave vector. We do not discuss these
couplings here (see the discussion) and we only give the
energies of the states which diagonalize the Hamiltonian:

Es68=80+ 50— 38— §Ay = [(— SAR+ A,
+205)7 38 + 1Ay, - 1A5)],
E3,4:Ao—%A12—%A22 + (2AII +54, +%A3), (8)

Ejp=0o+ A+ %A12+ 2§7A22 + %(Aﬂ -4;).

The biexciton Hamiltonian generally contains electron-
electron exchange, hole-hole exchange, electron-hole ex-
change, and one-particle energies. In the basis of the func-
tions defined above, all interactions of electrons cancel and
thus the electron-electron and electron-hole exchanges are
identically zero matrices. The hole-hole exchange Hamil-
tonian contains 16 terms (see Appendix). They couple both
I', states (pure 1h and hh biexcitons). Other than I'; states are
eigenstates of this Hamiltonian.

As we will discuss later, terms which have a high order
in j;’ correspond to a high order if the exchange interaction is
treated in a perturbational approach. Therefore, it seems to
be sufficient to consider only terms Ag, Ay, Ay, and Aj,.
This is similar to bulk material where usually only the iso-
tropic electron-hole exchange interaction is considered and
the cubic term is neglected. The energies of the states then

reduce to
A= [(—

Esg=Ag-3A;, 724, )

Es768= A0+ %Alh_ %Alh+A12)2+3A%l]l/2’

3
Ea=0g+Ap+ 34,

lll. ZINC-BLENDE IN THE [011] DIRECTION

The point-group symmetry of such QW is C,,. The con-
duction band has I's symmetry as well as both hole sub-
bands. The symmetrized hole wave functions are ®,_, given
in (1), the only difference is that all have I's symmetry. Ex-
citons have symmetries 2I's®@ I's=2(I"'; @ ', ® ;@ I'y) and
taking into account both hole subbands, symmetrized exciton
wave functions are

I = - S[dra- D8],

J. Appl. Phys. 98, 113516 (2005)
VY = - 5[dsa- 0,8,
PR ‘) = *[q)la"' ®,4],

X) = f[CI)4a +®054],
- (10)
W5 =— (iN2)[ @+ D, B],
W= (i1\2)[ s+ D8],
LWy = (2@ - D8],

WY = (N2 [Dya - D],

Exciton states with odd indices are hh and those with even
indexes are lh excitons. The wave functions are equal to the
wave functions presented for the case of the [001] orienta-
tion, they differ only in symmetry and index. Biexcitons
have symmetries 3", @', @@y

L= S + WWs + W s + WIE 4+ Py,
WX = S[WAWE + WiWE + WowE + Wil + Pyl
WX = L[ WIWE + WAWE + WAWE + WIWl + Pyl

(11)

Ty WX = - SS[WiW] - WiWs + Wi - Wl 4+ Py,
CyW = - S WWE - WWs - W+ W2+ Py,
TpWeX = — SS[WWE - WIWE + WIWE - wiwl 4 Py,

Again, the first two biexcitons with I'; symmetry are pure hh
and lh, respectively. All other biexcitons are mixed. The I';
states have the usual structure o*o™. The I'; biexciton is
accessible by two-photon absorption too, but by photons
having polarizations xy=o"o*—0~0". Other biexciton states
are not accessible by two-photon absorption.

When compared to (6), the hole part of the exciton
Hamiltonian has one more term:

I:Ih:co][,,+clj§+czj§. (12)

This Hamiltonian differs from (6) because it couples hole
subbands via the term proportional to j§ This coupling also
causes interaction between exciton subbands what we show
below. The electron-hole exchange Hamiltonian can be ex-
panded into the form

H,p= Al ® 1+ AjGJ + A6 {0 T3+ A6 3+ 80160+ DnG 40,02+ Ay, T3+ Ay 6.0+ Mp6 {T. T2} + a2

(13)
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113516-4 Ostatnicky, Gilliot, and Hénerlage

This Hamiltonian is block diagonal and couples pairs of the
states with the same spin from the two principal exciton
bands (light and heavy holes). Because of the simple struc-
ture of the Hamiltonian, its diagonalization is very simple
but the result has many terms which are not given here ex-
plicitly.

Besides the one-exciton contributions, the biexciton
Hamiltonian contains only hole-hole exchange terms because
electron-hole and electron-electron exchange terms are zero
matrices. This Hamiltonian has 25 terms and we give them in
the Appendix. The biexciton Hamiltonian couples all three
states with symmetry I"; while the other states are eigenstates
of the Hamiltonian.

IV. ZINC-BLENDE IN THE [111] DIRECTION

The point-group symmetry of such quantum wells is Cy,,.
Electrons in the lowest conduction subband have wave func-
tions with symmetry I'y and the hole subbands have symme-
tries

LT3 3\ 3,3
Ts: xi=5[15-3)-i3+3)]. heavy holes
AN 3, 3
et xo= N[5 -3)+il3+3)].
(14)
31
Ly X3:|§‘E>»
3,1
Xa= |E + E>-
The exciton wave functions then have symmetries I,
@@2lyelselg)=I' &I, ®3I';. The symmetrized exciton
wave functions are

FI:qI(IZ) = %[)GCV - x481,

light holes

W, = — (i) xsa + xaBl,
F3:\I’f_> = X368,

‘I'E;Jr) = Xa,
(15)

J. Appl. Phys. 98, 113516 (2005)
Ws= %[in - Xz]as
W= %[X] -ix.18,
V= 4x - ixala,

q’g;) = %[iXI - X218,

with y;_4 defined by Eq. (14). Wave functions with indices
1-4 refer to lh excitons and indices 5-8 to hh excitons. The
biexciton wave functions have symmetries 2I'; @ 2I'5:

N GRER G ( o S W B

R R a2 A e G W
R et £ £ T 2 S oR o
+ Pyl
WHX = L[ W WE 4 i WAWE 4 \2WAWE Py, "
WEX = L{WAwE L WA wE 4 \2WiwE 1 Py,
WX = LW i wwE - WA 4 P,

The I'; biexcitons are again pure lh and hh states, respec-
tively. The others are mixed having holes from both sub-
bands. The I'; biexcitons can be reached by the usual two-
photon transition with photons which have opposite circular
polarizations or by two photons with parallel linear polariza-
tions. The biexcitons with indices 3 and 4 can be excited by
oto* and 070" photons, respectively. The last two biexcitons
(5 and 6) do not couple to light field via two-photon transi-
tions.

The exciton Hamiltonian has only a constant contribu-
tion from an electron and the contribution from a hole can be
expressed by Eq. (6). The electron-hole exchange term reads,
for this point-group symmetry,

Hey= Dl ® T+ Ay (6,0 + 620,) + Apn6d, + 8y (6,401, T2} + 64T T2D) + A6 + Ay(64T 4T, T 1

+ 6,0 10,.00).

We have introduced new operators JA+=jx+ijy, j_:jx—ijy,
G,=6,+i6,, and 6_=G,~iG,. Although it is possible to ana-
lytically diagonalize the above Hamiltonian, we think it has
no sense since the results would have too complex and in-
convenient structure.

The biexciton Hamiltonian, on the contrary to the [001]-
and [011]-oriented QWs, has nonzero contributions from the
electron-electron and electron-hole exchange terms so one
finds them together with all hole-hole exchange terms in the

(17)

Appendix (22 terms in total). This Hamiltonian is diagonal in
the basis of symmetrized biexciton wave functions except for
the coupling of states 1 and 2 (I'; symmetry, pure lh and hh).

V. WURTZITE IN THE [001] DIRECTION

This quantum well has the same point-group symmetry
Cg, as a bulk material. This point group is very similar to
that C;, of the zinc-blende QWs grown in the [111] direc-
tion. We then expect similar results, in particular, for the

Downloaded 13 Dec 2005 to 195.113.33.220. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



113516-5 Ostatnicky, Gilliot, and Hénerlage

structure of the Hamiltonian. Electron wave functions have
I'; symmetry and the hole wave functions have I'; (Ih) and
I'y (hh). The exciton wave functions have symmetries I';
([oely=I'ele2l'sal:

LW = Sdsa - D8],

Ty, = (iV2)[ s + @ 4],

[5:W) =D,
v =dya,
(18)
V) =P a,
q'(5+> =d,p,
Ig¥,;=0,a,
V=D, .

Similar to the C;, point group, wave functions with indices
1-4 are appropriate for the lh excitons and wave functions
with indices 5-8 for the hh excitons. Only the excitons with

J. Appl. Phys. 98, 113516 (2005)

I's symmetry are dipole active and they are coupled to cir-
cularly polarized light. The symmetrized biexciton wave
functions have the symmetries 2I'; ®I's @ I'4:

WP = [ WAWE + WOWE + Pyl

WX - _ 23*3[‘1’?‘1’? N DA G e
Ty pX = % WAWE _ pAwE \E‘I’?‘I’g +Pypls
_ (19)
whX = %[\P?\I’g +iWWE - \2WiWE 4 Pyl

DW= - LW WE 4 i wiwE - \2wiwE + Py,

K A s VY A S W )

202

The first two biexcitons are pure lh and hh with I'; symme-
try. The I's biexcitons are not directly accessible by two-
photon absorption and the I'¢ biexcitons have oo™ and o* o
orientations of dipoles, respectively (cf. the first two I'; biex-
citons in Cy,).

Similar to Cj,, the electron Hamiltonian is a constant
and the hole Hamiltonian is expressed by (6). The electron-
hole exchange term reads

H,p=Al, @ 1+ A (6, 0_+ 6.0,) + A a6, + Mg (6,40 2 + 64T 7)) + A6 0 + i(6, 40T 3 - 6400, (20)

The imaginary unit preceding A; on the last line follows
directly from tables of coupling coefficients.'? It arises due to
the usage of the unusual anticommutators {jz,ji}. One can
easily verify that the last term in the above formula is Her-
mitian and has the K* symmetry with respect to the time
reversal.

The biexciton Hamiltonian for the Cg, point group has
nonzero contributions from all exchange terms. We give
them in the Appendix (22 terms in total). The biexciton
Hamiltonian has two blocks, one is appropriate for the I’
biexcitons and the other for the I's and I'g biexciton states.

VL. WURTZITE IN THE [011] AND [111]
DIRECTIONS

The point group appropriate for such quantum wells is
Cs. This point group has low symmetry and our results
would have too many terms. Additionally, it is not usual to
fabricate quantum wells from a material having the wurtzite
structure with other than the [001] growth direction of the
QW.

VIl. DISCUSSION

In the preceding sections, we used the terms “symme-
trized wave functions,” “coherent spin flip,” and “coupling

of states” without their precise definition. These terms are
explained here and we show what consequences follow from
the above calculations.

The choice of an orthonormal basis of exciton wave
functions for calculations is arbitrary. The exciton and biex-
citon wave functions were, however, expressed considering
their symmetry with respect to the crystal lattice. The reason
is that the resulting Hamiltonian of the electron-hole ex-
change has a simple form. Since photons with wave vector
perpendicular to the QW plane have a well-defined symme-
try, the Hamiltonian of dipole interaction is also very simple
allowing exciton-photon coupling only to four states. This
fact may reasonably simplify discussions of the system’s dy-
namics after optical excitation.

One finds nondiagonal terms in the exciton Hamiltonians
derived above. These coupling terms are responsible for tran-
sitions from one spin state to another—they cause coherent
spin flip or spin beating. Note that this process is coherent
and does not mean any spin relaxation, the spin relaxes if the
phase of an exciton is perturbed by another process, e.g.,
scattering. The dynamics of an exciton after excitation by
polarized light can be viewed as periodical coherent changes
of its spin (spin flips) defined within the basis of symme-
trized wave functions.

Let us calculate the consequence of the coupling of two
states. Our aim here is to determine what is the mean popu-
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lation of some state coupled to a resonantly excited dipole-
active state. Let us assume the states |1) and |2) differ in the
energy by an amount A and their coupling strength is & The
Hamiltonian is then

. [0 ¢
H=(g" A)’ @0

where the asterisk denotes complex conjugate. Let us assume
that the state |1) is coupled to light while the second state is
dipole inactive. The eigenenergies are then

E —A[1+ 1+4|§|2]
PToTN T A?

2
B %[11(1+2Li2‘)} for [§ < A -
A (e Ai) .

2_(|§| +8|§| for |& > A.

The first line on the right-hand side refers to the case of
coupling of two nondegenerate states (e.g., light- and heavy-
hole excitons in a narrow QW) and the eigenenergies can be
further estimated to be approximately A and —|&?/A, respec-
tively. The second line in the above formula then describes
coupling of nearly degenerate states (A—0) and the
eigenenergies can be estimated to be +|&. It is a simple al-
gebraic exercise to derive that the mean populations of the
states are

_ 5§
nia \§\2+E§,1‘ (23)
Assuming nondegenerate states and weak coupling, one gets
the mean population of the dipole-inactive level =(&/A)?,
for nearly degenerate states this population is ~%4 The latter
result is obvious: When the coupling strength exceeds the
energy difference between the states, we get the well-known
Rabi oscillations in a two-level system and therefore the
mean populations of the levels must be equal. The former
result can be explained using virtual transitions. A weak in-
teraction causes transition between the states. Due to energy
mismatch, this transition is only virtual and the system must
return to the initial state after a time given by the uncertainty
relation between energy and time. The time, for which the
exciton is allowed to be in the dipole-inactive state, is in-
versely proportional to the energy splitting of the states.
Probability of the virtual transition is directly proportional to
the coupling strengths and thus the result iz, ~ (|&/A)? is
what we expected.

In order to estimate which terms in the Hamiltonians are
the most important, one believes that the strongest contribu-
tions are due to the particle-particle exchange interactions of
the lowest order in the momentum operators. The strongest
contribution then comes from the crystal field, i.e., from the
splitting of the hole subbands. The second strongest contri-
butions come from electron-hole (electron-electron, hole-

hole) exchange interactions of the type &kj' ¢, etc. The method
of invariants which was used above is well capable for the

J. Appl. Phys. 98, 113516 (2005)
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FIG. 1. Calculation of the admixture of excited lh excitons when a
Ga,_ Al As is optically excited resonantly with hh exciton, according to
(23). We show the results for various QW widths on a short scale (a) and a
long scale (b).

derivation of the structure of the Hamiltonian, however,
other theories are needed for the evaluation of the coupling
strengths.

We performed numerical calculations in order to evalu-
ate the admixture of excited lh excitons when hh excitons are
resonantly excited. Based on the procedure described in Ref.
13, we varied the QW width and we calculated the variable
n, defined in (23). The results are shown in Fig. 1 for
Ga;_,Al,As QWs considering x=30% and x=50%. The lh
exciton admixture is negligible for narrow wells, however, it
increases with increasing QW width and it asymptotically
reaches the value of 25% for bulk materials. It is then clear
that variation of the QW width may significantly modify the
behavior of the sample in magnetic fields because of differ-
ent g factors of lh and hh excitons. Phenomena connected
with the band mixing then may be observable in the Faraday
rotation experiments.

In all types of quantum wells under investigation, the
Hamiltonians are not diagonal in the basis of the symme-
trized wave functions. We have found using the bases of
symmetrized wave functions that coupling caused by
electron-hole exchange interaction always mixes heavy-hole
and light-hole excitons with the same spin. For example, in
the zinc-blende [001] QW, states with x polarizations are
coupled and they are not coupled to any other state. It is then
obvious that coupling preserves polarization. The strongest
interaction is always the electron-hole exchange of the low-
est order in the hole operators.

The zinc-blende [011] QW is the only exception from
the above statements. The lowest-order mixing comes from
the hole band structure [it is proportional to the constant ¢, in
(12)]. QW has the lowest symmetry of the examined struc-
tures and thus one does not expect, for example, conserva-
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tion of circular polarization because the eigenstates are non-
degenerate and linearly polarized. Symmetry considerations
show that there is a significant mixing between the two cir-
cularly polarized states: although it does not come from mix-
ing of the hole subbands, electron-hole interaction causes
mixing of the light-hole positively polarized exciton with
heavy-hole negatively polarized exciton and vice versa.

Based on the above derivation, we can estimate that
when exciting at the heavy-hole exciton resonance by polar-
ized light, the ratio of populations of the light- and heavy-
hole excitons with the same spin will be 3A% /A% The cou-
pling between states does not reveal as a strong effect.
Electron-hole exchange interaction in GaAs is of the order of
meV (Refs. 9 and 14) and light-hole/heavy-hole splitting of
10 meV, therefore the admixture of the light-hole excitons is
expected to be of the order of 1%. This amount may, how-
ever, influence measurements such as the Faraday rotation
since the g factors of holes from the two bands may differ. In
the [011]-oriented QW, selection rules for the polarization of
the FWM signal may be relaxed: In four-wave-mixing ex-
periments, response to two-beam excitation with opposite
circular polarizations is mostly forbidden. Due to the lack of
symmetry in the discussed particular case, excitons can
change their spin and thus we expect that the response under
the aforementioned conditions is no more forbidden.

Let us discuss now the biexciton levels. In FWM experi-
ments, one is interested in four-particle correlations since
they are responsible for polarization selection rules. These
correlations are induced mainly by exciton-exciton scattering
and biexciton formation. Using the symmetrized exciton
wave functions given above, full discussion of the scattering-
induced correlations is possible including biexciton forma-
tion which is strongly dependent on the QW symmetry as we
have shown above. It is, however, beyond the scope of this
paper.

According to Ref. 8, we have shown that for all QW
symmetries, biexcitons formed from two electrons and two
holes from the same band have I'; symmetry. However, since
we took into account also mixed biexcitons, we have found
wave functions which are generally dependent on the sym-
metry of the QW. We confirm that at least one of the mixed
biexcitons can be excited by two cocircularly polarized pho-
tons. In addition, our results show that there should be two
biexcitons with o*o® two-photon selection rule and two
more which are not directly accessible by two-photon ab-
sorption. Knowledge of dipole selection rules for two-photon
excitation of biexcitons is, however, needed for correct dis-
cussion of the results of both pump-probe and FWM experi-
ments.

VIIl. CONCLUSIONS

On the basis of the symmetry of a quantum well, we
calculate symmetry-adapted wave functions of excitons and
biexcitons. By the method of invariants, we also express the
Hamiltonians of the excitons and biexcitons and we are able
to extract energies of the eigenstates. The Hamiltonians con-
tain nondiagonal terms which are responsible for coherent
spin flip of excitons and biexcitons (mixing of wave func-
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tions) leading to spin beating. These spin-flip processes are
induced by electron-hole exchange within an exciton and
mainly hole-hole exchange within a biexciton.

We compare the results for four different structures: QW
grown in the [001], [011], and [111] directions made from
material with zinc-blende structure and QW grown in the
[001] direction made from material with wurtzite structure.
We show that there are different spin-flip channels in those
QW. It was found that the spin is mostly conserved but there
is always coupling between the light-hole and heavy-hole
exciton band. Only in [011] quantum wells which have low
symmetry, one finds that circular polarization is not con-
served what may reveal as a strong effect in four-wave mix-
ing experiments. Based on the obtained results, one can de-
sign a proper setup of an experiment to detect, e.g., mixed
biexcitons using various methods like pump-probe or FWM
experiment.

We calculate numerically the amount of the admixture of
lh excitons when a Ga,_,AlLAs QW is excited resonantly
with the hh exciton. The results show a strong dependence of
the mixing on the QW width and therefore a strong depen-
dence of the spin dynamics in magnetic fields (due to the
difference of g factors of hh and lh excitons).
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APPENDIX: BIEXCITON HAMILTONIAN

The lists below contain invariant expansion of the biex-
citon Hamiltonian. The number in parentheses in superscript
of an operator denotes a number of a particle which it acts
on.

(1) 1,[001]
h-h exchange: j{xz)ji4)+j§.2)j;4),
O

2 Al1)2
—J£4) b+ Py,

FOUD T = 10y JO0, 50
JRTO 4 OIS 1y,

N RN PN R
J(ZZ)J(;”3 + Py,

jorjer,

(2 = GO (97 - J),

7(2) 32 7(4) 34
{2 IPHID T,
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I U IOT N + Pa
A3 4 A(4)2
2){1 } J(4){J 4) 14)} {J;Z) {1;4),‘];4) }} + P24,
A A, A, 2
JOPGO JOy . JerG@ jn, JOID JD W 4 Py,
H2%50) 5 5@ j 27 )
JEGOIDY DI + P, A
§2) 307 _ 507 (@R @ _ @h (5 5@° jOj,
{J@J - JO} GO J9 - JOy 4+ {2, s
A(7)2. A Al4)2 Ar1)2.
— TP AT IE =T, JOPI9 4 py,,
§2P 5@ | 327 5@? i)
AR GRRUEN RO

AV A DY AW A Ad) A4 A4y 3) 1,[111]
IO J Ty K

2) 1,[011] 5053
h-h exchange: J)((Z)J.(f), e

+P|3,

h-h exchange: jiz)jf),

J@j@. o

s JOFO 4 py,
JOFW, r13 g

©F Sy 9
JPW J9N 4 Py, JUN

{ X { }} 24 -]5.2)](_4) " P24,

{jiz){j ) }}+P24’ {J+ ,{J+ , }}+{J(2) J(_4),J<4) }}+P24,

UPIOTY 4 o U2LIFY (9.5 4 Py,

JOTD 4 py,, J 4 py,,

IO 4 Py, N RN B

JI P, P T O IO Y + P,

{ j(ﬁ Ty 3;4), J®y, G- .}93) L@ - j<+4)3),

SN RN UV RV

2,52} 179,59, (O 32 - (04 1

VRFA JOUD AT, TOW + JOFD LI TN + oy,
jerer, N RV VAN PR VN BN
jerger, e

LD IDN IO DTN + Py

g ”(zﬂ}, {g@ ”(4)2} A
B Y e-h exchange: [&§1>Jiz)+P13]+P24,

A A(7)2. A A4)2 2(9)3
(@55 (0§, [607% + 3]+ P,
RN BTN [0+ 6012+ P+ Py,
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. A, A(7)2. ” A A(9)2. A2 A(1)2
[U(_l){J(_z)Jiz) H+ Uil){ff)»](-z) P+ Pl + Poy, Jiz) T+ Py,
A A, A, A A A A A9 2. A A1) 2.
(602 (DTN + 6T T2 TN + Pl + Pay. DI04 Py,
(4) Cgl111] a2 Ay A2 A2 Ay A2
e-ev exchange: 6'9)6'(_3)+P,3, i ,{J§4),J(,4) B ,{JS”,J(f) )+ Poy.
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Abstract

Based on symmetry considerations, we develop a simple model for the determination of the polarization state of the four-wave mixing
(FWM) response on semiconductors depending on the polarization of incoming photons. The model describes interactions within the
system of polaritons taking into account their composite character and thus the correct symmetry. We separate the FWM response into
three main contributions which may differ in symmetry. They are: polariton—polariton scattering, bipolariton-mediated scattering and
scattering due to phase space filling. We then derive algebraic equations for each of the channels for calculation of the respective FWM
response polarizations. Compared to microscopic theories, solution of these equations is much faster and therefore the theory becomes
very useful if one wants to determine the polarization state of the response in a particular experiment. Thanks to the correct description

of symmetries of various types of interactions, our model is more accurate in predictions than the optical Bloch equations.
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1. Introduction

Four-wave mixing (FWM) is a very well-known experi-
mental technique. It provides many informations about the
temporal evolution of populations as well as coherences in
an investigated system. This experimental method is proper
for exploration of properties of semiconductors using pico-
and femtosecond optical pulses. In this paper, we present a
new theoretical approach to the description of the
polarization state of the FWM signal.

Although optical bloch equations (OBEs) are well
capable for description of the response of atomic systems,
they fail if they are applied to description of semiconduc-
tors; for example, the slow initial rise of the FWM signal
[1-5] cannot be sufficiently explained. It is possible to
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modify these equations by adding the biexciton level [6,7],
exciton—exciton interactions (excitation-induced dephasing
(EID)) [8], etc. (Refs. [9-12]). The predictions of these
modified OBE still significantly differ from the experi-
mental observations. We can also emphasize the fact that
the exciton—exciton interaction (which is essential for the
creation of the FWM response [13-15]) is assumed to be
not spin-sensitive in the OBE models (expect for energy
renormalization of the biexciton state). The importance
of the spin dependence of the exciton—exciton interaction,
has, however, been shown both experimentally and
theoretically [16].

A rigorous and systematic description of the system of
interacting electrons and holes was developed in the
framework of semiconductor bloch equations (SBE)
[17-19] as well as in theories which take into account
four-particle correlations [20-23]. These models well
describe the response of semiconductors—both the polar-
izations and the dynamics. They involve, however,
important numerical calculations. In addition, it is hard
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to include the correct symmetry of the crystal and
symmetry-breaking effects. A Weakly Interacting Boson
Model (WIBM) [24-26] is one of these microscopic theories
and it significantly simplifies the situation by an assump-
tion that excitons are bosons with only fractional fermion
character which leads to Pauli blocking (PB).

In this paper, we propose a simple model for calculation
of the polarization state of the FWM response from a
semiconductor. Similarly, a model calculation of the FWM
response can be found in Ref. [21] and that of a six-wave
mixing evidencing the six-particle Coulomb correlation in
Ref. [27]. These theoretical considerations are based on a
microscopic description of quantum wells (QWs) in the
frame of a two-band model and demonstrate the impor-
tance of high-order Coulomb correlations. Our model,
which is based mainly on symmetry considerations, takes
into account more complicated band structure effects in a
general way. The model is able to state whether the
polarization of the response is stationary or not if we know
the polarization states of three incoming pulses. If the
polarization of the FWM signal is stationary, the model is
able to predict its state. Although we present dependence of
the polarization of the FWM response on the polarizations
of the excitation beams for a particular case of a bulk
hexagonal crystal in Tables 3-6, the general result is
represented by Eqs. (19)—(21). The model is then adapted
for the systems of various symmetries, where e.g. dipole-
forbidden excitonic states contribute to the FWM re-
sponse.

The model takes into account the strong exciton—photon
coupling, therefore we assume polaritons as the elementary
excitations of a crystal. This allows us to describe the
system without using a perturbation theoretical approach
and to determine the optical response to the excitating
optical fields at any arbitrary photon energy: this means
one can equally well work close to resonance or off
resonance.

2. Model

The requirements on our model are the following: it
should give correct predictions of the polarization state of
the FWM signal in any arbitrary FWM direction if we
assume a weak excitation of an intrinsic crystal by three
optical pulses. The polarization states of the excitation
pulses are arbitrary as well as their respective time delays.
We do not require prediction of the dynamics of the
polarization of the FWM signal. The model therefore
states if the polarization of the FWM signal is either non-
stationary or stationary (and gives then the stationary
polarization prediction). The model should be as simple as
possible but must take into account symmetry properties of
the system under investigation (crystal symmetry plus
stationary external fields).

In this work we follow the concept of the WIBM [24,26]
which uses a simplified approach to the interacting
electron—hole system when compared to a rigorous

formulation. According to the WIBM model and Refs.
[28-30], we describe electron—hole pairs as bosons (ex-
citons) with a fractional Fermi character. Every boson
denoted by its spin number and wave vector interacts
weakly with other bosons. The state of a crystal is then
either a vacuum state or an m-boson state. The vacuum
state means that no bosons are excited, the m-boson state
corresponds to m excited bosons. Following Bott et al. [§]
we assign an energetical level to every m-boson state and
the wave function of this state is given by a direct product
of the wave functions of the excited bosons. It has been
shown that the third-order FWM response is due to m-
particle states of m up to two. Therefore, in the following
text, we truncate the system of levels above the two-particle
states.

Excitons are created by absorption of a photon. The
fermionic nature of excitons reveals in PB and exciton—ex-
citon scattering. It is possible to create two excitons with
identical quantum numbers but they interact repulsively
and thus the oscillator strength for the creation of the
second exciton is decreased (in particular, in QWs). The
exciton—exciton scattering is described as an interaction of
two electron—hole pairs and we keep the possibility of
exchange of either electrons or holes between the interact-
ing excitons [21], what is beyond the bosonic approxima-
tion of excitons. Exchange of fermions leads to a change of
the exciton momenta and also of the spin state. Since
dipole active excitons interact strongly with the optical
field, one should rather consider polaritons than excitons
as elementary excitations of the crystal. Then, consistently,
molecules of excitons will be described in terms of Ivanov’s
model of bipolaritons [31,32]. We denote the “two-
polariton states” as to be states from a continuum
composed of two polaritons with well-defined particular
wave vectors in the following. The “bipolariton states’ are
then the discrete bound states of two polaritons.

The interactions involved in the model are following:

® Creation of a polariton on the crystal boundary by
absorption of one photon coming from the outside of
the crystal.

e Annihilation of a polariton at the crystal boundary; the
energy is transferred to an outgoing photon.

® PB due to the fractional Fermi character of polaritons.

e Polariton—polariton scattering involving the excitonic
part of the polariton wave function.

We assume here that the interaction with all external fields
is already included in the basis of polariton wave
functions—we assume that this basis diagonalizes the
Hamiltonian in the absence of non-stationary fields. We
furthermore assume that the interaction with impurities,
phonons, etc. causes loss of coherence and does not affect
the polarization state of the FWM signal. In the following,
we develop a mathematical description of the polariton
spin state in the framework of the assumptions listed
above.
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2.1. Polariton spin and creation

In order to minimize the complexity of discussion of the
spin of excitons, we neglect wave vector-dependent
exchange interactions [33]. This is possible if one assumes
a semiconductor with a direct gap at the I" point and that
the wave vectors of the excitons are sufficiently small.
Then, the excitonic spin state is determined by the spin of
an electron from a conduction band (we assume it is M
times degenerate at the I" point) and the spin of a hole from
a valence band (N times degenerate at the I' point).
Excitons can thus be in M x N different spin states.

Following Refs. [33,34], we calculate symmetrized wave
functions of excitons at the I' point. We express the
excitonic Hamiltonian in this basis including external
stationary fields. We then diagonalize the Hamiltonian
and find a new set of basis functions |o;),j = 1,..., M x N.

Because of the strong dipole interaction, some of the
excitons interact with photons giving rise to polaritons
which conserve the spin of the exciton contained by the
polariton wave function. We will use a short notation for
these polariton wave functions |ok), j=1,...,M x N,
characterized by the wave vector k.

Concerning an infinite crystal, polaritons are the
eigenstates of the Hamiltonian describing an excited
electron—hole system. Real crystals are, however, limited
in space and thus polaritons couple to an external
electromagnetic field—an “‘external” photon can be anni-
hilated while a polariton is created and vice versa. Strength
of coupling between the electromagnetic field and a final
state can be expressed as

J (K k) = 56y (Sle)olk — gy pp(nk’)], )

where k' and k are the wave vectors of the external
electromagnetic field and a polariton, respectively, &y is
the amplitude of an external electromagnetic field, e and
|S) are the spin vectors of the electromagnetic field and the
polariton, respectively, 0 is a delta function, pg is the dipole
matrix element for the polariton with the spin S, ¢ pg(nk’)
is the wave vector of a polariton associated with the
appropriate photon wave vector [35] and # is the refractive
index connected with the background dielectric constant of
the crystal. We assume for clarity that the system is not
excited above the fundamental excitonic resonance allow-
ing excitation of the lower polariton branch only.

2.2. Pauli blocking

PB due to the fractional Fermi character of polaritons
and Coulomb scattering [13-15,36] are the main interac-
tions giving rise to FWM, and we describe them separately.
All other interactions are assumed to be too weak in order
to change the polarization state of the FWM signal. They
may be described by spin-independent relaxation times in a
dynamical model. In this subsection, we describe our
approach to the description of PB.

According to the WIBM model, we describe PB by
assuming changes of the strength of coupling between the
electromagnetic field and a two-polariton state compared
to the strength of coupling between the field and a one-
polariton state (1). In order to estimate its strength, we
approximate the dipole matrix elements for transitions
from a one-polariton state with spin S and wave vector K
to a two-polariton state with a new polariton having the
spin S and the wave vector k by a photon with the wave
vector kK and the spin e by the formula:

SO k) ~ g x0Tk — qupp(nk)]

<[ (S'le) = v > [(Slep*(Sle) |, )
J

where v>0 is a coefficient of the blocking, summation in
the last term goes over all orthonormal elements of the
polariton spin basis. The last term [{S'|e) — vz/.l(Slej)l2
(S'le;)] can be directly calculated from the Hamiltonian
given in Ref. [25] (volume normalization is included in v).

2.3. Polariton—polariton Coulomb scattering

Scattering of two polaritons is determined by the
Coulomb interaction (both direct and exchange) of their
excitonic parts. At this point, the excitons must be
decomposed into fermions—to the electron-hole pairs.
Coulomb interaction of two excitons then must be under-
stood as the interaction of four fermions. There are two
possibilities of the elastic scattering process:

(e, 1)y, + (2, h)y, = (er, g, 4q + (€2, h2)g, (3

(er, 1)y, + (2, ha)y, — (€1, )g, g + (€2, h1)g, g, 4

where the parentheses denote excitons with appropriate
wave vectors in the subscripts and letters e; and /; denote
an electron from the ith exciton and a hole from the jth
exciton, respectively. The vector ¢ is the exchanged
momentum. Interaction (3) is the interaction of two bosons
which change their momenta but their spins are conserved.
Interaction (4) takes explicitly the composite character of
the interacting bosons into account: two incoming excitons
exchange either electrons or holes. Simultaneously with the
exchange of fermions, they exchange momentum and spin.
The exchange of fermions is therefore able to change the
spin state of the contributing bosons.

There are three types of exciton—exciton interactions:
[37]: boson—boson direct scattering, boson—boson exchange
and exchange of fermions. It was shown in Ref. [30] that
the exchange of fermions is the dominant interaction in the
limit of the small wave vectors k; and small exchanged
momentum ¢g. We therefore assume in the following that
only the exchange of fermions is an effective polariton—po-
lariton scattering process unless it is forbidden—in such
case, boson—boson direct scattering must be taken into
account.
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The Hamiltonian for fermion exchange has the form [37]

SeS;

H = 9% (S, S, S, SVHE (0, Q' q)
+ I (S, S S, SHHE (0,0, q), Q)

S (St SE S8 =Y > (senjnISHsL /IS

. 7
SeSe  Julp

X (Stlsyin) (Stlses/n)s ()

S oen(St, 81,8, 8) = S (S1, S, S, ). (M

exch

The sums are performed over the spin states of electrons
(Se, s.) and holes (j,, j,). The variables S,S and S, S;
denote the initial and the final spin states of the incoming
and the outgoing excitons, respectively. Functions ythch
stand for the spin-dependent part of the Hamiltonian while
the operators HZ;:‘Ch describe the wave vector-dependent
part of the Hamiltonian: Q and Q' are the wave vectors of
the incoming excitons and ¢ is the exchanged momentum.
We show results of calculations of the spin part of the
exchange of electrons in Tables 1 and 2 for crystals with
wurtzite structure (the spin basis is defined in Ref. [34]). We
show for clarity only results for dipole active excitons even
though dipole inactive states must be, in addition,
considered throughout all calculations in the model. We
consider linear polarization for the incoming and the
outgoing polaritons with combinations of spins “X”’ and
“Y” (Table 1) or circular polarization with combinations
of spins “4+” = (X +iY)/v2 and “—"=(X —iY)/v2
(Table 2).

In order to describe correctly Coulomb scattering from
an initial to a final state, one has to clearly distinguish
different scattering channels. Depending on the number of
scattering events, one should discriminate between direct

Table 1
The spin part of the electron exchange between two polaritons, from Eq.
(6) for spins in the direction of the principal axes

(SESHSE 4 |SS') | XX) IXY) |YX) YY)
(XX L 0 0 -1
(XY 0 1 i 0
(YX] 0 1 1 0
(rv| -4 0 0 !

The rows stand for the initial states and the columns for the final states.

Table 2
Same as Table | for circular spins of the polaritons

(StSHT %l SS) I+ I+-) -+ )
(++1 1 0 0 0
(+- | 0 0 0 0
(—+] 0 0 0 0
(——| 0 0 0 1

scattering from the initial to the final state and multiple-
step processes which include one or more intermediate
(two-polariton) states. Outside the bipolariton resonance,
direct scattering is the most important since we assumed
only a weak exciton—exciton interaction. The situation
differs when assuming both the initial and final states
resonant with the bipolariton where the Coulomb interac-
tion causes strong coupling and leads to bipolariton-
mediated scattering. Such processes will be described using
the bipolariton model [31,32, Hamiltonian (3.4) therein].

2.4. FWM signal creation

In order to discuss the FWM signal creation in the
framework of our model, we assume highly directional
excitation pulses with wave vectors ki, k), k3 and
polarizations ¢, ¢, and ¢, respectively, arriving at the
crystal’s surface at times #; <t, <t3. Although we are going
to build up only an algebraic formalism to study the
polarization of the FWM signal (but not its dynamics), we
need the density matrix formalism in order to explain the
mechanism of the generation of the signal. Then we can
determine which coherences are non-zero after the excita-
tion. Coherences are given as usual by the non-diagonal
elements of the density matrix and populations as the
diagonal elements. We use the notation ¢(|a),|b)) for a
slowly varying envelope of the coherence between the states
|a) and |b).

We have defined above the system of levels which is
capable for description of any arbitrary state of the
polaritons inside a crystal. This definition is in full
agreement with the usual procedure [8]. In order to
describe the bipolariton-mediated scattering, it is necessary
to include the bipolariton state which is a superposition of
the two-polariton states. It has, on the contrary to general
two-polariton states, a well-defined symmetry.

Now we discuss the evolution of the coherences
connected with the excitation pulses. Before any of the
pulses arive, the crystal is in the ground state and all
coherences are zero. After the impact of the first pulse,
correlations between the ground state and the states with
the wave vectors around k; = ¢, pg(nk)) are excited. We
have to consider selection rules for spin:

ollogh1). 10)) o<+ 1, 8, (34161 @®)

The action of the second pulse is more complicated—it
creates two types of coherences: one between the ground
state and the two-polariton states and the second (called
the “‘spin coherence’) between two one-polariton states.
The PB affects only the first mentioned coherence and we
can write

/’tlx/l/ta o
P = S Er (1) (el )

x (1 = v{aeloy)), &)

o(|ojkr) |oeks), |0)) o< —




98 T. Ostatnicky et al. | Journal of Luminescence 126 (2007) 94-102

P
o(loiky), loekr)) o 2 :

E1, 6 (011) (balote). (10)

On the level of two-polariton states, polaritons can interact
via Coulomb interaction and can scatter to other two-
polariton states. The spin coherences correlate only one-
polariton states which do not undergo any changes except
dephasing. The polariton—polariton interaction causes (as a
first-order perturbation) creation of coherences:

olloyki + @)leeks — ), 10)
& ,V(:xﬁ 0ty Xmsy 9‘n)Q(|9‘mk1 ) |O‘nk2)7 |0>)a (1 1)

o(loky + q)|ocks — q), look3))
x f/(ij, 0, Oy 0t)Q(|otmker Y [0t ke2), |otok3)), (12)

i.e. the initial two-polariton state with appropriate wave
vectors and spins scatters to a different two-polariton state
by fermion exchange. The polaritons exchange some
momentum and in general, they can change their spins.
The polariton—polariton interaction should be evaluated
up to an infinite order but according to the above
discussion of polariton—polariton scattering, we use the
first-order perturbation theory (where interaction of the
bosonized polaritons is the perturbation) for metastable
scattering states (which are not resonant with bipolaritons)
because we assume only weak polariton—polariton interac-
tions. For the two-polariton states resonant with a
bipolariton state, we consider the bipolariton-mediated
scattering in addition to the first-order process:

o(|Tsky + k2),10))
oc M (0, 00, I's)e(|oikr ) loek), 10)), (13)

Q(l‘“mkl + q)lankZ - 11), |0))
O M * (s 0> T's)(IT skt + k2), 10)), (14)

where |I';K) denotes the bipolariton state with a symmetry
I's and a wave vector K and .#(w, o, I's) stands for the
coupling coefficient between the bipolariton with the sym-
metry I's and the two-polariton state where the polaritons
have spins «;,. The coupling coefficient reflects the spin
structure of the bipolariton [33]. We note that the usage
of the bipolariton model does not make any difference in
the selection rules for the bipolariton creation when
compared to the more traditional giant oscillator strength
model.

Coulomb scattering causes creation of two-polariton
states with a very big spread of the individual wave vectors.
These states decay radiatively and contribute to a
luminescence signal. The highly directional third pulse
can cause induced decay of one polariton from the two-
polariton state and because of wave vector conservation, a
one-polariton state with the wave vector kp = k| + ky — k3
is left in the crystal. Finally, this polariton is radiated as the
FWM signal. The third pulse can also form a two-polariton
state with a polariton with the wave vector k| and because
of the previous correlation to the state with the wave vector

k», a scattered two-polariton state |f,ka) |,k — ka + k3) is
forced to decay to the one-polariton state |,k — ko + k3)
and the FWM signal in the direction k; — k&, + k3 is
emitted from the crystal. The initial coherence
o(lajky), loks)) also allows creation of the signal in the
direction —k; + k + k3. The coherences responsible for
the FWM signal are thus o(loki)|ocks), |ou,ks)) with
cyclic permutation of the indices j,£,m and 1,2,3. We
can express

o(lojkp)locks), |oks))
o 1, &5 (slomde(|jkn) k), [0)
+ SP({X/'; Oy Uy c{O)Q(l‘xnkl ) |O‘ok2)a ka3))- (15)

The coupling of the radiated FWM signal with the spin ¢
to the above coherence is then

HZ/ (Plo) (oo o(okp) [ogks), |otks)). (16)

Because of possibility of permutation of indices in the
above formulas, the polarization of the FWM signal
induced by Coulomb scattering is independent of the order
of the pulses in time but leads to different directions of
diffraction.

The signal induced by the PB is now calculated
separately. The origin of the signal is in a diffraction of
one of the pulses by a population grating created by the
two other pulses. On the contrary to atomic systems and
OBE, the probability of transition to two-polariton states is
non-zero but its strength is reduced (2) compared to
transitions to one-polariton states.

Let us discuss, as an example, the mechanism of this
contribution to wave mixing in the direction k; — ky + k3.
The first pulse creates polarization with spin ¢;. The
second pulse creates population grating (of one-polariton
states) if (¢;]¢,) #0 with the spin

pa) =D log) (311} {baleg). (17)
J

The last pulse then correlates the one-polariton states with
the ground and the two-polariton states. In the case of
(¢pglP3) #0, some of the induced coherences have the wave
vector in the FWM direction k; —k, + k3 and the
amplitude of the FWM signal is then proportional to the
sum of the appropriate coherences. Due to the fractional
Fermi character of polaritons, the sum is non-zero and it
can be shown that the third-order response spin state of the
diffracted polariton is given by

W) =D loy)(oylby) (haloy) (a1 b3) (18)

J

and for the other directions by the cyclic permutation of
indices. Independent of the value of the parameter v, for
t) <t, <t3 and no temporal overlap of the excitation pulses,
the response is zero in the direction kp = k| + ky — k3
since two contributions of the same magnitude cancel each
other.
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2.5. Calculation of the spin

We separate the problem into four subproblems: the
Coulomb scattering channel (direct and exchange part),
the bipolariton channel and the PB channel. We calculate
the polarization state of all four contributions to the FWM
response and finally compare them. If the signals are non-
zero and are not in the same spin state, the conclusion is
that the spin state of the FWM response is not stationary
and labelled “determined by dynamics” (dbd.) similar to
Ref. [18].

As we have seen in the previous discussion, we use a
closed set of wave vectors in order to describe all
coherences which contribute in creation of the third-order
FWM signal. We then restrict ourselves only to the wave
vectors given by the wave vectors of the excitation beams
and the diffracted beams in the FWM direction. Every
beam is then assumed to be represented by a plane wave—
this simplification does not change predictions of the spin
of the FWM signal.

Let us consider the exciton spin basis [«;) which
diagonalizes the exciton Hamiltonian including external
fields and various types of exchange interactions and also
let us consider the polarization of the £th optical field to be
¢,. At the I" point of the reciprocal lattice, there are (in the
absence of external fields) well-resolved dipole-active and
dipole-inactive states, respectively. Including wave vector-
dependent exchange interaction and external fields, the
eigenstates of the Hamiltonian are the admixtures of the
states at the I' point and therefore all exciton states can
become dipole-active and therefore their contribution is
included in the model. Then we define |¢,k;) to be the
superposition of the spin eigenstates which is excited by the
£th optical field. We can then draw a level scheme depicted
in Fig. 1 which represents the interactions leading to the
FWM signal creation via the scattering process. With the
help of Fig. 1 and Eq. (18), we can derive equations for

[p1ky) @ |¢hokes) i _osks) @ |aki+ko—ks)
Aq-p <

[p1kr) |p2ka) |p3ks)

\ // e
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Fig. 1. Level scheme appropriate for the scattering and bipolariton
channels if the incoming pulses are coupled to polaritons with spins ¢,.
The full lines represent dipole interactions, dashed lines bipolariton
formation and annihilation and dotted line stands for polariton—polariton
off-resonant scattering path.

determination of the FWM polarization in a compact form
(it can be shown that these equations are equivalent to Eqs.
(13)—(16) and (18)):

WPkp) = Pr, > S0, 3, b1, ba)loykn)
J
for the first-order polariton—polariton scattering, (19)

W k) = Pry Y M (bys by, T)M (05, b3, To)loyhen)
J

for the bipolariton-mediated scattering
(resonant with the bipolariton I), (20)

W k) = Pry Y (o11h1) (271h2) (bl o)

j
for the PB, 21)

P, is the projection operator of the (polariton) spin to the
spin states of a photon propagating in the direction ¢g. We
get the stationary response only when the allowed states
lakp) and states in the superpositions |¢,k,) have equal
energies and when all three spins given by the formulas
(19)-(21) are equal. For other than kp diffraction
direction, we find the appropriate formulas by permutation
of indices.

3. Discussion

As we have shown in the previous section, the polariza-
tion state of the FWM response is given by contributions
from three different processes: polariton—polariton scatter-
ing, bipolariton-mediated scattering and phase space
filling. As an example, we calculate polarizations of all
contributions to the FWM signal for an isotropic crystal
with a bipolariton having I'j symmetry. We assume that all
excitation optical fields propagate almost in the same
direction. This example corresponds to a bulk hexagonal
crystal with wurtzite structure (ZnO, CdS, CdSe, GaN)
when the optical beams are parallel to the main axis and we
spectrally resolve only the FWM response from one of
three excitonic series.

The results are summarized in Tables 3—6. We list results
for all combinations of circular and linear polarizations of
the incoming beams and for all three diffraction directions.
We give spins of particular channels in the tables and also
the spin of the overall response. The meaning of the symbol
“dbd.” is that the state and dynamics of the resulting spin
of the FWM response depends on material constants and
cannot be determined from symmetry considerations alone.

Table 3 presents calculated polarizations of the FWM
response for three linearly polarized excitation pulses.
Spins of FWM responses for one circularly and two
linearly polarized incoming pulses are listed in Table 4, two
circularly and one linearly polarized pulse give the response
summarized in Table 5 and Table 6 stands for three
circularly polarized excitation pulses. Every cell in the
tables is appropriate for some combination of polarizations
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Table 3
Polarization of the FWM signal for three linearly polarized excitation
pulses

Table 5
Polarization of the FWM response for two circularly and one linearly
polarized excitation pulse

ki1 k2 ks “ —ki1+ko+ks |k1 —ko+ks |k1 +ko—k3

X X x\x x |xX X |X X

X' X Y|Y 0 Y’ o Y v

XY vi(x X |X 0 |X o0

Y'Y Y'Y Y’ Yy v |y vy
Y’ Y’ Y Y Y Y

The meaning of the letters in each box is following: the upper left corner is
the response of the scattering channel, the upper right corner is the
response from the bipolariton channel, the lower left corner is the response
from the Pauli blocking and the lower right corner gives the overall
polarization.

Table 4
Polarization of the FWM signal for two linearly polarized and one
circularly polarized excitation pulses

k1 ko kgH*k1+k2+k3|k1*k2+k3|k1+k2*k3

X' X' ¢t|ldbd. X' |dbd. X’
X" dbd. | X' dbd.| X' dbd.
XY ¢ |dbd. X' |dbd. Y’ et 0

dbd. o~

0 dbd. | 0 dbd.| 0 ot

Y' X' 6t||dbd. Y’ |dbd. X' |et 0
0 dbd. | 0 dbd.| 0 ot
Y'Y ot|dbd. Y’ |dbd. Y’
Y’ dbd. |Y' dbd.|Y' dbd.

of the excitation pulses (rows) and diffraction direction
(columns). The symbols in boxes stand for (from left and
top) the polarization coming from the polariton—polariton
scattering channel, I'; bipolariton, PB and the overall
response. Symbols ¢* denote circular polarizations, X’
some arbitrary linear polarization and Y’ linear polariza-
tion perpendicular to X’. The present model is capable to
predict polarizations of the particular channels but gives no
information about the relative strengths of the responses.
We can, however, state that the response is determined
mainly by the exciton—exciton scatterings (without bipolar-
itons) and PB when working in resonance with excitons or
by the bipolariton channel when bipolaritons are reso-
nantly excited.

Tables 3 and 6 (linear and circular polarizations of the
excitation beams, respectively) do not contain any dbd.
terms due to the symmetry of the considered crystal.

k1 ko ks||—kitkotks|ki—kotks|ki+ka—ks

ot ¢ X'||dbd. o= |dbd. o= |et 0O

et o™ X'l|le™ o ¢t ¢t |dbd. X'

¢~ o~ X'||ldbd. ¢ |dbd. ¢F |6 0O

Table 6
Polarization of the FWM response for three circularly polarized pulses

ki k2 ks “— ki+katks |k1— ko+ks [k1+k2—k3

ot ot ot|a" 0 at 0 ot 0
= ot ot ot lot o7
ot ot o7 ||o” [ [ 0 0
0 o ¢~ 0 0

However, in an experimental situation in which one uses
linear polarizations which are not perpendicular one to the
other, responses of the particular channels may have
different polarizations resulting in a non-stationary polar-
ization of the overall response as shown experimentally in
Refs. [1,11].

Looking at the other tables appropriate for mixed
circular and linear polarizations, Tables 4 and 5, we may
observe many dbd. terms caused mainly by polariton—po-
lariton scattering. The reason is that the response of the
direct and exchange scattering have different polarizations
and the overall polarization cannot be evaluated using only
symmetry considerations since the ratio of the strengths of
the direct and exchange scatterings are crystal-dependent.

The tables of results reveal one very interesting fact:
concerning the combination of polarizations XXY and the
diffraction direction k| + k, — k3, one expects Y-polarized
stationary signal. Contrary, for the 6o ¢~ excitation, we
expect no response in the selected direction. These
expectations are in full agreement with the experimental
results [12] but they were not sufficiently discussed using
OBE. Our model, on the other hand, explains them in a
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straightforward way. Let us assume a two-polariton state
composed of polaritons with spins XX or ¢*o'. Using
Tables 1 and 2 we find that the former can scatter to a two-
polariton pair with spins Y'Y while the latter cannot scatter
to any two-polariton state where both spins are dipole-
allowed (except 6o ™). Thus, the former can be annihilated
by a Y-polarized photon giving the Y response while the
latter cannot be annihilated by a ¢~ -polarized photon and
gives no response in the presented configuration. As the
crucial point of the wave mixing lies in the polariton—
polariton scattering, the spin mixing is due to exchange of
fermions during this process. The composite character of
the polaritons cannot be thus omitted in any model which
deals with the spins of particles.

Our theory may be applied also to crystals with zinc-
blende structure (GaAs, CuBr). FWM polarizations,
summarized in Tables 3-6, are valid also for these crystals
except for the bipolariton response. Besides the I
bipolariton, there are five more bipolariton states with
symmetries I35 [33] which significantly modify the
evaluated polarizations. Bipolaritons with symmetries I'; 5
cause, for example, scattering from the two-polariton state
otot to 670~ and thus the combination cto o™ gives the
o~ response in the forbidden direction k; + k> — k3. The
resonant energy of the response then would coincide with
the energy of the I35 bipolaritons.

Since we did not verify our results experimentally and we
did not find any relevant experimental study, we use the
existing theory of Lindberg et al. [18] (calculation based on
SBE) in order to demonstrate the accuracy of our model.
We take our data for the FWM direction k; + k> — k3 and
the contribution from the polariton—polariton scattering
from Tables 3—6. The predicted polarizations agree in all
cases with only one exception: combination of incoming
fields X' Y'o*. Our model predicts a definite and stationary
polarization whereas the microscopic model predicts dbd.
in this case. We may explain this discrepancy by the fact
that we consider k| ~ k, ~ k3 in our tables and therefore
the exchanged momentum in the scattering process is
g ~ 0. In a general case, exchanged momentum would play
some role in Tables 1 and 2 and would modify FWM
polarizations. In particular, the response to the X'Y'¢™
excitation would be dbd. but the other elements remain
unchanged.

We did not discuss so far to which structures the theory
is applicable. The major question is the dimensionality of
the crystal since the recent research is focused mainly on
low-dimensional structures. Besides the PB effect which is
dimension-independent, the wave mixing is due to polar-
iton—polariton scattering during which the sum of the wave
vectors of interacting particles is conserved. This wave
vector conservation is valid for all components of wave
vectors in bulk crystals but only for in-plane wave vectors
in QWs. In addition to the wave vector conservation,
scattering conserves energy. We can therefore approxi-
mately assume that all components of wave vector are
conserved during scattering involving also QWs but not

quantum wires and quantum dots. The theory may thus be
applied to bulk crystals and QWs.

4. Conclusions

We show in this paper that the polarization state of the
FWM response is determined by the symmetries of exciton
eigenstates and by the symmetry of the exciton—exciton
interactions. We then present a model which takes all these
symmetries into account and based on it, we derive simple
algebraic equations by which the polarization of the FWM
response can be determined.

For exciton—exciton interactions, we consider the three
most important effects which take place in FWM experi-
ments. We show that they may differ in the symmetry and
thus they may give different polarizations in the response.
The three respective contributions then interfere in the
overall signal giving either stationary or non-stationary
polarization. The present model is then capable to describe
the stationary polarizations.

Compared to other theories, Eqs. (19)-(21) make the
calculations of the FWM polarization simple and accurate.
The accuracy of the model is supported in Section 3 by the
comparison to a microscopic model [18]. Microscopic
theories require, however, more complex calculations.
Modified OBE, on the other hand, are as simple as the
present model but they do not give the correct predictions
for the signal polarization since dark states are omitted (we
take them explicitly into account) and exciton—exciton
interactions are not described including their symmetry
properties.

As an example, we show the calculations for a wurtzite
crystal without presence of any external fields in Tables
3-6. Besides these sample calculations, the model can be
used for a system of an arbitrary symmetry where the
symmetry of the crystal lattice, external fields and various
types of exchange interactions may be taken into account.

The model is also useful for the reverse problem: how to
set the polarizations of the incoming optical fields to
observe a desired process. Based on the level scheme, the
theory can be extended to a dynamical model which is able
to describe also the dynamics of the polarization of the
response.

We have shown that we can apply the theory to bulk
crystals and QWs. Because of missing wave vector
conservation rule in the structures with lower dimension-
ality, we cannot use the same model for quantum wires and
quantum dots.
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‘We report on an experimental investigation of electron-, hole-, and exciton-spin relaxation times in intrinsic
GaAs quantum wells. We present non-degenerate pump-and-probe measurements followed by a detailed analy-
sis of the differential transmission spectra in order to identify different spin relaxation channels. Dynamics of
spin relaxation is generally considered to be multiexponential and therefore a dynamical model taking into
account four exciton states is used in order to determine the various relaxation times. In contrast to other
experimental work, we also consider transitions to different biexciton states. This allows us to identify spin
relaxation processes of electrons, holes, and excitons and to assign them fitted time constants.
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INTRODUCTION

Spin dynamics has been one of the most intensively ex-
plored fields in semiconductor physics. Changes in spin ori-
entations are observed experimentally using various methods
of ultrafast laser spectroscopy including luminescence,!
pump-and-probe spectroscopy,> four-wave mixing,%’ as
well as other types of spectroscopies.®” In this paper, we
report on the observation of spin orientation changes of ex-
citons, electrons, and holes in intrinsic GaAs quantum wells
through non-degenerate pump-and-probe experiment at low
temperature (4 K).

Differential transmittance (DT) in pump-and-probe ex-
periments is usually considered to be caused by phase space
filling and Coulomb interactions between optically excited
electrons and holes. Spins of electrons and holes may relax
on different time scales and therefore one expects at least
two relaxation times in the observed spin-resolved differen-
tial transmittance.>’ Since electrons and holes bind to form
excitons, there is an additional relaxation channel caused by
long-range exchange interaction.'” It corresponds to a simul-
taneous spin-flip of electron and hole. This relaxation chan-
nel will be denoted as exciton-spin relaxation (exciton spin-
flip) in the following.

Bar-Ad and Bar-Joseph? identified two relaxation times in
the dynamics of GaAs quantum wells (QWs) (measured in a
degenerate pump-probe experiment) and they assigned, simi-
larly as one does for bulk material, the longer time constant
to the electrons and the shorter one to the holes. However,
for GaAs, there is no experimental evidence that this attribu-
tion still holds in quantum wells. In later publications, many
authors aimed to clearly identify which particle is at the ori-
gin of which spin-flip process using four-wave mixing,®’
photoluminescence,’ or spin-resolved pump-and-probe
experiments’ but, to the best of our knowledge, hardly any
experimental proof was given that supports the original as-
signment by Bar-Ad and Bar-Joseph. An exception is Ref. 3
on CdTe/CdMnTe, where the authors perform non-
degenerate pump-and-probe experiments and, from the study
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of the dynamics of differential transmittance at light-hole and
heavy-hole exciton resonances, they clearly obtain two relax-
ation times which they assign to electron- and hole-spin re-
laxation. Since exciton spin relaxation is not taken into ac-
count, this assignment may not be correct. Furthermore,
transitions to biexcitons, which influence the dynamics of
DT spectra, are not taken into account either. In the follow-
ing, we will focus on these two points.

In this work, we take advantage of the possibility to excite
biexcitons, which are bound states of two excitons. These
states have a well-defined symmetry and energy and the
optical transitions between excitons and biexcitons are
governed by selection rules. We demonstrate that non-
degenerate, spectrally, and spin-resolved differential trans-
mission experiments, coupled to a numerical fitting proce-
dure, which takes into account not only phase-space filling
but also induced absorption to biexciton states,'' renormal-
ization of the band-edge, and other effects due to Coulomb
interaction between carriers, allow the determination of spin-
relaxation times. It is then possible to assign them to the
three spin relaxation channels: involving electrons, holes, or
excitons. Indeed, since optical transitions from the light-hole
(Ih) and heavy-hole (hh) bands (see Fig. 1) share one and the
same electronic band we are able to attribute each extracted
time constants to the spin relaxation of one of the three types
of quasiparticles. With respect to earlier papers, our analysis
gives more insight into the spin dynamics in quantum wells.

1 . 1
e = T3 ‘56_+§
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FIG. 1. Level scheme and selection rules of optical excitations
in our semiconductor quantum well structure.

©2007 The American Physical Society
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FIG. 2. Transmission spectrum of our sample around the exci-
tonic resonances and over the whole measured spectrum (inset).
The fitted transmission spectrum is depicted by a dashed line and
corresponding absorption spectra of the two excitonic resonances
and the electron-hole continuum by dotted lines.

First it involves a more precise quantitative evaluation of the
experimental data as it describes the different nonlinear pro-
cesses that are involved in the excitonic absorption changes
in detail. In particular, the biexcitonic induced absorption is
explicitly evaluated here, while its neglect, in previous pub-
lications, lead to an underestimated exciton absorption
change. Second, using the selection rules for transitions be-
tween different exciton and biexciton states, we confirm
points which were only assumption in the analysis of the
data previously published. For example, the electron and
hole spin relaxation times, which were roughly assigned to
long and short decay times, are identified here without am-
biguity and are clearly distinguished from the spin relaxation
of the whole exciton.

The paper is structured as follows: after this Introduction,
we describe the experimental setup and present typical mea-
sured pump and probe spectra. Then we present a numerical
analysis of the recorded spectra and a dynamical model that
is appropriate to describe the evolution of spins in quantum
wells. In the subsequent sections, we discuss the obtained
relaxation times with respect to the literature and then sum-
marize our results.

EXPERIMENTS

Our sample consists of 30 periods of 10-nm-thick GaAs
QWs, with 200 nm Ga, 4AljcAs barriers, grown by molecu-
lar beam epitaxy on a GaAs substrate. The sample was
chemically etched over an area of about 3 X3 mm? The
etched part is not supported by any substrate and no strain is
expected, nor is any observed, in the excitonic absorption
lines, for example. Antireflection coatings were deposited on
both sides of the sample. The sample is held at 4 K using a
cold-finger helium-flow cryostat. The transmittance of the
sample is shown in Fig. 2 (solid line) and presents two reso-
nances: the heavy-hole (hh) and light-hole (lh) excitonic op-
tical transitions.

The laser source is a homemade femtosecond titanium:
sapphire oscillator that includes a multipass cavity in order to
reduce the repetition rate and to increase the energy per
pulse.'? The total length of our cavity is about 11.6 m and it
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produces 30 fs pulses of 15nJ at a repetition rate of
13 MHz.

The pump pulses are spectrally filtered through a Fabry-
Perot cavity to a spectral width of 2 meV full width at half
maximum (FWHM), bringing their duration to 1 ps. Their
temporal profile was characterized by cross-correlation with
unfiltered pulses from the laser (duration 30 fs) and shows a
single-sided exponential decrease. The rising time of the
pump pulse is 150 fs and the falling time is 500 fs. The zero
time delay is chosen as the delay for which the cross-
correlation signal is maximum. Pump pulses are circularly
polarized and resonantly excite only the hh excitonic transi-
tion with total angular momentum +1, that is, excitons
formed with +3/2 heavy holes and —1/2 electrons (|+3/2,
—1/2)). Taking into account the pump pulse intensity, the
spot size on the sample, the measured transmission, and the
number of QWs, we estimate that the population density of
photocreated |+ 1) excitons is about 10'® cm™ per well.

The broadband linearly polarized probe pulses, 100 times
weaker than the pump, extend over both hh and lh excitonic
transitions. A quarter-wave plate transforms the two circu-
larly polarized components of the transmitted probe beam
into two linearly polarized, mutually perpendicular compo-
nents, which are separated by a linear polarizer cube. The
two beams are then directed at different heights onto the
entrance slit of a spectrometer, and are detected as two dif-
ferent spectra on our two-dimensional charge coupled device
(CCD) camera. In this way, the two circular components of
the transmitted probe are registered simultaneously as a func-
tion of the pump-probe time delay. We estimate that the in-
tensity of one circular component propagating in the direc-
tion of detection of the other circular component is less than
1% of the intensity of the beam. For each time delay, the two
transmitted probe spectra are recorded in the presence and
then in the absence of the pump pulses and two DT spectra
are calculated, one for each probe polarization (o+ and o—).

The analysis of our results takes into account the fact that
the wave function of an exciton needs to be developed over
the electronic states of two valence and conduction bands. As
a consequence, even if an excitonic transition is selectively
excited by tuning both photon energy and polarization of the
excitation, band filling effects can be seen on a different
excitonic transition if it shares a common electronic band
although such exciton states are not populated.’® For ex-
ample, a hh exciton population with spin —1 can induce an
absorption variation at the +1 lh exciton transition because
they are equally built from electrons in +1/2 valence band
states. Similarly, a dark exciton population with spin +2,
although not optically active, can induce a bleaching of the
hh exciton transition with spin spin +1, as the heavy-hole
+3/2 valence band is shared by the two excitons. Such ef-
fects are specific to pump-and-probe transmission experi-
ments and cannot be observed in luminescence measure-
ments where only optically active exciton populations can
give rise to emission. In our experiments, the spectrally nar-
row, circularly polarized (o+), pump pulses are in resonance
only with the hh excitonic transition (Fig. 1). Thus, immedi-
ately after propagation of the pump pulses through the
sample, only two electronic bands are populated: the hh band
with angular momentum +3/2 and the electron band with
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FIG. 3. Measured differential transmittance (DT) spectra. We
present data for three delays At between pump and probe pulses.
Pump pulses are o+ polarized, probe pulses are either o+ or o—.
The dotted arrows show the positions of the induced absorption due
to exciton-biexciton transitions.

spin —1/2. The broadband probe pulses (~70 meV) cover
the hh as well as the lh excitonic optical transitions. Since
the probe pulses are linearly polarized, all the indicated ex-
citonic transitions (see Fig. 1) are probed simultaneously as a
function of the time-delay At between the pump and the
probe pulses.

Let us first consider that, after optical pumping, absorp-
tion changes are originating from saturation of the optical
transitions due to populations of electron and hole states.
Then, the transmission change of the probe pulse with polar-
ization o— at the lh optical transition is not sensitive to the
population of hh states with angular momentum +3/2 but it
is sensitive to the population of electrons with spin —1/2 (see
Fig. 1). In the same way, the o— probe transmission change
at the hh excitonic transition is only sensitive to the popula-
tion of spin +1/2 electrons and —3/2 holes. Note that the last
two bands are not initially populated by the pump pulse and,
therefore, the population of these states results from electron
or hole spin-flip processes.

However, saturation of the excitonic absorption due to a
population of holes in the valence or electrons in the conduc-
tion band, respectively, is not the only source of probe trans-
mission changes. A blueshift of the excitonic lines is also
expected because of Coulomb interactions between
excitons.'*!> Spectral broadening of the absorption lines also
occurs due to exciton interactions. In addition, absorption to
the biexciton ground state is induced for a probe pulse of
o— polarization after optical pumping of hh excitons with a
pump pulse of o+ polarization. All these processes are
clearly visible in DT spectra, as described below, and will be
considered in our interpretation.

In Fig. 3, we show DT spectra for three different time
delays between the pump and probe pulses. At zero time
delay, DT spectra for o+ (solid line) and o— (dotted line)
differ considerably. At the hh exciton line (1.56 eV), the DT
signal for the o+ probe presents two contributions: absorp-
tion saturation and a blueshift. Absorption saturation due to
state filling is expected after the pump pulse has led to a
population of hh exciton states. The DT signal for the o—
probe is much lower in amplitude and mainly shows a blue-
shift and an important induced absorption just below the hh
exciton resonance (marked by a dotted arrow). The latter is
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attributed to the presence of biexciton states: Since the pump
pulse produced hh excitons with total angular momentum
+1, the probe pulse with o— polarization can be absorbed to
excite hh biexcitons,!? i.e., biexcitons formed by two hh ex-
citons of opposite angular momenta. This transition, ne-
glected in Ref. 2, is allowed and has to be considered if the
carrier spin dynamics is determined through non-degenerate
pump-and-probe measurements.

At the 1h exciton resonance (1.569 eV), mainly a blueshift
of the exciton resonance and an absorption saturation are the
main features that are observed for the o— probe pulse (dot-
ted line). As we will discuss in the following, the latter can
be explained by the fact that the electron band with spin s,
=—1/2 is populated by the pump pulses. The o+ probe re-
veals an induced absorption between the lh and hh reso-
nances and absorption saturation at the lh exciton resonance.
The origin of these effects will be discussed later and will be
attributed to electron spin-flip and biexcitons creation.'®!7 In
our experiments, this small induced absorption becomes ob-
servable since we can compare the DT spectra for o+ and o—
probe-pulse polarizations which are measured simulta-
neously.

At longer time delays, DT spectra for o+ and o— probes
become more and more similar, first at the 1h, later also at the
hh exciton resonance. This is the signature of different spin
relaxation processes: If the population of electrons with spin
—1/2 equals the population of electrons with spin +1/2, one
expects the same signal amplitude for the o— and o+ probe
polarizations at the lh exciton resonance (see Fig. 3). Indeed,
it depends only on the electron population: no light holes
have been excited by the pump pulse nor created by further
relaxation because the energy needed cannot be provided at
low temperature. In addition, the heavy hole spin populations
equilibrate with time and, at the hh resonance, DT signals for
the o+ and o— probe again become similar (as shown in Fig.
3). Thus comparing the DT dynamics at different photon
energies allows us to discriminate exciton- from electron-
and hole-spin relaxation processes.

NUMERICAL ANALYSIS OF THE MEASURED DATA

In this section we describe our fitting procedure for the
DT spectra. We consider four basic changes of both the hh
and the Th absorption lines after optical pumping:>!>1819
blueshift, bleaching, broadening, and induced absorption to
biexciton states (DT originating from absorption changes of
the electron-hole continuum or from electron-hole correla-
tions are neglected). Typical changes in DT spectra resulting
from the particular modifications of the absorption lines enu-
merated above are depicted in Fig. 4. Let us consider that the
absorption coefficient of an unperturbed exciton transition is
described by the function ay(E)=f(E-E,), where E, is the
resonance energy. Blueshift of the transition means that, after
optical excitation, the absorption coefficient changes to
a(E)=f(E-Ey-S). Bleaching changes the absorption coeffi-
cient to a(E)=Lf(E-E,), 0<L<1 and broadening is ac-
counted for by a(E)=f[(E-Ey)R]. Biexciton induced ab-
sorption is then described by a different function. Here, we
suppose that it has a Gaussian shape and that it adds to the
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FIG. 4. Spectral shape of DT spectra of an inhomogeneously
broadened absorption line (thick line) that undergoes bleaching
(thick line), blueshift (dashed line), broadening (dotted line), and
biexciton induced absorption (dash-dotted line).

linear absorption «y(E) while remaining centered at the
exciton-biexciton transition energy Ep: a(E)=1exp[(E
—EB)Z/U%]""IO-

This choice is supported by the fact that the exciton-
biexciton transition is inhomogeneously broadened (because
of wave vector distribution of the hh excitons). In addition,
the use of a symmetric function reduces the number of free
parameters. For every time delay At between pump and
probe pulses, we fit the DT spectra for both the o+ and o—
polarizations of the probe pulse. The spectrum of the probe
pulse covers both the hh and the lh exciton resonances and
therefore we fit all four aforementioned features for each
exciton resonance. For each time delay, the fitting procedure
yields 16 values, namely: Si 1, (A7) for blueshifts, Ljj (A7)
for bleaching, Rjj (A7) for broadening, and [y, (A7) for
biexciton induced absorption (its role is important as dis-
cussed in Refs. 19-21), where the subscripts 1h and hh stand
for the light-hole and heavy-hole resonances, respectively,
and the superscripts + and — stand for the polarizations o
+ and o— of the probe pulses. The behavior of these func-
tions will be studied in the next section using a dynamical
model.

Biexcitons require further comments since their spin
structure is very important but was rarely discussed in detail.
Based on symmetry considerations, we have calculated the
spin structure of biexcitons and their selection rules in quan-
tum wells made of cubic materials.?> Like for bulk material
with the same band structure, we find that the biexciton
ground state consists of six different states: one pure hh state
composed of two hh excitons with spins +1 and —1, one pure
lh state formed by two lh excitons with spins +1 and -1, and
four mixed states, which consist of one hh and one lh exci-
ton. (Some of these biexcitons have indeed already been ob-
served experimentally'®!7). Two of the mixed biexcitons
states are not accessible by two-photon absorption. The other
two, however, may be excited by absorption of two cocircu-
larly polarized photons. When a hh exciton |+ 1) is present in
the sample after optical pumping, absorption of a o— photon
slightly below the hh resonance leads to excitation of the hh
biexciton. It is also possible to absorb a o+ photon below the
1h exciton resonance giving rise to a mixed biexciton. Imme-
diately after optical pumping, we expect therefore to observe
induced absorption at energies below the hh exciton for o—
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FIG. 5. Fit (thin line) of DT spectra (thick solid lines) with
o+ probe (a), o— probe (b), and their difference (c) at Ar=60 ps.
Dotted and dashed lines show the fits without taking hh biexciton
and mixed biexciton states, respectively, into account.

probe pulses and below the 1h exciton for o+ probe pulses as
seen in Fig. 3 (dotted arrows). The selection rules for transi-
tions between hh excitons and the different biexciton states
are summarized in Fig. 7.

Exciton and biexciton parameters (resonance energy and
width, binding energy) were obtained from the numerical
adjustment of the linear transmission spectra (dashed line in
Fig. 2). The measured and fitted transmission curves slightly
differ in the region between the exciton resonances. This
difference, however insignificant, is caused by correlations
between lh and hh excitons, which change the DT spectra®
but will not be taken into consideration here.

The biexciton absorption lines are treated as follows:
Concerning the hh biexciton, we fit the DT spectrum at the
hh exciton only up to 1.561 eV for zero time delay between
pump and o— probe pulses. We thus determine the biexciton
parameters [binding energy, spectral width, and absorption
strength 7;;,(0)] as well as the hh exciton bleaching and blue-
shift parameter (spectral broadening is negligible). We keep
the resonance energy and spectral width of the biexciton ab-
sorption fixed for all nonzero time delays of the probe. I, (1)
varies in time since it depends on the |+ 1) exciton density. It
is more complicated to extract the parameters of the mixed
biexciton since the exciton-exciton correlations modify the
absorption spectra in the same spectral region. As shown in
Fig. 5(c), these correlation effects can be almost eliminated
when studying the difference of the DT probe spectra of o
+ and o— polarizations. Figure 5(c) also shows the influence
of biexcitons on the DT spectra. The induced absorption ap-
pearing around 1.567 eV is attributed to the mixed biexciton
states. We will now determine the mixed biexciton param-
eters from these curves in a similar way to those of the hh
biexciton.

Because of the absorption of the pump pulses during their
propagation across the large number of quantum wells in our
sample, pump-induced changes are not equal in all quantum
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FIG. 6. Dynamics of induced absorption to the hh biexciton
state (a), induced absorption to mixed biexciton states (crosses) and
hh exciton blueshift (circles) (b) extracted from DT spectra. Fits are
plotted by solid lines, the dashed line in (a) shows the total popu-
lation of hh biexciton states. lh exciton blueshift is not shown since
it is rather stationary and the extracted data do not play a role in the
dynamical model.

wells. This propagation effect, which may cause distortions
in DT spectra, is included in our model: the energy distribu-
tion of the excitation field and the absorption spectrum of
each single quantum well are calculated in order to evaluate
the resulting DT spectra of the sample.

Since the spectral broadening of the absorption lines due
to the excitation is negligible [R; ,,(Ar) =0], we keep only
12 free parameters S (A1), L, (A7), and I (A7) among
the 16 defined above for each time delay and polarization of
the probe. Although this number remains large we are not
able to fit the spectra with the required accuracy when one of
the effects is not included. Note that the dips below each
exciton resonance reflect induced absorption to a biexciton
state. Dips above exciton resonances are a signature of a
blueshift of the resonances and the combination of such a dip
with a peak in the DT signal identifies a bleaching of the
resonance. Numerical fitting over the whole spectrum of DT
allows us to get results of greater precision. In Fig. 5, we
show the results if hh or mixed biexcitons are not considered,
respectively, by dotted and dashed lines.

The temporal evolution of some parameters extracted in
this way are shown in Fig. 6. The curves are modeled in the
next section. The magnitude of the noise obviously deter-
mines the accuracy of the numerical fit. The small abrupt
signal increase appearing at 45 ps is due to some secondary
pump pulse which arrives delayed at the sample and which
could not be eliminated. The effect of this pulse is included
in our model where it causes no major problem.

DYNAMICAL MODEL

Our goal, here, is to develop a dynamical model suitable
for the description of the spin dynamics of electrons and
holes bound in excitons created by optical pumping. The
system is excited by a spectrally narrow pulse, which popu-
lates only the lowest-lying states, i.e., hh excitons, and tem-
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FIG. 7. Level scheme, selection rules of optical transitions, and
relaxation channels used in our model for the simulation of
the experimental data. The relaxation channels indicated are
1%,+l)<—>\1%,—%): spin relaxation of electrons (time constant
T.), +§,1%)<—>\—%,il): spin relaxation of holes (time constant
Ty), and —% R +%) — |+‘5,—%): spin relaxation of excitons (time con-
stant Ty).

perature is so low that higher energy states cannot be popu-
lated. Therefore populations of lh exciton states will be
neglected in the following. The scheme, which represents the
dynamical model, is depicted in Fig. 7. We use the notation
ljn+5.)=|jn.s.) in order to indicate the z-component of the
angular momentum of excitons and of the individual fermi-
ons within the exciton wave function. According to calcula-
tions of the spin structure of excitons and biexcitons,?? we
denote hh excitons by the projection of their angular momen-
tum onto the quantization axis as =1 (dipole-active states)
and +2 (dipole-inactive states). States carrying a dipole mo-
ment are shifted to higher energies with respect to the dipole-
inactive states due to electron-hole exchange interaction,
which is of the order of fractions of meV and which we will
determine below. In Fig. 7, arrows which point from the
ground state |0) to hh excitons denote dipole-active transi-
tions. Arrows which interconnect hh excitons represent spin
relaxation of electrons \t%,+%)<—>|t%,—%} (T, being the
time constant), spin relaxation of holes |+§, i#)
<—>|—%},:é) (Ty), and spin relaxa.ltion of e{xcitonsl |—‘§.,+5

—|+3,=3)(T,). Note that there is no exciton spin-flip be-
tween the dipole-inactive states.! The rate equations for
heavy-hole exciton populations n j(t) where j denotes the to-
tal angular momentum of the exciton are'®

dn,, ( 1 1) ny N
===+ |np+—+—. la
dr o)t T, (1a)

dn_ 1 1 1 _
L:M+E—<f+f+f)n ,+2. (1c)
I A
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@ T + T (T:+T]:>n_2. (1d)
The relaxation times 7% stand for electron spin-relaxation
time. The superscript “—* indicates relaxation from the
dipole-active states to the dipole-inactive states and “+” for
the reverse transition. (The rates differ as a consequence of
energy splitting between the two types of states.!?) Similarly,
T}, denote hole spin relaxation times and Ty stands for the
exciton spin relaxation time. In contrast to Refs. 6 and 10,
we do not consider recombination of excitons. If the charac-
teristic time of radiative recombination even depends on the
localization of excitons, it is slow when compared to the spin
relaxation that we observe here and thus recombination oc-
curs on a longer time scale than that of our experiment. Ac-
cording to Fig. 7, both types of hh excitons may be promoted
to mixed biexcitons by either o+ or o— probe pulses. The
sum of induced absorption strengths denoted as (o*+07) is
proportional to the total number of excitons in the sample,
which is constant as shown in Fig. 6. The simultaneous pres-
ence of |+1) and |-1) excitons (and also of |+2) excitons)
leads to continuous hh biexciton formation (as has been
shown experimentally in??). The rate equation that describes
the formation of biexcitons reads

nlt) = Tigx[nﬂ(r)n,l(r) a0l @)

The above rate equations (1) are thus extended by nonlinear
terms, which describe the decrease of the population of free
excitons according to Eq. (2). The constant Tgy is the inverse
of the characteristic biexciton formation rate. The reverse
process, leading to the dissociation of a biexciton into two
excitons, is not likely at low temperature, as opposed to the
situation in bulk crystals where polaritons can be created at
any energy.

The spin relaxation of biexcitons has to be included as
well and the way they are involved in our measurements
needs to be examined. Spin relaxation of a hh and lh biexci-
ton population is quite improbable: such a process is not
elastic as it implies a dissociation of the biexciton into two
excitons. Transfers between mixed biexcitons are more likely
as they are quasidegenerated. They arise from the spin-flip of
a hole (hh between +3/2 states or lh between +1/2 states).
Such processes would be different from intraexciton hole
spin flip, which is described in our paper by the time con-
stant T}, because of the difference between the exciton and
biexciton envelope wave functions. In our experiments, the
biexciton generation by collision between two excitons is
taken into account and described by Eq. (2). It involves only
hh excitons and biexcitons, and no mixed or lh biexcitons
because the pump pulses do not excite the lh transition. As
discussed above, the hh biexciton spin is stable and will not
relax. Moreover, no dissociation of a biexciton into two ex-
citons occurs at low temperature. Thus the biexciton spin
relaxation does not affect the spin dynamics of the whole
system. Biexciton states play, however, a major role in our
measurements: by looking at the exciton-biexciton induced
absorption, biexciton states are used as a probe of the differ-
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ent exciton populations and of their spin. The spin relaxation
of the biexcitons which are created in this process may be
ignored because it occurs after the absorption of the probe
pulse.

lh exciton states are missing in the scheme since they are
not directly coupled to hh excitons and they are not excited
by the pump pulses. We include, however, the mixed biexci-
ton states in our model in order to describe the induced ab-
sorption correctly.

Using the above model, we numerically adjust the data
obtained by the procedure described in the previous section.
Concerning the bleaching Lj; (Ar): the electron and hole
band fillings are determined from the exciton population cal-
culated with the dynamical equations, and the bleaching of
each excitonic transition is deduced in turn.'? The fitted pa-
rameters are

(1) the spin-flip times of electrons, holes, and excitons,
and
(2) the characteristic constant of biexciton formation Tgy.

In addition, as a consequence of repulsive exchange interac-
tion, we assume that population of electron and hole states
causes a blueshift of the respective exciton resonances,
which involve at least one particle of the same spin. We also
consider that a simultaneous population of electron and hole
states causes a blueshift of the exciton resonances. Thus the
influence of electrons on the blueshift generally differs from
the influence of holes due to their different effective masses
and density of states. Therefore we define a parameter, which
is a ratio of the strength of the influence of the two types of
particles. In addition, similarly to Ref. 10, we consider that
the relaxation from dipole-active states to dipole-inactive
states is more probable than the reverse due to the lower
energy of dipole-inactive states in quantum wells. We as-
sume that 7;=«T;(j=e,h), where k=1/[1+exp(A/kgT)], A
is the splitting between the states and T is the temperature of
the sample.

We use the five functions from the previous section [Egs.
(1) and (2)] for the numerical analysis of our data: We intro-
duce strengths of biexciton induced absorption for both hh
and mixed biexcitons and for both polarizations of the probe
pulses. In addition, we consider the difference between blue-
shifts of the two hh-exciton transitions and follow the evo-
lution of the excitonic spins. To fit the experimental data, we
used the simplex method in a six-dimensional space without
any constraints applied to the free parameters. We were able
to repeatedly get the results within 10% of the values pre-
sented below changing randomly the initial values for the fit
and therefore we conclude that the published numbers are
determined with an accuracy better than 10%. The measured
dynamics unambiguously determine the dynamics of the par-
ticular hh exciton states and it is not possible to fit the data
using two sets of parameters which differ considerably (we
are also able to estimate the relaxation times without com-
putations as discussed in the next section). We tried to use
less parameters but the fits to the curve did not produce sat-
isfactory results.

The numerical fit to the data in Fig. 6 results in the fol-
lowing time constants: 7, =250 ps (spin relaxation time of
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electrons), 77,=30 ps (spin relaxation time of heavy holes),
Tx>100 ps (spin relaxation time of excitons), and Tgy
=120 ps. In addition to these time constants, we conclude
that the influence of electrons on the blueshift is 34% when
compared to that of holes and that the reduction of the relax-
ation rate from dipole-inactive to dipole-active states (when
compared to the reverse process) is xk=73%. This corre-
sponds to a splitting between the states of the order of
0.1 meV. The fitted curves are shown in Fig. 6 by solid lines.

DISCUSSION

Although the numerical fitting procedure described above
is complex, one may draw some qualitative conclusions
about the spin dynamics without it, leaving the calculations
to be used to extract numerical values for the relaxation
times. One can clearly resolve induced absorption to hh biex-
citon states for the o— probe in Fig. 3 (marked by a dotted
arrow) for Ar=0 ps which shows the presence of a popula-
tion of |+1) hh excitons. During spin relaxation, the negative
dip below the hh exciton resonance [shown in Fig. 6(a)]
decreases for the o— probe as the population of hh |+1)
excitons relaxes. This negative dip increases for the o+
probe showing an increase in the population of |-1) excitons.
However, this growth is clearly slower than the relaxation of
the |+1) excitons. Comparison of curves in Fig. 6(a) leads to
the conclusion that exciton spin relaxation is slow: if single
fermion spin relaxation was negligible, the decrease of hh
biexciton induced absorption for the o— probe would be as
fast as the increase of the induced absorption for the o+
probe. Exciton population clearly relaxes to dipole-inactive
states via electron or hole spin relaxation since the overall
induced absorption to the hh biexciton decreases while the
total number of excitons is constant. Therefore the single-
fermion spin relaxation from the |+1) excitons to the dark
states is much faster than the exciton spin relaxation.

Looking at Fig. 3, we see differences between DT spectra
for the o+ and the o— probe and therefore the spins of nei-
ther electrons nor holes are relaxed after ~200 ps. This fact
shows us that the spin of one type of fermions relaxes on a
short time scale while the spin of the other type of fermions
and the spin of the excitons relaxes slowly, on the time scale
of hundreds of picoseconds.

The question now is, which spins (that of electrons or
holes) relaxe faster. In order to answer this, one must per-
form a numerical analysis of the different absorption lines in
order to get more quantitative information about the system.
We know, according to the spin structure of biexcitons, that a
relaxation of hole spin from the initial state |+1)=|+3/2,
—1/2) to the |-2)=|-3/2,-1/2) state is connected with the
bleaching of the hh biexciton induced absorption but not
with a change in the induced absorption to mixed states.
Electron relaxation also causes changes in the induced ab-
sorption to hh biexciton states but, as opposed to hole relax-
ation, it changes also the induced absorption to mixed biex-
citon states for o+ and o— probe polarizations (see Fig. 7).
Therefore the dynamics of induced absorption to the mixed
biexciton states for the o+ and o— probe polarizations
mainly reflects the electron spin dynamics. Since it is much
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slower than the dynamics of o— probe hh biexciton absorp-
tion, we conclude that the fast relaxation is connected with
hole spin. This confirms unambiguously the proposed
attribution” of the fast and slow relaxation to electron and
holes, respectively.

Our results are indeed very similar to data published by
Bar-Ad and Bar-Joseph:?> The hole-spin relaxation time of
50 ps and that of electrons are thus comparable to our results
of 30 and 250 ps, respectively. This is no surprise since they
studied quantum wells which are very comparable to ours.
Nevertheless, spin relaxation times of both the electron and
the hole strongly depend on quantum confinement, i.e., well
width and barrier height. A comparison with existing experi-
mental data in literature is thus made difficult if we do not
use quantities that characterize the effect of the confinement
on the spin relaxation rate independently of the quantum well
geometry (i.e., width and depth). Concerning the heavy hole,
spin relaxation is caused by the mixing with the light-hole
band. Lifting the degeneracy at the I' point due to quantum
confinement slows down the spin relaxation. This effect was
seen by many authors.>37132425 1t is therefore possible to
compare the spin relaxation rate of the heavy hole in GaAs
quantum wells with different well widths and barrier heights
by analyzing 7}, versus the valence band splitting AE;,j, at
k=0, which is easily extracted from the linear absorption
spectrum. Some previous works have shown that 7,
~(AEyn)* with x=3227 In our sample, AEu,
=10 meV and 7;,=30 ps. The spin relaxation rate is almost
one order of magnitude smaller than the value expected from
this power law as also reported by other authors.>'3 The
discrepancy between the latter results and the law mentioned
above evidences that other parameters have to be considered
to understand the hole spin relaxation. For example, exciton
localization can play a nontrivial role: On one hand, the
wave function of an exciton localized on a characteristic
scale ~a, develops in k-space up to k0~a51. The hole-
relaxation rate is then influenced by the mixing of the heavy-
hole and light-hole valence subbands which is no longer zero
for sufficiently large k-values. On the other hand, the local-
ization, by hindering the motion of the exciton center of
mass, prevents the scattering between different spin states. In
order to discuss in detail the consequence of exciton local-
ization on the hole spin dynamics one has to know the exact
geometry of the sample and the entire valence band disper-
sion for the quantum well.

D’yakonov and Kachorovskii have shown that the spin
relaxation of the electron in the conduction band behaves as
E? where E, is the first electron confined state in the quan-
tum well.?® We have collected in the literature the spin relax-
ation decay rate of the electron, T, ! in GaAs/AlGaAs quan-
tum wells with different well widths and barrier aluminum
contents.>”>?7 These data, as well as ours, are plotted as a
function of the electron confinement energy E; in Fig. 8. E,
was calculated using the effective mass theory in the enve-
lope function framework. The experimental data are nicely
adjusted  using the  expression T;'(ps")=4.10‘3
+1.12.107%(E,)>%. This behavior is an indication that a
D’yakonov-Perel-like?® relaxation process is responsible for
the spin relaxation of the electron in most GaAs/AlGaAs
quantum wells.

165311-7



OSTATNICKY et al.

0.05 T T T y 4
Electron spin relaxation rate in GaAs/AlGaAS QWs
0.04 | -
Ref [7]

_ 003F L
"o
e
W o02p 4
- Ref [30] Ret[2]

0.01 | -

O = Ret 1281
0.00 present worly N N
0 50 100 150 200

Ee(meV)

FIG. 8. Electron spin relaxation rate as a function of the first
electron confinement energy E; in GaAs/AlGaAs quantum wells
with different well widths and barrier aluminum contents.

‘We did not discuss the fitted value of the parameter « that
reveals the lowest probability of spin relaxation from dipole-
inactive to dipole-active states yet. Applying Eq. (2.5)'° to
the value determined by our fit, we obtain a splitting between
the states of the order of 0.1 meV, which is a reasonable
value.

CONCLUSIONS

In this paper, we present results of spin-resolved non-
degenerate pump-and-probe experiments on intrinsic GaAs
multiple quantum wells. We analyze differential transmit-
tance spectra and numerically extract the dynamics of the
various changes related to the heavy-hole and light-hole ex-
citon resonances. In order to fit the experimental data, we
propose a model for the relaxation dynamics that takes, in
particular, biexciton states into account.

The extracted time constants show that the spin relaxation
is driven predominantly by the relaxation of the hole spins
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(T,=30 ps). Electrons relax on a much longer time scale
(T,=250 ps) and exciton spin relaxation is negligible. This
result is striking as far as the relaxation of the exciton pseu-
dospin and as a whole is expected to be enhanced in quantum
wells.'02%30 The comparison with similar work, in which
spin relaxation rates of both individual types of carriers are
measured, reveals that our value of 7, is longer as expected
with respect to the valence band splitting AEy; ;,, but stays in
the 5-50 ps range given in the literature. On the other hand,
our value of 7, is consistent with previous data if it is con-
sidered with respect to the confinement energy E; of the
electron in the quantum well. In particular, our results are
very close to those obtained in the work of Bar-Ad and
Bar-Joseph? who used a sample with characteristics similar
to ours. Moreover, a review of the different experimental
values from the literature reveals a quadratic dependence of
T, with regard to E; which denotes a D’yakonov-Perel-like
relaxation mechanism for the electron.

The originality of our work lies in the consideration of
three relaxation channels for the spins of electrons and holes
forming excitons and in the numerical adjustment of the dy-
namics of differential transmittance spectra. We take advan-
tage of the presence of different biexciton states to which the
transitions are mutually allowed or forbidden in pump-and-
probe experiments using circularly polarized laser pulses. We
are then able to attribute the extracted time constants to par-
ticular processes using a detailed model calculation. In par-
ticular, we can confirm the attribution of the spin relaxation
times of electrons and holes given by Bar-Ad and
Bar-Joseph.”
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ABSTRACT

We report on observation of the spin transport of spatially indirect excitons in GaAs/AlGaAs coupled quantum wells (CQW). Exciton spin
transport over substantial distances, up to several micrometers in the present work, is achieved due to orders of magnitude enhancement of
the exciton spin relaxation time in CQW with respect to conventional quantum wells.

Spin physics in semiconductors includes a number of
interesting phenomena in electron transport, such as current-
induced spin orientation (the spin Hall effect),'™ spin-
induced contribution to the current,* spin injection,’ and spin
diffusion and drag.®"!! Besides the fundamental spin physics,
there is also considerable interest in developing semiconduc-
tor electronic devices based on the spin transport, which may
offer advantages in dissipation, size, and speed over charge-
based devices; see ref 12 and references therein.

Optical methods have been used as a tool for precise
injection, probe, and control of electron spin via photon
polarization in semiconductors. A major role in the optical
properties of semiconductors near the fundamental absorption
edge is played by excitons. The spin dynamics of excitons
in GaAs single quantum wells (QW) was extensively studied
in the past; see refs 13—15 and references therein. It was
found that the spin relaxation time of excitons in single QW
is of the order of a few tens of picoseconds. Because of the
short spin relaxation time, no spin transport of excitons was
observed until this work.

Here, we report on the observation of the spin transport of
spatially indirect excitons in GaAs coupled quantum wells
(CQW). The spin relaxation time of indirect excitons is orders
of magnitude longer than one of regular direct excitons. In
combination with a long lifetime of indirect excitons, this
makes possible spin transport of indirect excitons over
substantial distances.
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The spin dynamics of excitons can be probed by the
polarization resolved spectroscopy. In GaAs QW struc-
tures, the o (07) polarized light propagating along the z
axis creates a heavy hole exciton with the electron spin
state s, = —1/2(s, = +1/2) and hole spin state m, = +3/
2(my, = —3/2). In turn, heavy hole excitons with S, = +1
(—1) emit 0" (07) polarized light. Excitons with S, = £2
are optically inactive. The polarization of the exciton
emission P = (I — [-)/(I+ + I-) is determined by the
recombination and spin relaxation processes. For an optically
active heavy hole exciton, an electron or hole spin-flip
transforms the exciton to an optically inactive state (Figure
la) causing no decay of emission polarization. The polariza-
tion of emission decays only when both the electron and
hole flip their spins. This can occur in the two-step process
due to the separate electron and hole spin flips and the single-
step process due to the exciton spin flip."*~" The rate
equations describing these processes'*!” yield for the case
when the splitting between S, = +1 and +£2 states A is
smaller than kg7 the polarization of the exciton emission P
= 1p/(tp + 7,) and the relaxation time of the emission
polarization 7p~ ! = 2(7. + 13,) ! + 7o, !, where 7., time for
exciton flipping between S, = £1 states, 7. and 7}, electron
and hole spin flip times, and 7, exciton recombination time.*
The requirement A < kg7 is typically fulfilled for indirect
excitons. Indeed, for regular direct excitons in single GaAs
QW, A = 100 ueV.' It is determined by the exchange
interaction between the electron and hole in the exciton and
scales o< 7,7 1.13716 For indirect excitons in the studied CQW,
7, is about thousand times larger than for direct excitons!”
and therefore A < 100 neV < kgT.

In GaAs single QW, 7;, and 7., are typically in the range
of tens of picoseconds and are much shorter than 7. so that
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Figure 1. Diagrams and PL images for excitons. (a) Exciton spin
diagram. (b) Energy diagram of the CQW structure: e, electron; h,
hole. x—y images of the PL intensity of indirect excitons in o™ and
o~ polarizations for (c) Pex = 4.7 uW and (d) Pe, = 310 uW; V,
=—1.1V, Ex=1.582¢V. (e) x-energy images of the PL intensity
of indirect excitons in ¢ and o~ polarizations; Vo=—11V, Ey
= 1.572 eV, P, = 140 uW.

Tp A Tex. #1518 The short 7., results in fast depolarization of
the exciton emission within tens of picoseconds in GaAs
single QW'*!> making exciton spin transport over substantial
distances problematic. However, 7., is determined by the
strength of the exchange interaction between the electron
and hole. This gives an opportunity to control the depolar-
ization rate by changing the electron—hole overlap, e.g., in
QW structures with different QW widths or with an applied
electric field.'*!

The electron—hole overlap is drastically reduced in CQW
structures. An indirect exciton in CQW is composed from
an electron and a hole confined in different wells (Figure
1b). As a result of the small electron—hole overlap, the
recombination time 7, of indirect excitons is orders of
magnitude longer than that of regular direct excitons and is
typically in the range between tens of nanoseconds to tens
of microseconds.'® Long lifetimes of indirect excitons make
possible their transport over large distances.?’~>* However,
the ability to travel is required yet insufficient condition for
spin transport. Exciton spin transport over substantial
distances also requires a long spin relaxation time. The small
electron—hole overlap for indirect excitons should also result
to a large Te o 7,2 and in turn 7p, thus making possible
exciton spin transport over substantial distances.

We probed exciton spin transport in a GaAs/AlGaAs
CQW structure with two 8 nm GaAs QWs separated by a
4 nm Al 33Gag¢;As barrier (see sample details in ref 17
where the same sample was studied). The electric field
across the sample was controlled by an applied gate
voltage V. The excitons were photoexcited by a continu-
ous wave Ti:sapphire laser tuned to the direct exciton energy,
E = 1.572 eV, and focused to a spot of ~5 um in diameter.
The spatial profile of the laser excitation spot was deduced
from the profile of the bulk GaAs emission from the
excitation spot. The excitation was circularly polarized (o).
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Figure 2. Temperature dependence. Experimental (points) and
simulated (curves) (a) exciton cloud radius and (b) degree of circular
polarization at the exciton cloud center as a function of temperature.
(c, d) Fit parameters, diffusion coefficient D and polarization
relaxation time 7p as a function of temperature.

The emission images in 0" and o™ polarizations were taken
by a CCD camera with an interference filter 800 + 5 nm,
which covers the spectral range of the indirect excitons. The
spatial resolution was 1.4 um. The spectra were measured
using a spectrometer with a resolution of 0.3 meV. The
characteristic x-energy spectra and x—y images are shown
in Figure 1c—e. The exciton density n was estimated from
the energy shift as in ref 23. For recent discussions of the
exciton—exciton interaction strength and the exciton density
estimation see refs 24 and 25. We note that the results on
exciton spin transport reported here are practically insensitive
to the interaction strength.

Phenomenological Model for Exciton Spin Transport.
Rate equations combining the exciton spin relaxation equa-
tions'*!> with the drift-diffusion equation® yield

ong,
at

2 = 2V[DVny, + 2un,V(uyn,)] — %nil -

T

1
5y —ngp) + A6, (D)

21p

where D is the exciton diffusion coefficient, u &~ D/kgT
mobility, u, interaction energy estimated by uy = 4°d/e, ny
= ny4; + n_y, and A generation rate of +1 excitons.** Both
bright and dark exciton states are accounted for in eq 1;
however the fast hole spin flip process allowed the simpli-
fication of the set of four coupled equations for four exciton
spin species to the form of eq 1, which contain only two
bright exciton states n 4.0 ny((r), n—1(r), and P(r) were
calculated using eq 1 and compared to the experimental data.

Temperature Dependence. Increasing the temperature
leads to the increase of the exciton cloud radius re, and
decrease of the circular polarization of exciton emission at the
excitation spot center P,—, (Figure 2a,b). The exciton cloud
expansion 7o ~ (D7)'? is determined by the exciton
diffusion coefficient D. The circular polarization of exciton
emission P = 7p/(7p + 7,) is determined by the depolarization
time of the emission 7p. Therefore, the measurements of 7o,
P, and 7, allow estimating D and 7p. D and 7p were extracted
from the measured 7gou, P,—o, and 7,7 via numerical
simulations using eq 1. The obtained temperature depend-
encies for D and 7p are plotted in Figure 2c,d. The data show
that (i) the depolarization time of the emission of indirect
excitons reaches several nanoseconds, orders of magnitude
longer than that of direct excitons in single QW,'*! (ii) the
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Figure 3. Density dependence. Experimental (points) and simu-
lated (curves) (a) exciton cloud radius and (b) degree of circular
polarization at the exciton cloud center as a function of excitation
density. (c, d) Fit parameters, diffusion coefficient D and
polarization relaxation time 7p as a function of n, = ny| + n_;.
(e) 1/tp vs D.

polarization rapidly decreases with increasing temperature,
and (iii) the decrease of polarization is correlated with the
increase of the diffusion coefficient.

Density Dependence. Increasing the density leads to the
increase of rqouq and decrease of P,—, (Figure 3a,b). At low
densities, rqoa 1S essentially equal to the excitation spot
radius. Similar to the case of temperature dependence, these
measurements of 7.j,,q and P allow estimating D and 7p as a
function of density. The measured r¢oq and P,—y, were
simulated using eq 1 with D and 7p as fitting parameters.
The obtained density dependencies for D and 7p are plotted
in Figure 3c,d. The polarization degree of the exciton
emission and the polarization relaxation time reduce with
increasing density (Figure 3b,d). Similar to the case of
temperature dependence, the decrease of polarization is
correlated with the increase of the diffusion coefficient.
Figure 3e shows 7p~! vs D for the data in Figure 3c,d.

Spatial Dependence: Exciton Spin Transport. The
polarization at half-width at half-maximum (HWHM) of the
exciton cloud Pywpy is observed up to several micrometers
away from the origin (Figure 4a). This gives a rough estimate
for the length scale of exciton spin transport. Figure 4a,b
also shows Pywnm and the spatially average polarization (P)
calculated using eq 1 with D and 7, in Figure 3c,d obtained
from fitting r¢0,¢ and P,—, data in Figure 3a,b.

Essential characteristics of the exciton spin transport are
presented in Figure 4c—e. Figure 4c shows the measured
PL in 0" and 0~ polarization as a function of the distance
from the excitation spot center r. Figure 4d shows the
corresponding n(r) and n—(r) calculated using eq 1 with
D and 7p in Figure 3c,d. The polarization profiles are wider
than the excitation spot that directly shows exciton spin
transport (Figure 4e). The measured and calculated data on
exciton spin transport are in agreement (Figure 4).
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Figure 4. Exciton spin transport. (a) Experimental (points) and
simulated (curve) polarization at HWHM of the exciton cloud
Puwum as a function of rgew. (b) Experimental (points) and
simulated (curve) spatially average polarization (P) as a function
of excitation density. (c) PL intensity of indirect excitons in o*
and o~ polarizations (green and blue curves) as a function of r for
P, = 2.3,45, and 230 W with estimated densities at » = 0 of 9
x 1082 x 10", and 4 x 10' cm ~2, respectively. (d) Simulated
ny1(r) and n_i(r) for the same exciton densities as in (c). (e)
Experimental (black curves) and simulated (red curves) PL
polarization as a function of r for the same exciton densities as in
(c, d). The profile of the bulk emission, which presents the excitation
profile, is shown by dotted line. Ty, = 1.7 K. The simulations in
(a, b, d, e) use D(n) and 7p(n) in Figure 3c,d.

The parameters used in the calculations of exciton spin
transport D, 7p, and 7, were obtained from other experiments,
different from exciton spin transport experiments: D, from
exciton transport; 7p, from emission polarization at the
excitation spot center, and 7,, from PL kinetics. The
agreement between the calculated and measured data (Figure
4) indicates that the major characteristics of exciton spin
transport are determined by D, tp, and 7,. The following
assumptions were made in the model: (i) splitting between
optically active and dark exciton states is small A < kg7,
(ii) hole spin flip is fast 7, << 7., 7ex and V[DVn +
unV(ugni)] << 1/(2ty), and (iii) conversion of the direct
excitons into indirect excitons is fast 7, < 7pg; see ref 30.
The agreement between the experiment and the model (see
Figure 4) indicates that these assumptions are justified and
the model accurately describes exciton spin transport.

Discussion. Spin transport requires the ability of particles
to travel maintaining spin polarization. This, in turn, requires
large 7,, D, and 7p. Large 7, and D are required to achieve
exciton transport over substantial distances since the exciton
diffusion length is determined by (Dr,)"?, while large 7p is
required for maintaining spin polarization during the transport.
Large 7, is characteristic for indirect excitons for which it is
orders of magnitude larger than that for regular direct excitons.
Large D is achieved with increasing exciton density (Figure

Nano Lett., Vol. 9, No. 12, 2009



3a,c). This behavior is consistent with the localization—
delocalization transition: Excitons are localized at low
densities due to disorder and delocalized at high densities
when the disorder is screened by repulsively interacting
indirect excitons.?»? Localized excitons do not travel
beyond the excitation spot while delocalized excitons spread
over the distance ~(Dt,)". This accounts for the density
dependence of r¢oq and D (Figure 3a,c). ryouq and D also
increase with temperature (Figure 2a,c), because of thermal
activation of indirect excitons over maxima of the disorder
potential.

For indirect excitons with a small electron—hole overlap
Tex o< T,° is large, Tex > To, and 7p &~ 7./2 so that the
polarization relaxation is governed by the electron spin
relaxation and, therefore, can be long. Indeed, 7p for indirect
excitons at low temperatures and low densities reaches 10
ns (Figures 2d and 3d), much longer than 7p for regular
excitons, which is in the range of tens of picoseconds.'®!?
This orders of magnitude enhancement of the spin relaxation
time for indirect excitons is achieved due to a small
electron—hole overlap.

However, P and 7p for indirect excitons drop with
increasing temperature and density (Figures 2 and 3). For
qualitative understanding of this behavior, we compare the
variations of the polarization relaxation time and diffusion
coefficient. Figures 2c,d and 3c,d show that 7p~! increases
with D when the temperature or density is varied. This
behavior complies with the D’yakonov-Perel’ (DP) spin
relaxation mechanism®® for which the spin relaxation time
Toex | = (Qeex’T), Where Q.. is the frequency of spin
precession caused by the energy splitting between different
spin states, T & mD/(kgT) momentum scattering time, and
Mex €XCiton mass.

Parts a and e of Figure 4 show that the length scale for
exciton spin transport reaches several micrometers. It is large
enough (i) for studying exciton spin transport by optical
experiments, (ii) for studying spin-polarized exciton gases
in microscopic patterned devices, €.g., in in-plane lattices,?
in which the period can be below a micrometer, and (iii) for
the development of spin-optoelectronic devices where spin
fluxes of excitons can be controlled in analogy to the control
of fluxes of unpolarized excitons in ref 27 (the distance
between source and drain in the excitonic transistor in ref
27 was 3 um; however, it is expected that the dimensions
can be reduced below 1 um by using e-beam lithography).
The length scale for exciton spin transport exceeds the length
scale for electron spin transport in metals where it is typically
below 1 xm.?

Estimation of Spin Splitting. The measured dependence
7p (D) can be used to estimate the spin splitting. For the
splitting of electron states caused by the Dresselhaus mech-
anism,” which is a likely scenario, Q. = 28k/A where k is
the electron wave-vector. For the average thermal k of an
electron in an exciton kp = (2meksT/h?)"?me/mey, one obtains
! = 27,7 = 163*mDIR* (m, is electron mass) and the
measured 7p'(D) (Figure 3c) leads to the estimate of the
spin splitting constant 5 &~ 25 meV A.
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The value of S for (001) oriented QW can be also roughly
estimated as 3 = y(k.>) ~ y.(7/a)?, where a is the extension
of the electron wave function in the QW and y. ~ 27.5 eV
A3 is the bulk GaAs Dresselhaus constant.?’ For the studied
CQW structure with a confining potential of 8 nm width and
260 meV depth, we obtain 5 ~ 20 meVA, in agreement with
the experiment.

In conclusion, the spin transport of indirect excitons has been
observed. It originates from a long spin relaxation time and
long lifetime of indirect excitons. The phenomenological model
for exciton spin transport is in agreement with the experiment.
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We report the observation of spin currents in a coherent gas of indirect excitons. The realized long-
range spin currents originate from the formation of a coherent gas of bosonic pairs—a new mechanism to
suppress the spin relaxation. The spin currents result in the appearance of a variety of polarization
patterns, including helical patterns, four-leaf patterns, spiral patterns, bell patterns, and periodic patterns.
We demonstrate control of the spin currents by a magnetic field. We also present a theory of coherent
exciton spin transport that describes the observed exciton polarization patterns and indicates the

trajectories of the spin currents.

DOI: 10.1103/PhysRevLett.110.246403

Studies of electron spin currents in semiconductors led
to the discoveries of the spin Hall effect [1-6], persistent
spin helix [7], and spin drift, diffusion and drag [8-10]. An
important role in spin current phenomena is played by
spin-orbit (SO) coupling. It is the origin of the spin Hall
effect and persistent spin helix. It also creates spin struc-
tures with the spin vector perpendicular to the momentum
of the electrons in metals [11] and topological insulators
[12-14]. While phenomena caused by SO coupling are
ubiquitous in fermionic systems, they have yet to be
explored in bosonic matter. Available experimental data
for bosons include the optical spin Hall effect in photonic
systems [15—17] and spin patterns in atomic condensates
[18,19].

Here, we report the observation of spin currents in a
system of matter bosons in semiconductors—indirect exci-
tons. Excitons—bound pairs of electrons and holes—form
a model system to study spin currents of bosons [20]. Spin-
orbit coupling for an exciton originates from the combined
Dresselhaus and Rashba effects for the electron and the
hole [21-23]. An indirect exciton can be formed by an
electron and a hole confined in separate quantum-well
(QW) layers [see Fig. 1(a)]. The spatial separation reduces
the overlap of electron and hole wave functions thus pro-
ducing indirect excitons with lifetimes orders of magnitude
longer than those of direct excitons [24,25]. Due to their
long lifetimes, indirect excitons can travel over large
distances before recombination [26] and can cool down
below the temperature of quantum degeneracy and form a
condensate [27].

The condensation of indirect excitons was predicted to
cause the suppression of exciton scattering [24]. The
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measured strong enhancement of the exciton coherence
length [27] experimentally shows the suppression of exci-
ton scattering. The suppression of scattering results in the
suppression of the Dyakonov-Perel and Elliott-Yafet
mechanisms of spin relaxation [28]. Furthermore, the spa-
tial separation between an electron and a hole suppresses
the Bir-Aronov-Pikus mechanism of spin relaxation for
indirect excitons [29,30]. The suppression of these mecha-
nisms of spin relaxation results in a strong enhancement of
the spin relaxation time in a condensate of indirect exci-
tons. While the spin relaxation times of free fermions—
electrons and holes—can be short [29], the formation of
a coherent gas of their bosonic pairs results in a strong
enhancement of their spin relaxation times. This mecha-
nism to suppress the spin relaxation and facilitate long-
range spin currents can be called coherent pairing.

Previous studies identified the external ring and local-
ized bright spot (LBS) rings in the emission pattern of
indirect excitons [see Fig. 1(c)] as sources of cold excitons
[27]. These rings form on the boundaries between electron-
rich and hole-rich regions; the former is created by current
through the structure (specifically, by the current filament
at the LBS center in the case of the LBS ring), whereas the
latter is created by optical excitation [see Fig. 1(b)]; see
Ref. [27] and references therein. In Ref. [27], we presented
the studies of spontaneous coherence of indirect excitons in
the ring region.

Here, we present the studies of spin currents and asso-
ciated spin patterns around the sources of cold excitons—
the rings. We present the observation of patterns of circular
polarization, corresponding to spin perpendicular to the
QW plane. We also show that the observed polarization

© 2013 American Physical Society
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Polarization patterns in exciton emission. (a) Diagram of the CQW: e, electron; 4, hole. (b) Schematic of

exciton formation in the external ring (left) and LBS ring (right); excitons (red) form on the boundary of hole-rich (blue) and electron-
rich (green) areas. Exciton transport is indicated by red arrows. (c) A segment of the emission pattern of indirect excitons showing the

external ring (left) and multiple LBS. (d),(e) Patterns of linear Py, =

(I, = I,)/I; + I,) (d) and circular P, = (I,+ — 1,-)/(I,+ +

»—) (e) polarization of the emission of indirect excitons in the region shown in (c). Ty = 0.1 K.

patterns are controlled by a magnetic field: these data prove
that the pattern of linear polarization corresponds to spin
orientation rather than merely to the orientation of an
exciton dipole. We also deduce trajectories of electron
and hole spin currents from the measured polarization
patterns.

The exciton polarization currents and associated spin
textures are revealed by the polarization pattern of the
emitted light measured by polarization-resolved imaging
[see Figs. 1(d) and 1(e)]. Experiments are performed in an
optical dilution refrigerator. The photoexcitation is non-
resonant and spatially separated so that the exciton polar-
ization is not induced by the pumping light.

The binding energy released at the exciton formation in
the rings and the current filament at the LBS center heat the
exciton gas. The former heating source depletes the exciton
condensate in the rings [27]. The latter is so strong that no
condensate forms in the LBS ring center and the exciton
gas is classical there [27]. Excitons cool down with
increasing distance r away from the heating sources so
that they can approach the condensation temperature at
r = ro where the condensation is detected by interferomet-
ric measurements [27].

The indirect excitons in a GaAs coupled quantum well
structure (CQW) may have four spin projections on the z
direction normal to the CQW plane: J, = =2, —1, +1,
+2. The states /, = —1 and +1 contribute to left- and
right-circularly polarized emission and their coherent su-
perposition to linearly polarized emission, whereas the
states J, = —2 and +2 are dark [29]. The electron and
hole spin projections on the z axis are given by J,, while in-
plane projections of electron and hole spins can be deduced
from the off-diagonal elements of the exciton spin density

matrix, which can be obtained from the measured polar-
ization pattern (see the Supplemental Material [31]). The
exciton states linearly polarized along the axes of symme-
try are generally split due to in-plane anisotropy induced
by the crystallographic axis orientation and strain.

The observed polarization patterns are qualitatively
similar for both sources of cold excitons—the external
ring and LBS ring. A LBS ring is close to a model radially
symmetric source of excitons with a divergent (hedgehog)
momentum distribution [see Fig. 1(b)] and we concentrate
on the polarization textures around the LBS here. All LBS
rings in the emission pattern show similar spin textures [see
Figs. 1(d) and 1(e)].

A ring of linear polarization is observed around each
LBS center [see Figs. 1(d) and 2(a)]. This ring is observed
in the region r < r, where the exciton gas is classical. The
linear polarization originates from the thermal distribution
of excitons over the linearly polarized exciton states.
Heating of the exciton gas by the current filament reduces
the polarization degree in the LBS center and, as a result,
leads to the appearance of a ring of linear polarization. No
such polarization reduction is observed in the external ring,
consistent with the absence of heating by current filaments
in the external ring area [see Fig. 1(d)].

A helical exciton polarization texture that winds by 27
around the origin emerges in the LBS area at r > r, where
the condensate forms (the latter is measured by shift inter-
ferometry); see Figs. 1(d), 2(a), and 2(c). The LBS exhibits
a divergent hedgehog-shaped momentum distribution [see
Fig. 3(d)]. The exciton polarization is perpendicular to
exciton momentum [see Figs. 2(a) and 3(d)]. This produces
vortices of linear polarization which emerge in concert
with spontaneous coherence below the critical temperature
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FIG. 2 (color online). Control of polarization patterns. Measured (a) and simulated (b) patterns of linear polarization of the emission
of indirect excitons Py, in the region of LBS for different magnetic fields perpendicular to the QW plane B. Measured (c) and
simulated (d) azimuthal variation of Pj;, at a distance from the LBS center r = 9 um for B = 0 (black) and 7 T (red). Angles are
measured from the y axis. Measured (e) and simulated (f) patterns of circular polarization of the emission of indirect excitons P,, in the
region of LBS for different B. Measured (g) and simulated (h) cross sections of P, at x = 0 for B = 0 (black) and 7 T (red). For all
data, Ty, = 0.1 K; the LBS is at (105,75) in Fig. 1(c). See the Supplemental Material [31].
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FIG. 3 (color online). Spin textures. Simulated in-plane exciton polarization (a), electron spin (b), and hole spin (c) patterns.
(d) Schematic of exciton momentum (black arrows) and linear polarization (red lines) patterns. Schematic of effective magnetic fields
given by the Dresselhaus SO interaction for electrons (e) and holes (f). Exciton polarization (g), electron spin (h), and hole spin (i)
patterns in applied magnetic field B = 7 T. The lines (arrows) and the color visualize the orientation of the linear polarization (spin).
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(see the Supplemental Material [31]). The observed radial
exciton polarization currents are associated with spin cur-
rents carried by electrons and holes bound into excitons as
detailed below.

Applied magnetic fields bend the spin current trajectories
creating spiral patterns of linear polarization around the
origin [see Figs. 2(a) and 2(c)]. The spiral direction of the
exciton polarization current clearly deviates from
the radial direction of the exciton density current [see
Figs. 2(a) and 2(c)]. The control of the polarization patterns
by a magnetic field shows that they are associated with spin.

Regular patterns are also observed in circular polariza-
tion [see Figs. 1(e) and 2(e)]. A LBS source of excitons
generates a four-leaf pattern of circular polarization [see
Figs. 1(e) and 2(e)]. This pattern vanishes with increasing
temperature (see the Supplemental Material [31]). An
applied magnetic field transforms the four-leaf pattern to
a bell-like pattern of circular polarization with a strong
circular polarization in the center and polarization
inversion a few micrometers away from the center [see
Figs. 2(e) and 2(g)].

Polarization patterns are also observed in the external
ring region [see Figs. 1(d) and 1(e)]. At low temperatures,
the macroscopically ordered exciton state (MOES) forms
in the external ring. The MOES is characterized by a
spatially ordered array of higher-density beads and is a
condensate in momentum space [27]. The polarization
texture in the external ring region appears as the superpo-
sition of the polarization textures produced by the

E, — (gn — g.)upB/2 =&,

- —% E, + (gn = 8)msB/2
keBeeid) khBheiid)
kh:Bheid) keﬁeeiid)

where E;, and E,; are energies of bright and dark excitons in
an ideal isotropic QW, and &, and &, describe the effect of
in-plane anisotropy resulting in the splitting of exciton
states linearly polarized along the axes of symmetry. The
angle ¢ is measured from the x axis. The details of this
model are presented in the Supplemental Material [31].
Exciton propagation out of the origin governed by this
Hamiltonian results in the appearance of a vortex of linear
polarization with the polarization perpendicular to the
radial direction and a four-leaf pattern of circular polariza-
tion in B = 0, as well as spiral patterns of linear polariza-
tion and bell-like patterns of circular polarization in finite
magnetic fields. This model qualitatively reproduces the
main features of the experiment for both linear [see
Figs. 2(a)-2(d)] and circular [see Figs. 2(e)-2(h)]
polarizations.

This model describes the exciton polarization currents
and allows us to deduce the spin currents carried by

MOES beads with each being similar to the texture pro-
duced by a LBS [see Figs. 1(d) and 1(e)]. A periodic array
of beads in the MOES [see Fig. 1(c)] creates periodic
polarization textures [see Figs. 1(d) and 1(e)]. The
periodic polarization textures in the external ring region
vanish above the critical temperature of the MOES (see the
Supplemental Material [31]).

Below we present a theoretical model which describes
the appearance of the exciton polarization textures and
links them to spin currents carried by electrons and holes
bound into bright and dark exciton states. This model is
based on ballistic exciton transport out of the LBS origin
and coherent precession of spins of electrons and holes.
The former originates from the suppression of scattering
and the latter from the suppression of spin relaxation in the
condensate of indirect excitons. The states with different
spins are split due to the splitting of linearly polarized
exciton states and SO interaction, which is described by
the Dresselhaus Hamiltonian H, = B, (k{o, — kjo,) for
electrons and H, = B, (klo, + klo,) for holes [21-23]
(k. are electron and hole wave vectors given by k, =
kexme/(me + mh) and kh = kexmh/(me + mh)’ m, and my
are in-plane effective masses of the electron and heavy
hole, respectively, k. is the exciton wave vector, 3, are
constants, and o, are Pauli matrices). In the basis of four
exciton states with spins J, = +1, —1, +2, —2, the co-
herent spin dynamics in the system is governed by a model
matrix Hamiltonian:

keBee™ kyBre™'®
khﬁhei¢ keﬂeei¢ (1)
E;—(gn + g.)mpB/2 !
=&y E;+ (gy + g.)upB/2

electrons and holes bound to excitons as detailed in the
Supplemental Material [31]. Figures 3(b) and 3(c) show
the electron and hole spin textures deduced from the mea-
sured exciton polarization texture [see Figs. 2(a) and 3(a)].
One can see that both the electron and hole spin
tend to align along the effective magnetic fields given by
the Dresselhaus SO interaction Beg) = (28./g.mp) X
(_k(’,X’ ke,)‘)’ Beff(h) = (Zﬁll/gh/‘bB)(kh,xv kh,y) [See
Figs. 3(e) and 3(f)], consistent with the model. The pat-
terns of Py;, corresponding to the simulations in Fig. 3 are
shown in Fig. 2(b).

The model can be improved by including nonlinear
effects. In the Supplemental Material [31], we present
simulations of exciton spin currents using Gross-
Pitaevskii type equations, which treat the excitons as a
coherent field outside the LBS center and include disper-
sion and interaction. In particular, the nonlinear effects
change the momenta and effective magnetic fields for
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propagating excitons. The simulation results are similar to
that within the density matrix approach and are in agree-
ment with the experiment. Nonlinear spin-related phe-
nomena form interesting perspectives for future studies.
In conclusion, long-range spin currents governed by spin-
orbit interaction and controlled by an applied magnetic
field have been observed in a coherent exciton gas.
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THEORY OF EXCITON SPIN CURRENTS: DENSITY MATRIX APPROACH
Ballistic exciton transport with coherent spin precession

In zine-blend semiconductor quantum wells (e.g. in GaAs/AlGaAs system), the lowest energy exciton states are
formed by electrons with spin projections to the structure axis of +1/2 and —1/2 and heavy holes whose quasi-spin
(sum of spin and orbital momentum) projection to the structure axis is +3/2 or —3/2. Consequently, the exciton
spin defined as a sum of electron spin and heavy hole quasi-spin may have one of four projections to the structure
axis: —2,—1,+1,+2 [1]. These states are usually nearly degenerate, while there may be some splitting between
them due to the short and long-range exchange interactions. Here we derive the exciton Hamiltonian in the basis
of +1,—1,+2, —2 states, accounting for the spin-orbit interaction [2, 3|, long- and short-range exchange interactions
[4] and Zeeman effect, but neglecting exciton-exciton interactions. We consider excitons propagating ballistically in
plane of a quantum well. We shall characterize them by a fixed wave-vector ke, .

In order to build the 4 x 4 matrix Hamiltonian for excitons, we start with simpler 2 x 2 Hamiltonians describing
the spin-orbit Dresselhaus effect and Zeeman effect for electrons and holes.

The electron Hamiltonian in the basis of (+1/2, —1/2) spin states writes:

1
He = ,Be(ke,a:az' - ke,ygy) - ige,uBBa,r (1)

Here g, is the electron g-factor, up is the Bohr magneton, B is a magnetic field normal to the quantum well plane,
S is the Dresselhaus constant describing spin-orbit interactions of electrons, the Pauli matrices are
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Here ¢ is the angle between the electron wave-vector ke and the chosen z-axis. The exciton Hamiltonian needs to be
written in the basis of (+1, —1, 42, —2) exciton states, which correspond to (—1/2,+1/2,41/2, —1/2) electron states.
The electron spin-flip couples +1 and +2 states and —1 and —2 states. For each of these two couples of states we
apply the Hamiltonian (2), which results in the following electronic contribution to the 4 x 4 exciton Hamiltonian:
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The similar reasoning applies to the heavy hole contribution to the Hamiltonian: The hole Hamiltonian written in
the basis of (+3/2, —3/2) states is

1
Hh, = Bh(kh,,mam + kh,,yo'y) - ig}LHBBO'r



Here gy, is the heavy hole g-factor, ), is the Dresselhaus constant for heavy holes [2, 3]. Hence,
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Here ¢ is the angle between the hole wave vector kj and the chosen z-axis. The exciton Hamiltonian is written in the
basis of (+1, —1, 42, —2) exciton states, which correspond to (+3/2,—3/2,+3/2, —3/2) hole states. The hole spin-flip
couples +1 and —2 states and —1 and +2 states. For each of these two couples of states we apply the Hamiltonian
(4), which results in the following hole contribution to the 4 x 4 exciton Hamiltonian:
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For the translational motion of an exciton as a whole particle the exciton momentum is given by
P.y = (me + mpn)Ves, where m, and myy, are in-plane effective masses of an electron and of a heavy hole,
respectively, ve, is the exciton speed. Having in mind that the exciton translational momentum is a sum of electron
and hole translational momenta given by P p = me pn Ve h, Ve, being the electron (hole) speed, one can easily see
that v, = ve = ve,. Having in mind that P., = fikes, Pen = ke we have ke, = ki + ke, ke = ke,
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Besides the contributions from electron and hole spin orbit interactions and Zeeman splitting, there may be a purely
excitonic contribution to the Hamiltonian, which is composed from the Hamiltonian for bright excitons written in the
basis (+1,—1):

(6)
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and the Hamiltonian for dark excitons written in the basis (42, —2):

Hy= Eql — 640, = {Fg{i Ei,d}’ (M)
where [ is the identity matrix. The terms with §, and d4 describe the splittings of bright and dark states polarized
along x and y axes in the plane of the structure due to the long-range exchange interaction. Such splitting may
appear due to some in-plane anisotropy in the structure induced by strain or monolayer fluctuations of interfaces. We
assume that it induced the splitting of X- and Y-polarized excitons, while it can be easily generalized to the splitting
in diagonal or random axes. Fj — Ej is the splitting between bright +1 and —1 and dark +2 and —2 exciton states
which may be also split due to the short range exchange interaction. Note that Egs. (6,7) can be simply obtained
from the exciton Hamiltonians written in the basis of (X,Y) polarizations. E.g. for the bright excitons:
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versa [5]. The same reasoning applies to the dark excitons as well. The sum of Hamiltonians (6,7) in the 4 x 4 basis
writes:
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where C = L { . } ,Cc7l=1L1 { il} are the transformation matrices from linear to circular basis and vice
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Let us consider the excitons propagating with a wavevector k.,. We shall describe them by a spin density matrix
p =¥ >< U, where U = (U44,V_4, ¥ 5, ¥_5) is the exciton wave-function projected to four spin states. The
elements of this density matrix p;; are dependent on the distance from the excitation spot r = ve,t and the polar
angle ¢. The elements of the upper left quarter of the density matrix are linked to the intensity of light emitted by
bright exciton states I and to the components of the Stokes vector S, S, and S, of the emitted light:

1 . . 1
=g + 52, p12 = Se —iSy, p21 = Su + 1Sy, p22 = 5 Sz (10)
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These expressions can be summarized using the Pauli matrices as { o1 p
21 P22

} = %f + Sé, where I is the identity

matrix.

The components of the Stokes vector are directly proportional to the polarization degree of light measured in XY
axes, diagonal axes and the circular basis. The circular polarization degree of light emitted by propagating excitons
can be obtained as

pe = 25. = (p11 — p22)/(p11 + p22), (11)

the linear polarization degree can be found from

o =28, = (p12 + pa1)/(p11 + p22), (12)

the linear polarization degree measured in the diagonal axes (also referred to as a diagonal polarization degree) is
given by

pa = 28y =i(p12 — p21)/(p11 + p22)- (13)
The dynamics of this density matrix is given by the quantum Liouville equation:

Ldp o
ZEE =[H, ], (14)

where the Hamiltonian is composed from the electron, hole and exciton contributions given by Egs. (3,5,9) as follows:
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The Hamiltonian (15) includes the electron, hole, and exciton contributions. Magnetic field affects the electron and
hole contributions via the Zeeman splitting. Its effect on the exciton contributions, originating from the change of
short and long-range exchange interactions, is neglected in the model. A qualitative agreement with the experiment
justifies this approximation.

Note, that in a similar way one can describe the Rashba effect for electrons and holes on the exciton spin density
matrix. Our estimations show that for the value of bias we use in these experiments the Rashba effect is much
weaker than the Dresselhaus effect [6]. Therefore we limit ourself to the consideration of the Dresselhaus effect for
electrons and holes. In order to make sure that the observed exciton polarization textures are indeed governed by
the Dresselhaus effect, we have performed also the simulations accounting for the Rashba instead of Dresselhaus
mechanism of spin-orbit coupling. These simulations produce exciton polarization patterns qualitatively different
from the experimental data.

An example of how the Dresselhaus effect affects the polarization of propagating exciton

In order to obtain the spatial distribution of Stokes vector components in the cw regime we assume that all excitons
propagate in radial directions from a point-like or a ring-like source. Their polarization state in a point characterized
by the polar coordinates (r, ¢) is readily obtained from the elements of the density matrix p(¢, ¢) with ¢ = r/ve,. The
exciton speed v, governs the spatial scale of the polarization textures.



Let us consider the simplest example of how the Dresselhaus effect affects the polarization of propagating excitons.
In order to do it, we shall commute both parts in Eq. (14) with the Hamiltonian. As a result we shall have:

diH 5 o5
w2 g 17 . (16)
dt
Now we take a time derivative from both parts of Eq. (14) and substitute the expression (16) in its right part:
d?p PPN
—R*—5 = [H,[H, p]]. 1
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Let us suppose that initially we have an exciton state composed by bright excitons linearly polarized along z-axis and
dark excitons linearly polarized along y-axis. It is described by the density matrix:

110 0
110 0
Po=1o0 1 -1

00 -1 1

How this matrix would evolve in time due to the Dresselhaus effect on the electron spin? Let us assume B = 0 for
simplicity, and calculate the commutator of the Hamiltonian (3)

0 0 kefee™™ 0
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with the density matrix pp. One can easily see that

0 0 0 —cos ¢
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The double commutator in the right part of Eq. (14) can be now found as:

0 cos e~ 0 0
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Let us substitute this expression back to Eq. (17) and look at the dynamics of the element p12 = S, — iSy
describing the linear and diagonal polarization degrees of bright excitons. One can easily see that
2 2 ; .
h”d% = —hQW = 4(keBe)? cos e, Separating the real and imaginary parts of this equation, we

find the dynamics of the Stokes vector components: ﬁQ% = —4(kefB.)? cos2¢; EQ% = —2(kB.)? sin 2¢.

Our initial conditions are: at t = 0, S, = Szo > 0, Sy = 0. One can see that for ¢ = —m/2,7/2 the polarization does
not change: S, = S;0,S, = 0. For ¢ = 0,7, we have S = 0, while S, decreases and, eventually, inverts its sign. The
negative S, corresponds to Y-polarization. For any other value of ¢ both S, and S, change with time. Namely, S,
decreases, S, builds up. The sign of Sy is negative (corresponds to the polarization along (1, —1) axis) if 0 < ¢ < 7/2
and 7 < ¢ < 3m/2. The sign of S, is positive (corresponds to the polarization along (1,1) axis) if 7/2 < ¢ < 7 and
3m/2 < ¢ < 2m. This describes a polarization vortex.

In the same way one can show that the Hamiltonian (9) describing the exchange induced linear polarization splitting
converts any linear polarization different from X and Y polarizations to the circular polarization.

Spin currents carried by electrons and holes bound into excitons

It is important to note that the present formalism addresses the spin part of the exciton wavefunction, which is a
product of electron and hole spin functions. E.g. the probability to find the exciton in the spin state +1 is given by



a product of probabilities to find an electron in the spin state —1/2 and the heavy hole in the spin state +3/2. The
four component exciton wave-function

U= (Ui, Uy, Wi, Wn,) = (Yo _1/2%h 4372, Ve s1/2Wn 372, e 1172V 1372, Ve, —1/2Wn,_3/2) , (18)

where W, 41/ and ¥, /o are the components of the electron spinor wave function, Wy 3,5 and ¥, _3/, are the
components of the heavy hole spinor wave function. We shall normalize exciton, electron and hole wave functions to
1, namely:

W W+ 00+ WU, + U Wy =0, 0]+

e,—3% 3
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Now, the exciton spin density matrix is given by
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(20)
This representation allows us to obtain useful links between the elements of exciton, electron and hole density matrices,
in particular:
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We know that the components of electron and hole density matrices are linked with the projections of electron and
hole spins as:

. |: 5 + Se 2 Se,z — ’L‘Se?y :| B |: 3 + Sh z Sh,z - iSh,y :| , (23)

Pe= | 8o +iSey L—5.. Sha+iShy L —Sh.

(here, for the heavy hole we have assigned spin +1/2 to the state +3/2 and spin —1/2 to the state —3/2 accounting
for the orbital momentum of these states of 41 and —1, respectively). Therefore, the z-component of spin polarization
carried by electrons can be expressed as

Se,> = (p22 + p33 — p11 — paa)/2, (24)
and the z-component of spin polarization carried by holes can be expressed as
Sh,z = (p11 + p3z — pa2 — pas)/2. (25)

The in-plane component of electron and hole spins can be extracted from the off-diagonal elements of the density
matrix. Namely, the z-component of electron spin is given by

Sew = (P13 + p31 + p2a + pa2) /2, (26)

the z-component of the hole spin is given by
She = (pra + p23 + p32 + pa1)/2, (27)

the y-component of electron spin is given by
Se.y = i(—p13 + p31 + p2a — pa2)/2, (28)

and the y-component of the hole spin is given by

Shy = i(p14 — p2s + p32 — pa1)/2. (29)



Effective fields
Spin-orbit effect for electrons and holes can be accounted by introducing an in-plane effective magnetic field:

1 .
Hepfieny = —59ehlB (Besyd). (30)

In the case of Dresselhaus Hamiltonian for electrons:

1
_igeﬂBBeff = Be (ke,zy _ke,y) . (31)

For holes the field is collinear to the wave-vector:

1
7§gh:u'BBeff = Bh (kh,zy kh,y) . (32)
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FIG. S1: Simulated polarization patterns. Simulated in-plane exciton polarization in magnetic field B = 0 (a) and 7 T
(b). The lines and the color visualize the orientation of the linear polarization. The polarization plane comes to itself after
rotation by 7. Therefore, the color bar extending from —m/2 to 7/2 describes the polarization rotation by 27. For all data in
the paper, magnetic fields are perpendicular to the QW plane.

Simulations

The system is modeled using Eq. (15) and parameters are adjusted to match the experimental data (see Fig. 2 in
the main text). The same set of parameters is used for linear and circular polarizations and for all magnetic fields.
The parameters are 8, = 2.7 peVum, B = 0.92 peVum, §, = 0.5 peV, g = —13 peV, By — Eq =5 peV, ke, = 154
pum~' T =0.1K, g, = —0.01, and g, = +0.0085. Some of the parameters were obtained in earlier studies and some
of them were put as fitting parameters. All fitting parameters were chosen to be consistent with the data published
in earlier studies: [, is consistent with our earlier measurements [6], 3, — with the calculated values [2, 3], T' — with
the calculated temperature of indirect excitons for the studied structure [7], exciton splittings — with typical exciton
splittings in GaAs structures [8], g-factors — with typical g-factors in quantum wells with ~ 8 nm width [9], and ke,
was taken within the light cone in the structure (we checked that the model leads to qualitatively similar patterns for
various key).



The images are presented with spatial averaging over 1.5 um. The initial exciton state considered by this model
is a ring around the LBS center where the exciton gas is classical. The ring radius is taken 4 pm. On this ring, the
simulations consider the classical exciton energy distribution with 7" = 0.1 K, k., = 0. No simulations were performed
inside this ring, the polarization in the ring is shown there. Beyond this ring, the exciton gas is coherent and the
simulations consider ballistic exciton transport with coherent spin precession.

Figure S1 (an enlarged version of Fig. 3a,g in the main text) presents simulated patterns of in-plane projection
of the Stokes vector of emitted light which directly maps the pseudospin of bright excitons (see e.g. [10, 11]. The
patterns of light polarization corresponding to these simulations are shown in Fig. 2b in the main text. Figure S1
visualizes a vortex (a) and a spiral (b) pattern of linear polarization in zero (a) and a finite (b) magnetic field. The
simulations produce the observed exciton polarization textures as described in the main text.

THEORY OF EXCITON SPIN CURRENTS: GROSS-PITAEVSKII EQUATIONS
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FIG. S2: Gross-Pitaevskii simulation. Spatial distribution of the linear (a) and circular (b) polarization degrees vs magnetic
field. As in the case of the density matrix calculations, the results are spatially averaged over 1.5um. Parameters: me, = 0.21me,
Be = 10ueVum; Br = Be/3; 6 = 2ueV; dq = 0.5ueV; Ey — Eq = 2peV; W = 0.2a, an = 1ueV. The source area was taken
circular with a radius of 1pm.

The spin density matrix theory is convenient for the description of (partially) coherent and (partially) polarized
exciton gases. However, the treatment of non-linear effects in a partially coherent system is a challenging task. An
approach, which we consider in this section is to assume a perfectly coherent condensate of excitons. In this case, the
excitons can be described by a spatially dependent four-component wavefunction, (¥41(x), ¥—1(x), ¥42(x), Y—2(x)).
The dynamics of the wavefunction can be described by the Gross-Pitaevskii equation:

(S0) e (S8 [ o R
_1(x Ay p_1(x anlx p_1(x > (x 2 (X)1h_a(x

| vt ( 2m> vialx) | T w0 | L whiovntouato | B
Y_a(x) P_o(x) h_o(x) Yyo(X) 1 (x)Y_1(x)

Here H is the same Hamiltonian (15), although to correctly define the operation of the k—dependent spin-orbit

terms one should replace k. = me:'ifn,,,,kw and kj, = #ﬁnmk” where chT = —iV. Note that the Gross-Pitaevskii

equation allows to work with a distribution of wavevectors, and accounts for the dispersion of excitons via the term
—%, where m., is the exciton effective mass. The last two terms in Eq. 33 are nonlinear terms. In the initial
simplified approach presented here we assume a spin-independent scattering rate, «, where each spin fraction scatters
with the total density, n(x) = |[t41(x)[> + ¥_1(x)? + [42(x)> + [tp_2(x)|?. The last term, proportional to W,
represents a parametric scattering process unique to indirect exciton systems where two bright excitons convert into



two dark excitons (or vice versa). Note that all non-linear scattering processes conserve the total spin projection of
excitons.

To describe the excitation of our system, we introduce a fixed wavefunction boundary condition along a circular
boundary representing the edges of the classical region around the LBS center. We choose a linearly polarized dark
exciton density at this boundary, assuming that dark excitons have lower energy than bright excitons. We do not aim
to use the Gross-Pitaevskii equation in the hot LBS center where the exiton gas is classical, however, we expect it to
offer a qualitative description of the propagation of coherent excitons away from the LBS source in the region beyond
the LBS center where the exciton gas is coherent. The indirect excitons have a long lifetime and thus we employ an
absorbing boundary condition to allow solution of the problem. The absorbing boundary introduces a loss mechanism
in the system, such that a steady state is reached where the excitons excited at the LBS balance the flow of excitons
away from the studied region (we assume that upon crossing the absorbing boundary excitons never return).

By solving Eq. 33 numerically for the steady state, the linear and circular polarization degrees are calculated
for increasing magnetic fields (Fig. S2). The simulated patterns are qualitatively similar to both the experimentally
measured patterns and the patterns simulated using the spin density matrix theory. We note that the Gross-Pitaevskii
model does not take into account the partial polarization and energy distribution of excitons in the initial state. The
used approximation also does not account for the difference in interaction strength for different exciton states. These
features contribute to the difference between the presented non-linear simulation and experiment.

EXPERIMENT

Experimental setup

optical dilution refrigerator

sample N2
[ =TT
linear
polarizer

FIG. S3: Experimental setup. Schematic of polarization-resolved imaging.

The electric-field-tunable n™ — i — n+ GaAs/Al,Gaj_,As CQW structure was grown by molecular-beam epitaxy.
A sketch of the band diagram of the structure is shown in Fig. la. The ¢ region consists of two 8-nm GaAs QWs
separated by a 4-nm Alg 33Gag.g7As barrier and surrounded by two 200-nm Alg 33Gag ¢7As barrier layers. The nt
layers are Si-doped GaAs with Ng; = 5 x 1017 cm™3. The electric field in the z direction is monitored by the external
gate voltage V, applied between the n' layers.

The schematic of the polarization-resolved imaging experiment is presented in Fig. S3. The sample is in an optical
dilution refrigerator. Light emitted by the sample is collected and made parallel by an objective inside the refrigerator.
Polarization selection is done by a combination of quarter-wave plate (A/4), half-wave plate (A/2), and linear polarizer.
The linear polarizer is aligned such that y-axis polarized emission is transmitted to the detector. The detector is a
combination of an interference filter of linewidth £5 nm adjusted to the emission wavelength of indirect excitons
A = 800 nm (due to the interference filter, only the emission of indirect excitons is measured: the contribution of the
weak emission of direct excitons or any other emission, such as low-energy bulk emission, is cut off by the interference
filter), a spectrometer operating in dispersionless zeroth-order mode, and a liquid nitrogen cooled CCD.

Measurements of linear polarization. The quarter-wave plate is aligned so that the fast and slow axis are along the
z- and y-axis. Hence, z- and y-polarized emission I, and I, are transmitted unchanged. To measure I,,, the half-wave
plate fast axis is aligned along the y-axis. Then, I, is transmitted unchanged, and is then transmitted through the
linear polarizer. To measure I, the half-wave plate axis is aligned 45° relative to the y-axis. Then, I, is rotated to
the y-axis and is transmitted through the linear polarizer.

Measurements of circular polarizations. The quarter-wave plate is aligned so that the fast and slow axis are rotated
by 45° with respect to the y-axis. Then, circularly polarized emission I, and I,_ are converted to x- and y-polarized
light. This light is then selected as described above.

In all experiments, the photoexcitation is nonresonant (> 400 meV above the energy of indirect excitons) and
spatially separated (the 10 pm-wide excitation spot is > 80 pm away from both the LBS and external ring) so that



neither the exciton polarization nor coherence is induced by the pumping light.

In this paper, we present the measurements of exciton spin currents and demonstration of control of the spin
currents by magnetic field. Electronic control of exciton spin currents and development of circuit devices exploring
exciton spin currents for information processing form the subject for future studies

Patterns of linear polarization and coherence in the LBS ring region

a Toun=0-1K b Toar= 7K c
Intensity
1 w7 B
=
5
g B
= z
7]
2
5]
5
0 0+
d
0.154

15.

B
!
IS
-15,
0 15
X (um)
1
—&— pol. vortex
—e— pol. ring
]
£
<
0.1 \%*
oo o
. T 1
0 5 10 15 20 0 4 8 0 180 360
shift &, (um) TK) 0

FIG. S4: Pattern of linear polarization in the LBS region: temperature dependence. Measured PL intensity in the
region of LBS centered at (105, 75) in Fig. 1c at Tpaen = 0.1 (a) and 7 (b) K. (¢) PL Intensity profile through the center of the LBS
for Tyatn = 0.1 (black) and 7 (red) K. Measured linear polarization of the emission of indirect excitons Prin = (Io — 1) /(I + 1)
at Tpatn = 0.1 (d) and 7 (e) K. Py, profile (f) vs  through the LBS center and (j) vs azimuthal angle measured from the
y-axis at ¥ = 9 pm from the LBS center for Tya:n, = 0.1 (black) and 7 (red) K. (g) The exciton coherence degree measured by
shift-interferometry: Interference visibility Ajniery vs. shift d, for the vortex of linear polarization (squares), 18 pm left of LBS
center, and the polarization ring (points), 2 um left of LBS center for the LBS centered at (80,105) in Fig. lc. Tpatn = 0.1 K.
Emergence of the vortex of linear polarization and spontaneous coherence at low temperatures: (h) The amplitude of azimuthal
variation of Py, at r = 10 pm from the LBS center and (i) interference visibility Ainters in the polarization vortex for d, = 2
pm vs. temperature.

The ring of linear polarization vanishes with increasing temperature (Fig. S4d-f). The vortex of linear polarization
vanishes with increasing temperature (Fig. S4d-f,j).

The coherence of an exciton gas is imprinted on the coherence of emission, which is described by the first-order
coherence function g¢;(d,). In turn, this function is given by the amplitude of the interference fringes Aipters(dz) in
‘the ideal experiment’ with perfect spatial resolution. In real experiments, the measured Ajnier(0;) is given by the
convolution of g1 (d;) with the point-spread function (PSF) of the optical system used in the experiment [12]. Both
for a classical gas and quantum gas g;(d,) is close to 1 at J, = 0 and drops with increasing ¢, within the coherence
length £. The difference between the classical and quantum gas is in the value of £&. For a classical gas, & is close

to the thermal de Broglie wavelength A\gp = 2:32, which is well below the PSF width in the studied temperature

range (€c1@o.1x ~ 0.3 pm, the PSF width is ~ 1.5 ym). Spontaneous exciton coherence with a large coherence length
¢ is observed in the region of the polarization vortex (Fig. S4g, black squares). In contrast, £ is short in the region
of the polarization ring (Fig. S4g, red circles), which is close to the hot LBS center. Large £ > £, in the region of
the polarization vortex indicates a coherent exciton state with a much narrower than classical exciton distribution in
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momentum space, characteristic of a condensate. Small £ ~ 1.5 pm in the region of the polarization ring indicates a
classical exciton state with £ measuring the PSF width. The coherence measurements are discussed in detail in [13].
With reducing temperature, the exciton spin textures emerge in concert with coherence (Fig. S4h and S4i).

Patterns of circular polarization in the LBS ring region

T 0.1K

bath~

y (um)

e 0.50 Jony
.

-15 0 0O 4 8

0 15
X (um) X (um) 6 TK)

FIG. S5: Pattern of circular polarization in the LBS region: temperature dependence. Measured circular polar-
ization of the emission of indirect excitons Py, = (I,+ — I,~)/(I,+ + I,-) in the LBS region at Tye, = 0.1 (a) and 7 (b) K.
(¢) The azimuthal variation of P, at r = 9 pm from the LBS center for Tpetn = 0.1 (black) and 7 (red) K. (d) The ratio of
maximum to minimum in the azimuthal variation of the total emission intensity of indirect excitons Inae/Imin at 7 = 8um
from the LBS center vs. temperature. (e) The amplitude of variation of P, around the LBS centered at (105,75) in Fig. lc,
vs. temperature.

The four-leaf pattern of circular polarization vanishes with increasing temperature (Fig. Sba-c,e). At low tempera-
ture, the flux of excitons from the LBS center is anisotropic: the emission intensity is enhanced along the polarization
direction in the polarization ring (Fig. S6a). To quantify the flux anisotropy, we use the ratio of maximum to min-
imum in the azimuthal variation of the total emission intensity of indirect excitons Ipnaq/Imin at distance r = 8 pm
from the origin. At high temperature, the exciton flux anisotropy vanishes (Fig. S5d). The four-leaf pattern and flux
anisotropy emerge in concert (Fig. S5d and S5e). The four-leaf pattern of circular polarization is associated with a
skew of the exciton fluxes in orthogonal circular polarizations (Fig. S6).

2
e
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32
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FIG. S6: Pattern of circular polarization in the LBS region: azimuthal dependence. (a) Azimuthal variation of the
emission intensity of indirect excitons at 7 = 8 ym in o (blue) and o~ (black) polarizations. Angles are measured from the
y-axis. (b,c) Traces of the ot (red) and o~ (green) emission peak around 6 = 270° [see (a)]; The emission image in o™ (b) and
o~ (c) polarization is also shown.
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Polarization patterns in the external ring region
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FIG. S7: Polarization textures in the region of external ring: temperature dependence. (a,d) Emission of indirect
excitons in the external ring region. Pattern of linear (b,e) and circular (c,f) polarization in the region of external ring.
Tyath = 0.1 (a-c) and 7 (d-f) K. PL intensity (g), Piin (h), and P, (i) profiles taken along the external ring (along an axis 9
degrees of vertical positioned at maximum variation) for Tyen = 0.1 (black) and 7 (red) K. PL intensity (j), Pin (k), and P,
(1) profiles taken across the external ring (along the x-axis positioned at maximum variation) for Tpetn = 0.1 (black) and 7
(red) K. The image in (j) shows the external ring at Tpeir, = 7 K.

The fragmentation of the external ring vanishes with increasing temperature (Fig. S7a,d,g), consistent with earlier
results [14]. The periodic polarization textures in the region of the external ring vanish with increasing temperature
(Fig. S7b,c,e,fhik,l).

Both the position of the external ring and the wavelength of the exciton density wave formed in the ring are
controlled by the laser excitation indicating that the exciton density modulation in the MOES is not governed by
defects in the sample. The observation of polarization textures around the MOES beads, which are not associated
with defects, shows that the polarization textures do not arise due to defects.

The role of excitonic effects in the formation of spin textures in the exciton system

The excitonic terms describing the spin precession in the Hamiltonian due to splitting of exciton states are present
for excitons and absent for free electrons and holes. To verify the role of excitonic effects in the formation of spin
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X (um) X (um)

FIG. S8: Importance of the excitonic effects. Simulated Fj;, and P, (a,b) with the excitonic effects [nonzero excitonic
terms in Hamiltonian (15), the values are presented in Section Simulations] and (c,d) without excitonic effects [zero excitonic
terms in Hamiltonian (15), 8, = d4 = Ey — E4 = 0]. No spin texture forms in the absence of excitonic terms.

textures, we performed the simulations with and without the excitonic terms in the Hamiltonian (15). No spin texture
forms in the absence of excitonic terms, see Fig. S8. Simulations also indicate that at B = 0, a pattern of circular
polarization appears when all the excitonic terms in the Hamiltonian are nonzero, while a pattern of linear polarization
appears when one excitonic term is nonzero.. This shows that the excitonic effects are important for the formation of
spin textures in the exciton system.

SUPPLEMENTAL VIDEOS

The file “movie 1 linear polarization vs magnetic field.gif” contains a movie of the linear polarization data and
simulations presented in Figure 2 of the text, along with exciton spin texture presented in Figure 3 of the text.

The file “movie 2 circular polarization vs magnetic field.gif” contains a movie of the circular polarization data and
simulations presented in Figure 2 of the text.

The file “movie 3 exciton electron hole textures vs magnetic field.gif” contains a movie of the results presented in
Figure 3 of the text.
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Polarization and depolarization in scattering of cavity polaritons
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We consider theoretically the elastic scattering of two exciton polaritons having opposite wave vectors in a
planar microcavity. We derive the scattering amplitudes accounting for the vector polarization of polaritons and
the interference of different scattering channels. We obtain a nontrivial dependence of the scattering amplitudes
and the polarizations on the scattering angle and polarization of initial states. Generation of polariton spin
currents as a result of scattering of linearly polarized polaritons is predicted. We also describe depolarization of
exciton polaritons due to their scattering and show that it may be complete in certain scattering directions. This
analysis provides a basis for engineering of spin- and electric field-sensitive optical logic gates based on

exciton polaritons.
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L. INTRODUCTION

Exciton polaritons in microcavities are composite bosons,
which efficiently scatter each other due to multiple channels
of direct and exchange Coulomb interaction of their constitu-
ent electrons and holes.'~ In the strong coupling regime, the
exciton polaritons in microcavities are characterized by two
dispersion branches split typically by several meV. Due to a
strongly nonparabolic dispersion of the lower-polariton
branch, various configurations for the resonant polariton-
polariton scattering are possible.> The resonant scattering
processes are responsible for the operations of the
microcavity-based optical parametric oscillators (OPO).*-¢
Among various geometries of the polariton-based OPO stud-
ied until now, one of the most attractive implies scattering of
two exciton polaritons having equal energies and opposite
in-plane wave vectors on a so-called elastic circle [e.g., a
circle in a two-dimensional (2D) reciprocal space character-
ized by some fixed value of the kinetic energy for the exciton
polaritons,” see Fig. 1]. The advantage of this configuration
is in the fully symmetric final quantum states (referred to as
the signal and idler states), which is favorable for realization
of the parametric oscillations.® The signal and idler states are
characterized by the same polariton lifetime, which is not the
case in the most popular microcavity OPO geometry based
on the excitation of polaritons at the so called “magic angle”
and their subsequent scattering to the lower and upper energy
states.*> On the other hand, the excitation geometry, which
involves simultaneous generation of polaritons with opposite
in-plane wave vectors, is more complex and harder to model
due to the multitude of possible final states, as the scattering
to any pair of states belonging to the same diameter of the
elastic circle is allowed by the energy and wave vector con-
servation laws. Surprisingly, recent experimental studies re-
vealed a strong angular dependence of the scattering prob-
ability on the polar angle. Moreover, they demonstrated the
polarization selection rules in polariton-polariton scattering,
which provided grounds for realization of the all-optical
XNOR gates9 (i.e., gates which implement logical XNOR
operation on polarized light beams).”

The experimental data of Ref. 9 has been interpreted us-
ing the spin-dependent Gross-Pitaevskii (GP) equations,
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which assume a single fully coherent polariton state charac-
terized by a spinor wave function analogous to the classical
Jones vector. Although a powerful and insightful method of
modeling, the GP equations have two important shortcom-
ings. First, they do not account for the possible depolariza-
tion of the polaritons during their scattering; second, they
imply a contact interaction between the polaritons which is
independent of their wave vectors. Here, we present a theo-
retical model, which relaxes the two above restrictions of the
GP equations and allows for the description of a full range of
polarization-dependent effects in polariton-polariton scatter-
ing, including depolarization. When applied to the specific
scattering geometry of the experiment,” our formalism al-
lows for the prediction of a nontrivial angular polarization
dependence of the amplitude of polariton-polariton scattering
and sheds light on the mechanisms of polarization relaxation
in the polariton gases.

The spin-dependent Boltzmann equations describing the
scattering of exciton polaritons with acoustic phonons and
the polariton-polariton scattering have been formulated in
Ref. 10, which treats the polariton spin dynamics within the
Born-Markov approximation. Here, we extend the model of
Ref. 10 accounting for the variations of the polariton-
polariton scattering amplitudes with the vector of exchanged

Emission
k3 Excitation (b)

(a) z

Excitation
1\ Emission

FIG. 1. (Color online) (a) Considered geometry of polariton-
polariton scattering in real space with « being the angle of inci-
dence and 6 being the scattering angle. (b) In the reciprocal space,
the dispersion of the lower-polariton branch is shown and the elastic
circle is highlighted by the blue color.

©2009 The American Physical Society
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momentum, which appears to be very important in the spe-
cific OPO geometry we consider. Moreover, we numerically
evaluate the scattering amplitudes using a microscopic model
which enables us to analyze the polariton pseudospin distri-
butions on the elastic circle for different pump polarizations.

Introduction of the scattering amplitudes angular depen-
dence in the model leads to appearance of new terms in the
Boltzmann equations for the pseudospin components. These
terms are responsible for the occurrence of new, interesting
spin-related phenomena neglected so far, in particular, ap-
pearance of the circular polarization as a result of scattering
of two linearly polarized polaritons and vice versa. In order
to reveal the impact of these terms, we assume that the final
states for polariton-polariton scattering are initially empty.
This allows us to neglect stimulation of polariton-polariton
scattering and consider only the spontaneous processes. We
therefore use the density matrix formalism and a powerful
algebraic analysis rather than the full (Boltzmann) rate equa-
tions given in Ref. 10. This approach enables us to formulate
simple and universal polarization selection rules for
polariton-polariton scattering.

The rest of this paper is organized as follows: Section II
presents our model and polarization selection rules, Sec. III
presents the numerical results for polariton pseudospin dis-
tributions, Sec. IV contains the conclusive remarks.

II. THEORETICAL MODEL
A. Scattering Hamiltonian

We consider a planar semiconductor microcavity in the
strong exciton-light coupling regime. The cavity is pumped
by two cw laser beams, which produce macroscopic popula-
tions of two cavity modes with opposite in-plane wave vec-
tors ky and k,=—k,. The angle of incidence of the two laser
beams is the same (angle « in Fig. 1(a)). The polaritons
scatter from the pump states to the final states obeying the
momentum and energy conservation rule. In the configura-
tion we consider, the pair interactions may scatter polaritons
only to the states on the elastic circle defined by the in-plane
momentum |k|=|k,|=|k,|. These allowed final states are then
fully identified by the scattering angle @ [Figs. 1(a) and 1(b)].
We shall consider the spontaneous polariton polariton scat-
tering from the macroscopically populated pump states to the
empty final states. We neglect depletion of the pump states
due to the scattering and the longitudinal-transverse splitting
(TE-TM splitting) of the exciton-polariton eigenstates is
taken to be zero.

As pointed out in many publications, excitons are not
ideal bosons due to the fermionic nature of their constituents
(electrons and holes). This is why also the cavity polaritons
show some fermionic properties. The fermionic effects are
negligible in the low-density limit, but they become impor-
tant as soon as polariton-polariton interactions start playing a
role. Strictly speaking, polariton-polariton scattering needs to
be considered as a result of interactions of four
fermions.>!!13 It is, however, possible and convenient to use
an effective scattering Hamiltonian for the polaritons having
the total angular momenta s=*1 (which are strongly
coupled to the optical field of the cavity mode). Using the
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above assumptions, one can easily see that such an effective
Hamiltonian would couple the states on the elastic circle
only to the pump states k; and k,:

1 + +
Hyc= 22 [Vl(k1’kz’q)asskﬁqa&kz—qa»&wkla.v,kz
5q

+ Vz(kl,kz»q)a:,kl+qatj,k2_qas,kla-;,kz]- (1

Here, aj is the annihilation operator for a polariton having a
wave vector k and spin s (the band index is omitted here
since we consider only polaritons from the lower dispersion
branch). The amplitudes V, and V, describe scattering of the
polaritons with parallel and antiparallel spins. In general,
Vy# V,, as we shall discuss below in detail. The spin depen-
dence of polariton-polariton interactions is at the origin of
many peculiar effects in the polarization dynamics of exciton
polaritons,'®!> including the  self-induced  Larmor
precession,'® the rotation of linear polarization due to
polariton-polariton scattering!” and the buildup of linear po-
larization of the Bose-Einstein  condensates  of
exciton-polaritons.'8

Considering the scattering on the elastic circle, we define
the wave vectors k;(6) and k4(6) of the scattered polaritons
according to Fig. 1 (the argument will not be explicitly men-
tioned from now on) and present the exchanged momenta
q=k;—k, and ¢’ =k,—k,. The Hamiltonian (1) then reads:

Hge = E (ﬁl(a)d;r,kﬂ;k (Lo, Qs ke, + [ﬁZ(e)a;kﬁqats,kz*q
5,0

+ Bé(o)at&'lﬂ+qa;k2—q]a,§,kla—x,k2) ) 2

where the summation over the angle 6 goes from 0 to 7 and
we have defined more convenient scattering amplitudes
(omitting the initial momenta in the arguments for clarity):

Bi(6) = %[Vl(‘l) +Vi(g")], (3)
Ba(6) =3V, (q), (4)
B5(0) = 5V,(q') = Bo(mm = 6). (5)

The matrix elements of the Hamiltonian (2) for selected
spins of the initial and final states are shown in Table 1. They
should be interpreted carefully: the nonzero matrix element
(XX|Hgc|XX) (where the bra and ket vectors denote the final
and initial spin states, respectively) expresses only the fact
that in the case of excitation by two X-polarized beams, the
conditional probability of finding the X-polarized polariton in
the direction k3 when we observe another X-polarized polar-
iton in the direction k, is nonzero (and proportional to the
matrix element squared). It does not mean, however, that the
final states are X polarized because also the matrix element
(YY|Hsc|XX) is nonzero and a Y-polarized component in the
emission is expected to appear as well. Surprisingly, the
emission will not be polarized at all if B,=8;=0 or B;=0
because both the aforementioned matrix elements have the
same magnitude and the probability of scattering to the states
|XX) and |YY) is equal. We then find that the final states are
in a non—polarized entangled state (|XX)+|YY))/ 2.
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TABLE I. Matrix elements of the Hamiltonian (3) for selected spin combinations of the incoming and outgoing polaritons. Polarization
state L(¢) is defined as the linear polarization rotated by an angle ¢ with respect to the X-polarized state and we define e=exp[—i¢]. The
notation in the table is as follows: oo~ for the initial state denotes the s=1 polariton in the state k| and s=-1 polariton in the state k,. Same
for the final states. The matrix element for the =™ configuration may be retrieved by permutation of 3, and ;.

Final state

Initial state oot oto” oo XX XY YY XL(¢p)

otot B, 0 0 B,/2 iB,/2 —BI2 £ B,/2

ato” 0 B> 0 (B+B5)/2 —i(B,—-B3)/2 (B+B5)/2 (eBr+8"B3)/2
oo 0 0 8 B2 -ip,/2 -B,/2 8,12

XX Bi1/2 (B+B)12 Bi/2 (Bi+B2+ )12 0 (Ba+By=BD/2  (Bi+By+By)-(cos ¢)/2
XY -ip/2  i(B-ByI2 ip/2 0 (Bi1+B2—-B3)/2 0 (B1+B2~P3)-(sin ¢)/2
Yy -Bi/2 (B2+B5)/2 B2 (Ba+Br-B)/2 0 (Bi+Ba+B)/2  (By+By=P)-(cos ¢)/2

B. Scattering amplitudes

In order to quantitatively characterize the emission from a
microcavity in the limit of spontaneous scattering on the
elastic circle, we shall evaluate or estimate the amplitudes of
the coefficients By, B,, and B5. One can expand:

Vi@ ko) [ Xy ™ = V(@ k. Ko) + V(@K Ko), - (6)

Vala ke Ko) [X g™ = V(. k. Ko) + Vigper (7

The beta coefficients are then retrieved following the defini-
tions (3)—(5). Xy denotes the Hopfield coefficient describing
the excitonic fraction of polariton states at the elastic circle.
In Egs. (6) and (7), the scattering amplitudes were
decomposed!!!* into the exciton direct-scattering part Vi,
and the exchange-scattering parts Veych, Viuper- The part Vgper
is an effective exchange contribution originating in higher-
order processes, which involve virtual excitation of the opti-
cally forbidden exciton states with spins *2 (superex-
change). Scattering between the optically active polariton
states and the dark excitons has been addressed in detail in
Refs. 19-21.

We performed numerical calculations of the direct scatter-
ing amplitude for exciton-polaritons on the elastic circle us-
ing the microscopic model.?>?* We found that the scattering
amplitudes do not depend on the particular orientation of the
contributing wave vectors and thus we use the notation
g=lq| and k;=|k;| in the following. We also carried out nu-
merical calculations of the exchange term V,,.,, which dis-
played a virtually constant behavior for small g. We therefore
consider that both the exchange and the superexchange terms
are constant around the elastic circle. Clearly, the character-
istic scale on which these terms might change is given by the
inverse exciton Bohr radius a_Bl, which is orders of magni-
tude larger than the radius of the elastic circle which we
consider.

The direct term, on the contrary, reveals a strong
dependence on the exchanged momentum for q<a§l,
according to Refs. 22 and 23, and provides zero scattering
amplitude for g=0 in the 2D exciton gas limit. The scattering
amplitude varies as (gag)® and is estimated as
Viir(0.1a5")/ Ve =1.5-107* giving only a negligible contri-
bution to the overall scattering amplitudes in Egs. (6) and

(7). The small amplitude of the direct term is, nevertheless,
caused by compensation of the electron-electron and hole-
hole repulsion by electron-hole attraction, and the direct term
completely vanishes if the effective masses of the fermions
become equal. The different shape of the electron and the
hole wave functions in realistic quantum wells (QWs) cause
the nonzero amplitude of the direct Coulomb interaction. We
show here that this direct term may become orders of mag-
nitude larger in narrow QWs compared to the ideal 2D exci-
ton gas because of the wave function penetration into the
barriers (for the discussion of the effect of charge separation
see Ref. 14).

We derived an analytical expression for the direct scatter-
ing term amplitude considering a real exciton wave function
in a narrow QW in the integral form (see Appendix) and then
evaluated it numerically. The effect of charge separation on
the amplitude of the direct term is obvious from Eq. (A3):
the larger difference between the square of the electron and
hole wave function is, the larger value of the scattering am-
plitude. In real, narrow GaAs QWs, coincidentally, the ratio
between the electron and the hole mass is about 1/6, which is
why electrons deeply penetrate into the QW barriers when
the hole are kept localized in the QW layer. The effect of
delocalization is even more pronounced in QWs with low-
band offsets, e.g., InGaAs/GaAs with low In content. The
amplitude of the direct term therefore strongly depends on
the QW width and composition.

We plot the direct term amplitude in the units of the ex-
change interaction amplitude in Fig. 2(a) for the frequently
used GaAs/Alj3Gag-;As and Ing,GayosAs/GaAs QWs of
the widths 2.5 and 5 nm, respectively. The electron wave
function spreading into narrow QW barriers causes the sig-
nificant increase of the direct scattering amplitude, which
now has a nonzero value at zero exchanged momentum [the
particular wave functions are plotted in the inset of Fig.
2(b)]. When inspecting the angular dependence of the spin
and intensity of the scattered signal on the elastic circle, not
only the offset but also the absolute value of the amplitude
variations with the exchanged momentum are important. In
this case, the variations are larger by over two orders of
magnitude in the case of the Ing,GagosAs/GaAs QW, as
compared to the GaAs/Alj3Gay;As QW, in the range of
wave vectors up to 2 um™!.
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FIG. 2. (Color online) Ratio between the direct and exchange-
scattering amplitude considering zero (a) and nonzero (b) applied
voltage perpendicular to the QW plane for real QWs. Nonzero volt-
age is assumed to induce spatial shift of each of the particle wave
functions by 1 nm in opposite directions. Different QW composi-
tions and widths are taken into account. The curve offsets were
removed for clarity, their values are: (a) InGaAs 2.5 nm: 0.22, In-
GaAs 5 nm: 0.089, GaAs 2.5 nm: 0.007, GaAs 5 nm: 0.002, (b)
InGaAs 2.5 nm: 0.27, InGaAs 5 nm: 0.17, GaAs 2.5 nm: 0.30,
GaAs 5 nm: 0.24. Inset: calculated electron (e) and hole (h) wave
functions squared in 2.5 nm wide QW for the two GaAs/AlGaAs
and InGaAs/GaAs compositions.

A further electron-hole separation may be induced by ap-
plying an electric field in normal to the QW plane direction.
Although the exciton oscillator strength may be reduced in
this case due to the quantum confined Stark effect, the sys-
tem may be kept in the strong coupling regime if the Q factor
of the cavity is high enough. In this case, the direct term and
its variation along the elastic circle are further increased as
one can see from Fig. 2(b), where we plot the amplitude of
the direct term for the InGaAs/GaAs and GaAs/AlGaAs
QWs considering the electron and the hole centers of mass
spatially separated by 1 nm. The difference between the scat-
tering amplitudes in the two types of III-V QWs we consid-
ered almost vanishes at strong applied bias.

To estimate the magnitude of external electric field
needed for the efficient charge separation, let us consider a
plane capacitor formed by two plates electrically charged
with the density p. Considering the QW excitons, the charge
density may be estimated as p=e(1—S)/ma}, where S is the
electron-hole overlap integral, e is the electron charge and ap
is the exciton Bohr radius. The electric field created by one
of the planes and acting upon another one is independent on
the distance between them, Ep=p/2e where ¢ is static di-
electric constant. The electron-hole system is in equilibrium
if the field Ep is compensated by an external field of the
same magnitude. This allows estimating of the external field
as E :i% Substituting &€,=10 and the Bohr radius
ap=10 nm, we obtain E=~(1-5)-30 kV/cm. The reduction
of the electron-hole overlap S due to the spatial separation of
electron and hole centers of mass by 1 nm is, approximately,
30% and 50% in 5 and 2.5 nm wide InGaAs/GaAs QWs,
respectively, and 55% and 85% in 5 and 2.5 nm wide GaAs/
AlGaAs QWs, respectively. These numbers imply the re-
quired external electric field intensities in the range 10-25
kV/cm, depending on the QW composition and width. These
values are in a good agreement with the results of Ref. 24,
which gives an estimate of the same order for CdTe/CdZnTe
QWs.
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Finally, the magnitude of the superexchange scattering
channel may be estimated from the 7T-matrix calculations
published in Refs. 20 and 21. We use the ratio Vyper/ Vexen
=T*/T"*=-0.28+0.01i for all QWs under consideration.

C. Spin and polarization of the final states

As pointed out above, the Hamiltonian (2) and its matrix
elements in Table I do not directly show either the degree of
polarization or the polarization of the final states themselves.
We therefore develop an algebraic procedure for calculation
of both these quantities from the Hamiltonian (2). The sys-
tem of interacting polaritons is described by the density ma-
trix p(z) with an initial condition p(t=0)=p,. We assume that
the dephasing in the system is strong due to interactions
between polaritons and phonons what allows one to use the
Born-Markov approximation'® for evaluation of the density
matrix dynamics. This procedure yields:

d 2
gi(tt) - %5(&— E){Hse,[Hse.p(0]}, ®)

where Eg; are the energies of the final and the initial state,
respectively, and the Dirac delta function is responsible for
energy conservation. As we discussed above, the final states
are weakly populated and therefore the system response in an
arbitrary scattering direction is governed only by the popu-
lations of the initial states and the scattering angle 6 (i.e., no
stimulated scattering). This assumption allows us to substi-
tute p(r)=p, in the right hand side of Eq. (8). It is also
obvious that we do not need to know the evolution of the
whole density matrix, which is why we fragment it to the
submatrices whose evolution is of particular interest.

We define the 2 X 2 spin-density matrix p; for a state with
a wave vector k in the basis of spins {¢*, 0"}. The 4 X 4 joint
density matrix for the final states is therefore defined as a
direct product Pky(0)Je,(0)= Pies(0) © Pre (6) and it fully describes
the spin states of the scattered polaritons. The equation of
motion for this density matrix can be straightforwardly de-
rived from Eq. (8) within the assumptions made:

dprok,0) 4
= 2 B E)H(Op i Hy(0), (9)

where the joint density matrix for the initial states is
Pi, k, =Pk, ® P, and the Hamiltonian sub-block Hy reads:

By 0 0 0

| o s me o
0=\ g o o | 1

0 0 0 B0

We are interested in the polarization of the radiation emerg-
ing in some definite direction denoted by the wave-vector kj
(see Fig. 1). The polarization properties of the radiation are
fully described by the pseudospin vector Skz. We define the
spin matrix in the usual way'’ pk3=%Nk3+Sk3~ o, where Ni,
is the polariton population in the direction k5 and o is the
vector of Pauli matrices. The population and pseudospin
components of the final state may be retrieved by evaluation
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of appropriate quantum-mechanical mean values:

Nk3(t) = <a;k3as.k3> =Ti{(I ® I)Pk3(0),k4(6)(t)]7 (11)

1 1
Sea,(0) = 52 <“:,k3“—s,k3> = ETY[(U'X & Dpyy(o)ae,(0(D)]
s

(12)

i 1
Syx,(0) = 52 (A g, a-5x,) = ETF[("')- ® D)pryok,0(D],
s

(13)

1 1
S k()= EE s(aip a5k, = ETY[(OE ® D)pryo) .k, (0(D]-

| (14)

The symbol I denotes here the 2 X 2 unit matrix. Considering
finite lifetime of polaritons 7 and cw excitation, the steady-
state pseudospin components may be derived as
S;‘eadyzf[de/ dt].on, Where the “coh” index denotes the co-
herent temporal evolution according to Eq. (9). Using Egs.
(9) and (11)—(14), we obtain the steady-state pseudospin
components:

NYY o (B + |Bol? + | BYIN N, + 8 Re[ Bo(85) 181,52,

+8 Re[ B5B51S,8,, +4(B7 = | B> = |B5D)S ...
(15)

S o 28) Re(B)S )N + 28 Re(B)N, S5,
+48, Im(B))S,.S,, + 481 Im(B,)S,,S,., (16)

S35 o 28) Re(35)S), N, + 281 Re(Bo)N, S,
— 4B, Im(B,)S .Sy, — 4B, Im(B5)S,S,5.. (17)

S5 o (B = Bl + [BIP)S 1Ny + (BT + | Bal = BN, S
+4 Im[IBZ(ﬁé)K]Sl\SZV +4 Im[ﬁ;ﬁé]sl,\sh (18)

Compared to Ref. 10, we obtained several new terms in the
kinetic equations for the pseudospin components. The origin
and the role of these terms are discussed in the next Section.

III. RESULTS AND DISCUSSION
A. Polarization selction rules

Here, we consider the polarization selection rules which
govern polariton-polariton scattering on the elastic circle.
The final state polarizations are analyzed as a function of the
scattering angle. The angle dependence of the scattering am-
plitudes comes from the direct Coulomb scattering term,
while the exchange and superexchange contributions are vir-
tually insensitive to the scattering angle if the radius of the
elastic circle is much less than the inverse exciton Bohr ra-
dius.

PHYSICAL REVIEW B 80, 115328 (2009)

The total polarization degree of a polariton quantum state
ks can be defined as P=2|S5|/N;. Obviously, this quantity
ranges between 0 (nonpolarized state) and 1 (fully polarized
state). We note that Egs. (16)—(18) account for the possible
depolarization of the final states with respect to the initial
states. For example, if considering fully colinearly polarized
initial states, we obtain for the total polarization degree of
the final states:

2|ﬂl Re(B, + ,35)|
P= . 19
Bi+ 1Bl + B +2 Re(838) (19)

P is zero if B,=B5=0 or ;=0 (cf. Table I and the discussion
at the end of Sec. I A) and equals 1 if B,=B5= = 3,/2. The
ratios 3,/ B and B3/ 3 determine the degree of polarization
and also the orientation of the pseudospin vector. The ex-
change interaction couples the initial states with colinear po-
larizations to the final states with the parallel and perpen-
dicular linear polarizations with the same probability (see
Table I). This is why, in this configuration, only the superex-
change term and the direct interaction term affect the polar-
ization degree of the final states. The coefficients 3, and B}
may be negative if the exchanged momentum is small and
therefore the inversion of linear polarization is often ob-
served in the polariton-polariton scattering experiments.'®7

The effect of depolarization in polariton-polariton scatter-
ing has not been addressed theoretically so far, to the best of
our knowledge. Here, we show that it is indeed a general
feature of polariton-polariton scattering in the spontaneous
regime. This effect limits accuracy of the Gross-Pitaevskii
equations which assume full coherence and polarization in
the system. On the other hand, the depolarization effect is
likely to be reduced if the scattering of polaritons is stimu-
lated by final state populations. In this regime, a selected
polarization is likely to be amplified, so that the total polar-
ization degree increases.

When compared to Ref. 10, we observe the new terms in
Egs. (16)—(18). These terms emerge from the fact that we
consider the complex and angle-dependent scattering ampli-
tude V, and therefore B,# B and Im 3, # 0 in general. Ex-
cept for these differences, the results of Ref. 10 in the limit
of spontaneous scattering are fully reproduced. Knowing the
angular dependence of V, we are able to predict the depen-
dence of the pseudospin components on the scattering angle.

Moreover, we find a new possibility of polarization con-
version as a result of polariton-polariton scattering. In order
to illustrate this, let us consider Eq. (18). The last two terms
in it describe creation of the circular polarization component
from two incoming polaritons with linear polarizations ro-
tated by 45° with respect to each other. As the states on the
elastic circle with nonzero wave vectors are created, this
means creation of the spin currents with well defined propa-
gation directions. We recall that polariton spin currents may
be generated in microcavities due to the Optical Spin Hall
effect”®?® caused by the TE-TM splitting of exciton-
polaritons and their elastic scattering by a static disorder po-
tential. The effect we propose here does not require either
disorder scattering, or TE-TM splitting but exploits the spe-
cific selection rules in the polariton-polariton scattering.
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FIG. 3. (Color online) Linear polarization degree P, in scatter-
ing of colinearly (a-b,e) and cross-linearly (c—d,f) polarized pump
beams as a function of scattering angle. Spontaneous scattering only
is considered in (a—d) while (e—f) display calculations with stimu-
lation of the polariton scattering taken into account. We compare
different QW compositions (a,c,e—f) (circle radius 2 um~') and
elastic circle radii for “GaAs (0 nm)” QW (b) and “GaAs (1 nm)”
QW (d). The numbers in parentheses mean spatial shift of the par-
ticle wave functions due to the applied electric field. Curves in (a,e)
have nonzero offsets which were removed for clarity: (a) GaAs (0
nm): —52%, GaAs (1 nm): +4%, InGaAs (0 nm): —11%, InGaAs (1
nm): —2%, (e) GaAs (0 nm): —100%, GaAs (1 nm): +60%, InGaAs
(0 nm): —100%, InGaAs (1 nm): —35%. The QW width is always
2.5 nm.

Note that the total spin is conserved by the process we con-
sider, because the build up of some degree of circular polar-
ization in one direction is compensated by appearance of an
opposite circular polarization degree in the opposite scatter-
ing direction. Equations (16) and (17) allow for an inverse
process: the creation of linear polarization from one linearly
and one circularly polarized initial state. This process is re-
flected by the elements of the rightmost column in Table I.

We note that the process described above is possible due
to the existence of a nonzero imaginary part of the scattering
amplitude V,. The argument is that V, contains contributions
in both first and second order of the perturbation theory (di-
rect and superexchange terms, respectively), which bring dif-
ferent phases, so their sum is a complex number with non-
zero real and imaginary parts.

B. Numerical simulations

The numerical solutions of Egs. (16)—(18) are plotted in
Figs. 3 and 4. Here we consider a microcavity with a 2.5 nm
wide Ing,GagosAs/GaAs or GaAs/Aly;Gay;As QW. We
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FIG. 4. (Color online) (a) Degree of circular polarization around
the elastic circle for two different 2.5 nm wide QW compositions
above the stimulated threshold. (b) Dependence of the degree of
circular polarization (DCP) contrast on the elastic circle on the
angle between vectors of linear polarization of the incident beams.

have fixed Vgyper/ Vexen==0.28+0.01i following the results of
Schumacher et al.?0?’

The linear polarization degree of the final states defined as
P,=285,/Nj5 is plotted in Figs. 3(a)-3(d) in the case of colin-
ear (X polarized) and cross-linear polarizations of the initial
states, respectively, as a function of the scattering angle. The
curves in Figs. 3(a) and 3(c) are calculated accounting for the
electron and hole spatial separation due to an applied electric
field for both types of QWs, Figs. 3(b) and 3(d) illustrates the
wave vector dependence of the degree of polarization in the
GaAs/AlGaAs QW.

We observe from Fig. 3(a) that the inversion of the linear
polarization degree in the case of scattering of collinearly
polarized polaritons takes place unless Re 3,>0. Without
the strong direct Coulomb interaction, the linear polarization
degree would  be Px=2(vsupcr/ chch)/[l +(Vsupcr/ chch)z]
~52% in the steady-state regime, however the direct inter-
action compensates the effect of the linear polarization rota-
tion and the degree of linear polarization is expected to reach
the value of only 11% in narrow InGaAs/GaAs QWs. The
contrast of the degree of linear polarization around the elastic
circle is of only a few tenths of per cent due to the nearly
quadratic behavior of the direct term amplitude as a function
of the exchanged wave vector [see Fig. 2(a)]. The contrast is
increased if the wave vector of incident beams (elastic circle
radius) is increased as shown in Fig. 3(b).

Figure 3(c) shows nontrivial variations of the degree of
linear polarization as a function of the scattering angle if we
consider excitation by cross-polarized beams (note that the
X-polarized beam is incident at =180°). The degree de-
pends very strongly on the particular shapes of the electron
and hole wave functions, and obviously the polarization of
the emitted light may be controlled by the applied voltage.
The dependence of the polarization degree on the elastic
circle radius for a GaAs/AlGaAs QW subjected to the exter-
nal bias is shown in Fig. 3(d). The elastic circle radius affects
the value of the exchanged wave vector, which governs the
final state polarizations.

The calculations presented in Figs. 3(a)-3(d) show only a
weak variation of the linear polarization degree on the elastic
circle (below one per cent). However, so far we have ne-
glected the final state stimulation of the polariton-polariton
scattering, which is expected to magnify the polarization
variation. In order to reveal this effect, we have solved the
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equations of motion for polariton pseudospin taking into ac-
count the stimulated processes in polariton—polariton scatter-
ing. The results are plotted in Figs. 3(e) and 3(f) for the same
parameters as in Figs. 3(a) and 3(c). One can see that the
polarization degree as well as its variations strongly increase.
The variations may be as large as several per cent in this
case. We also observe that depolarization takes place even in
the stimulated regime (polarization degree is only 35% in
InGaAs QW).

The buildup of the circular polarization and generation of

polariton spin currents by linearly polarized optical pumps is
demonstrated in Fig. 4. There the pumps have linear polar-
izations whose planes are rotated by 22° with respect to each
other [at this angle the highest circular polarization degree is
observed, see Fig. 4(b)]. In this calculation, we considered
the stimulated scattering regime, in which case the circular
polarization contrast exceeds one per cent. This effect, which
may be cautiously referred to as the intrinsic optical spin
Hall effect, is relatively weak in the model microcavities we
have considered. On the other hand its magnitude depends
on the spatial separation of electrons and holes in the QW
growth direction so that it can be tuned by applying an ex-
ternal bias.

IV. CONCLUSIONS

We have analyzed the polarization selection rules for the
elastic scattering of exciton polaritons in a semiconductor
microcavity in the strong coupling regime. We show that the
polarization of scattered polaritons may be different from the
polarization of pumping light. In particular, linear polariza-
tion may be rotated by 90 degrees and circular polarization
may be builtup from linearly polarized pumping. We show
that when scattered in particular directions the polaritons
lose their polarization and become unpolarized.

Using a microscopic model, we have calculated the scat-
tering angle dependence of the polariton-polariton scattering
amplitudes on the elastic circle. We have shown that the
amplitude of the direct Coulomb scattering process is angle
dependent and reveals the pronounced minima and maxima
as one goes around the elastic circle. The angular depen-
dence is more pronounced in QWs with spatially separated
electron and hole centers of mass. This offers an opportunity
to tune the final state polarization by the external electric
field. On the other hand, the contributions from the exchange

zaBﬂ'
eag S 4ag

Vdu'(q)
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and superexchange polariton coupling mechanisms are virtu-
ally independent of the scattering angle. We have found
terms previously neglected in the pseudospin kinetic equa-
tions arising from the wave vector dependence of the scat-
tering amplitudes and their imaginary components. These
terms are shown to be responsible for a variety of effects. We
have demonstrated that polariton spin currents (circular po-
larization currents) may be generated using linearly polarized
pump beams. This analysis provides a basis for engineering
of spin-sensitive optical logic gates based on exciton polari-
tons.

The demonstrated sensitivity of the direct scattering term
to the QW geometry and to the applied voltage offers the
opportunity to control the polariton-polariton interactions
and their spin selection rules via the microcavity design (e.g.,
introducing coupled QWs or superlattices) and external
fields. We believe that the effects predicted in this paper may
be used in future field-controlled spintronic devices.
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APPENDIX

The direct scattering term is given by the integral:>3

Vdirzf @3(r,r) @y(ra,r) Vry,ri,ry,r;)

X @ (r1,r]) a(rp,rb)dr ... 15, (A1)

where the nonprimed r’s are the electron coordinates and the
primed ones are the hole coordinates. Symbol V stands for
the Coulomb potential and ¢’s are the initial and the final
state wave functions with appropriate indices. Note that the
vectors are three-dimensional. We factorize the wave func-
tions as products of the in-plane and z-components as
op(r,r")=Ne ®Ry(p)x(z)x'(z') where N is the normaliza-
tion constant, k is the in-plane wave vector, R is the center-
of-mass coordinate, p is the relative electron-hole coordinate
and y and y’ are the respective wave functions of an electron
and a hole in a QW. Considering ¢(p)=exp[—p/ag] and
k| <a'Bl, we may do a straightforward evaluation, restricting
only to the most important terms:

{ f D)Xz + X @)X (22) = 22X @)X (2)1A(¢.21,22)dz) 5

3
ey s e e - e e (0 a2

3
(an) f D)X @)Y + X @)X (27 - 2 @)X () 2(y + ¥4 - 3727’2)11‘(!1,21&2)(1112} (A2)
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Aq.21,20) = f
0

X

S
Va2 + g%z — 20)°
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Jo(x)dx. (A3)

Here, e stands for the electron charge, ¢ is the static dielectric constant, S is the normalization surface, J, is the Bessel function,
v and 7y’ are the respective electron and hole reduced masses. The exchanged wave vector is denoted by g.
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Elastic scattering of exciton polaritons in planar semiconductor microcavities has been used to create
X-NOR logic gates. Polaritons with identical linear polarization scatter preferentially at the right angle and
rotate their polarization by 90°. On the other hand, scattering of polaritons having orthogonal linear polariza-
tions is suppressed. We show that these effects are a consequence of the multiple scattering in microcavities
which involve three and more polaritons. The theory quantitatively reproduces the experimental data of

C. Leyder er al. [Phys. Rev. Lett. 99, 196402 (2007)].
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L. INTRODUCTION

Exciton polaritons, also referred to as cavity polaritons,
are elementary excitations in semiconductor microcavities.'
Being a combination of bosonic crystal excitations [quantum
well (QW) excitons] and photons, cavity polaritons posses a
number of peculiar properties, which make them promising
candidates for observation of interesting collective phenom-
ena, including high-T, Bose-Einstein condensation (BEC)
(Ref. 2) and superfluidity.?

An important peculiarity of a polariton system is the spin
structure of a polariton state: being formed usually by heavy-
hole excitons, polaritons have two allowed spin projections
on the structure growth axis (= 1), corresponding to the right
and left circular polarizations of counterpart photons. The
exciton states having spin projections *2 (dark states) are
split-off in energy and affect the polariton dynamics in the
second order with respect to perturbation caused by Cou-
lomb interaction between the exciton polaritons.* The polar-
ization of light emitted by a microcavity is the same as the
polarization of exciton polaritons. From the formal point of
view the spin structure of cavity polaritons is analogous to
spin structure of the electrons (both are two-level systems),
which is why a concept of a pseudospin vector S is suitable
for the description of their polarization.> The pseudospin is a
quantum analogy of the Stockes vector of a classical light. It
is linked with a 2X2 spin-density matrix p of a polariton
quantum state by a relation,

N
p:EI+S~a', (1)

where N is the occupation number of the polariton state, I is
the identity matrix, and o is the Pauli-matrix vector. The
orientation of the pseudospin determines the polarization of
emission from a microcavity. The parameter p=2|S|/N is the
total polarization degree of light emitted by the cavity, which
may vary between 0 and 1. The z component of the pseu-
dospin is linked with the circular polarization degree of emit-
ted light p.=2S./N, while S, and S, characterize the linear
polarization degree of emitted light(measured in (x,y) axes

1098-0121/2010/81(12)/125319(9)
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(py) and in the diagonal axes (pgy), respectively: p,=2S5,/N,
pa=2S,/N.

In the absence of an external magnetic field the “spin-up”
and “spin-down” states of the exciton polaritons correspond-
ing to their spin projections +1 and —1 to z axis and the
pseudospin parallel and antiparallel to z axis, respectively,
are degenerate. On the other hand, the interaction of polari-
tons in triplet configuration (identical spin projections on the
structure growth axis) is usually much stronger than that of
polaritons in singlet configuration®-® (spin projections of dif-
ferent signs). This may lead to lifting of degeneracy of the
spin-up and spin-down polariton states if their populations
are not equal. The spin state which is stronger populated has
a higher energy than the spin state which is less populated.
This interaction-induced spin splitting may be described as
an effective magnetic field applied in z direction which
causes the Larmor precession of the polariton pseudospin in
the (x,y) plane.’ This precession, also referred to as the self-
induced Larmor precession, is responsible for the mixing of
linearly polarized polariton states which manifests itself in
remarkable nonlinear effects in polariton spin relaxation.’
The difference in the polariton-polariton interaction con-
stants in singlet and triplet configurations is also responsible
for the predominantly linear polarization of BECs of exciton
polaritons, recently observed in microcavities at the condi-
tions close to the thermal equilibirum.'”

From the point of view of potential applications, it has
been recently pointed out that the controllable manipulation
of the pseudospin of cavity polaritons can provide a basis for
the construction of optoelectronic devices of the new genera-
tion, referred to as spin-optronic devices,!" which can be of
importance in various technological implementations includ-
ing the classical or quantum information transfer. With re-
spect to the conventional spintronics operating with electri-
cally charged spin carriers, the spin optronics has an
advantage of strongly reducing the dramatic impact of carrier
spin relaxation or decoherence,'?> which severely limits the
functionality of spintronic devices. Macroscopically large
coherence lengths of exciton polaritons and their bosonic
properties led to formulation of several concepts of spin-
optronic devices based on microcavities. These include in
particular mesoscopic optical interferometers,'3 optical
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FIG. 1. (Color online) (a) Scheme of the polariton dispersion in
the two-dimensional reciprocal space and scattering of counter-
propagating polaritons (denoted as “Excitation”) forming scattered
pairs on the elastic circle (“EC scattering”) and their further diffrac-
tion to off-branches (“Diffraction”). (b) Diffraction of the EC scat-
tered state to the off-branch states (lying on the dashed circles).
Lines denote the pair of interacting polaritons and arrows with the
appropriate color denote the possible diffraction processes. (c)
Level scheme for visualization of the virtual processes. Numbers
refer to the states in (b).

circuits,'* and highly efficient sources of entangled photon
pairs.

The polarization-controlled X-NOR gate is the only spin-
optronic device concept which has been realized experimen-
tally already.'® It consists of a semiconductor microcavity in
the strong-coupling regime optically excited by two linearly
polarized light beams incident at the opposite oblique angles
[see Fig. 1(a)]. The device operates due to elastic polariton-
polariton scattering which changes distribution of the exciton
polaritons on the so-called elastic circle, i.e., the circle in the
reciprocal space corresponding to the constant energy, equal
to the energy of the pump beams. It has been demonstrated
experimentally that polaritons are scattered preferentially at
the right angle in this configuration (i.e., in the directions
which are characterized by in-plane wave vector components
orthogonal to those of the pump beams!”). Moreover, the
scattering only takes place if two pumping light beams are
colinearly polarized. On the other hand, if the polarizations
of two incident beams are orthogonal, the scattering van-
ishes. This surprising experimental observation has been
theoretically reproduced in Ref. 16 using the spin dependent
Gross-Pitaevskii (GP) equations, which describe the en-
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semble of exciton polaritons by a single spinor wave func-
tion. Being a powerful tool for numerical modeling of the
coherent polariton dynamics, GP equations account for
polariton-polariton scattering in all orders assuming contact
interactions described by two phenomenological constants «;
and @, which characterize the scattering of polaritons with
parallel and antiparallel spins, respectively. GP equations do
not provide information on the probabilities and polarization
selection rules of each individual scattering act and, while
the agreement between simulation and experiment is excel-
lent, the physical reasons of the unusual characteristics of the
polariton X-NOR gates remained obscure.

The goal of this paper is to describe the most important
features of polariton logic gates in terms of the spin- and
angle-dependent scattering of exciton polaritons. We show
that the peculiar nonuniform distribution of the polaritons on
the elastic circle observed in Refs. 16 and 17 is due to the
diffraction of scattered polaritons on the grating created by
two pump pulses.

II. POLARITON X-NOR GATE IN THE SPONTANEOUS
SCATTERING REGIME

Polarization selection rules in the course of polariton-
polariton scattering have been analyzed in our recent
publication.'® We have shown that a single spontaneous scat-
tering act of two identically linearly polarized exciton polari-
tons results in two weakly polarized polariton states having
their preferential polarization in the plane orthogonal to the
polarization plane of two initial states. This small preferen-
tial polarization of the final states may be amplified in the
case of stimulated scattering. On the other hand, no signifi-
cant angular dependence of the scattering amplitudes has
been found for the realistic microcavity structures within this
model. This result is in apparent contradiction with the
experiments!” and the Gross-Pitaevskii model.'® Having in
mind that the GP equations implicitly account for polariton-
polariton scattering in all orders, the only possible explana-
tion of this contradiction is that the experimentally observed
strong angular dependence of the scattered polariton popula-
tion is due to the processes involving two or more polariton
scattering events.

To start we note that there is no process which could
break the cylindrical symmetry of the microcavity potential
acting upon exciton polaritons under weak excitation (i.e., if
pump-induced blueshift of the excited states is small com-
pared to the disorder potential in the sample); however, when
the pump power is sufficiently large, the pump beams them-
selves provide the symmetry-breaking effect. This effect can
be described as an appearance of a pump-induced transient
grating on which the polaritons diffract from the elastic
circle (EC) to off-branches!® shifted in the reciprocal space
by the grating vector *(k;—k,), where k; , are the in-plane
wave vectors of excitation beams [see Fig. 1(a)]. The transi-
tions to the off-branches do not conserve energy so that they
must be accompanied by processes which restore the energy
conservation within time inversely proportional to the energy
mismatch, according to the uncertainty relations. There is a
rich variety of processes which may restore the energy con-
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servation, including scattering back to elastic circle, phonon
scattering, polariton decay by tunneling of a photon through
Bragg mirrors (photon would have energy of a polariton on
the EC and wave vector of the off-branch state), or return of
polaritons to their initial states. The retarded return processes
influence the phase of the involved polariton so that the in-
terference of polaritons coming back from the virtual states
with other polaritons is not necessarily constructive. In this
paper, we show that the diffraction of the virtual states is
responsible for modulation of the polariton population on the
elastic circle even though this effect is weak compared to the
direct scattering from the pump states to the states on the
elastic circle.

We distinguish between EC scattering and diffraction
throughout the paper. We define EC scattering as a wave
vector conserving elastic-scattering process for a pair of po-
laritons. In particular, the resonant scattering of pump polari-
tons to the states at the elastic circle is EC scattering. The
diffraction is scattering of a single exciton polariton on a
diffraction grating formed by two pump beams which leads
to the change of the polariton wave vector by *(k,—k,).
When we refer to both processes together, we shall use the
term scattering.

The system reveals a rich variety of possible pair interac-
tions which populate real or virtual states and contribute to
the overall dynamics. There are, nevertheless, several pro-
cesses in the limit of weak polariton-polariton interactions,
which are more probable than others: these are (1) resonant
processes (scattering around the EC) and (2) virtual pro-
cesses, enhanced by the large conjoint population of the in-
volved states. The strongest transitions from one to the other
pump beam are stimulated due to their large macroscopic
populations. The exchanged wave vector is *(k,—k,) in this
case and therefore this group of processes represents the dif-
fraction.

In order to describe the system dynamics in the spontane-
ous EC scattering regime (i.e., considering low population of
the EC), we consider a polariton pair and investigate its evo-
lution, accounting for the background populations n; , of the
pump beams. Considering only those single-polariton states
which may be populated by a single EC scattering or
diffraction,?® single polaritons may occupy only states 1-12
depicted in Fig. 1(b). All the two-polariton states allowed by
the dynamics may be denoted as follows: the initial state is
A=(1,2), where the numbers in parentheses denote the con-
tributing single-polariton states, the final EC scattered state
(for a fixed scattering angle 9) is E=(3,4). These states on
the EC are coupled to the virtual states B—D,F-K by dif-
fraction, see description of levels in Fig. 1(c). The states D, J
and K are virtual off-branch states. Their relative influence
on the scattering of polaritons depends on the scattering
angle. The state D and, in many cases, one of the states J and
K or sometimes even both of them can be neglected as they
have a little influence on the population of the elastic circle.
On the other hand, for specific scattering angles one of the
states J or K may lie close to the EC and play a more im-
portant role in its population, consequently. In the numerical
calculation we always keep the states D, J, and K in consid-
eration. According to the Fig. 1(c), diffraction of e.g., single-
polariton state 3 may be regarded as scattering of the states
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1,3—2,7 or 2,3—1,9 and therefore it leads to efficient
coupling of the state E to G and H. Note, however, that there
is no state (1,1) in the level scheme. To clarify this point, we
need to consider both the polariton pair and the background
population—wave vector conservation requires that the tran-
sition (1,2)—(1,1) is accompanied by the increase of the
population of state 2 by 1 polariton, making the initial and
the final-state equivalent. Clearly the states A—D form a
group coupled by diffraction and also all states within the
second group E—K are coupled by diffraction. These two
groups are then coupled by EC scattering as depicted in Fig.
1(c). The relevant effective Hamiltonian for the first group
(A-D) accounting only for diffraction reads as

0 Vyp Vp 0
Vb hwy O Vb
Vo 0 the, Vp
0 Vp Vp 2hop;

, 2

Hy p=

where we denote Ziw;; the energy mismatch between the
single-polariton state 11 and the EC which can be evaluated
as hw, =4h%k3/m* in parabolic approximation, where k is
the EC radius and m” is the polariton effective mass (in the
presence of strong excitation field, parabolic approximation
may be altered by a more proper dispersion accounting for
the Bogoliubov renormalization'®-?!). The effective Hamil-
tonian for the group (E—K) has the following form:

0 Vp Vo Vp Vo O 0
Vo hiwg 0 0 0 V, 0
Vo 0 fhwg O O Vo O
Hix=|Vo 0 0 fw, 0 0 Vp |,
Vo 0 0 0 fhw, O Vp
0 Vo Vo O 0 2hwg O
0 0 0 Vo Vp 0 2k
(3)

where fiw; g=2h%k3(1 Fcos §)/m*. We calculate the effec-
tive coupling Vp as the Hamiltonian matrix element
(WeH'|W;), where W;; are the initial and the final states,
respectively, and H’' is the microscopic diffraction
Hamiltonian relevant for the selected group of states.
Let us take for instance the transition £— H. In this case,
the part of microscopic Hamiltonian which applies is
H'=V(a%a3aza;+H.c.) and the initial and final states are

W= “;aﬂ”ls"z)s (4)

\sza;az‘nl—],n2+ 1), (5)

where |ny,n,) is a state created by pump beams with mean
numbers of polaritons n, , in the states 1 and 2, respectively.
Considering n; ,> 1, we finally obtain Vp=Vynn,.
Coupling of the states, according to the above Hamilto-
nians, is depicted in Fig. 1(c) by vertical lines. As we stated
before, the two groups of states shown in this figure are
coupled by EC scattering (whose amplitude is V). Note that
not only the states A and E are coupled, we must take into
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account also EC coupling of the virtual states. The coupled
states are connected by horizontal lines in Fig. 1(c). The
corresponding EC coupling Hamiltonian is

Hyc = VI(|A) + D) (E] + (J| +(K]) + [B)((F]
+(H|) +|C)(G| + ) + H.c.]. (6)

Population of the polaritons scattered to a fixed angle ¥ is
defined by Nyo(9)=22K_ny(9), where n, are the individual
populations of the states E—K and the prefactor “2” arises
due to the two-particle nature of the states. This definition
includes both contributions from the EC states and diffracted
polaritons lying on the off-branches. To account only for the
states on the EC, the definition should be revised

1

Nec(9) = 2ng+ 2 ng. (7)
{=F

We evaluate the population Np(®9) within the second-order
perturbation theory for the EC scattering. On the other hand,
we account for the diffraction by exact diagonalization of the
appropriate Hamiltonians due to the large coupling terms. All
states are then divided to the groups, whose kinetics is
treated nonperturbatively while the intergroup interactions
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we define a new set of eigenenergies fiw,, ...,hwy, eigen-
states |ay=32_,T)|¢) etc. as a linear combination of the
original states. The EC populations may be then redefined as
Nec(9) =2k ng(9)P(9), factor Py(¥) being a number of

the polaritons from the state |€) lying on the EC [cf. Eq. (7)],

P(9) =2[TP)P + E (TP (8)

Applying the standard second-order perturbative approach,
we obtain the steady-state population of, e.g., a final state f
in the form
d
2 Hgo) il
29 I o

ne= 0
f hz(:a 2+ (wf_ w€)2

where I is the polariton dephasing rate. Considering further
the initial condition n,= n =n,, and np_p=0, we obtain after
transformation r,_y=|T Wal’ny and the EC scatterm
Hamiltonian is transformed as (He)( =2, ,17'(5 m(HEC),M i
(the last term comes from the Hermitian conjugate of a real
matrix). Substituting this expression to the above equation
and considering explicit form (6) of the EC scattering Hamil-
tonian, we finally obtain

are expanded to perturbation series. It is then straightforward V2n [T(O PP ()
iaconali articul: Ttoniane: 1 0
to diagonalize +the particular group+ Hamiltonians: Ngc(9) = E 2 (- )2+F2 E mn)ﬂ‘(
H, ,=TOH, ;79" and H, ;=T'"YH,_ 7", where 7" are J=a t=e
the relevant transformation matrices. By this diagonalization, (10)
[m,n] € {[A.EL[AJL[AKLB, FL: (B HL:[C,GLLC, 1L (D, EL (D, J]; [D,K ]} (11

The above equation is the illustrative result considering only
one circular polarization and resonant scattering on the EC.
In reality, however, one usually deals with both polarizations
and the polariton population distributed in the whole recip-
rocal space. To account for all possible final states, we sim-
ply let the state E be anywhere in the reciprocal space and
directly apply the equations above. Considering the spin,
each polariton may carry an angular momentum =1
and therefore we redefine polariton states as, e.g.,
|A = *+)=(1%,2+). Each of the two-polariton states A to K
is then split to four levels having different spin configura-
tions of the participating polaritons. Coupling strengths be-
tween the states are no more equal but depend on the spin
configuration of the initial and final states and the spin-
dependent populations of the initial states n;. and n, ..

In the numerical calculation we take the polariton effec-
tive mass of m*=10""m,, where m, is a free-electron mass,
the in-plane momentum of the pump beams ky=0.9 wm™!
and the dephasing rate I'=0.2 ps~'. We calculated the distri-
butions of polariton populations in the k-space, using the
second-order perturbation theory without stimulation of the
EC scattering, keeping scattering amplitudes V; , (scattering
of polaritons with parallel or antiparallel spins,

respectively'®) constant around the EC and considering vari-
ous combinations of polarizations of the excitation beams.
The result for cocircular polarizations is shown in Fig. 2(a).
Clearly the polariton population is distributed in the vicinity
of the EC with the radius 0.9 um™" and is further modulated
depending on the scattering angle. Note, however, that this
modulation is due to the coupling to the virtual states by
diffraction on the pump-induced grating. The evaluated po-
lariton population N(k=kgy,9) on the EC is depicted in Fig.
2(b), and Fig. 2(c) shows its wave-vector dependence for
three fixed values of the scattering angle.

It follows from Fig. 2(b) that the polariton population
depends on the spins of interacting polaritons and the spin
structure of the excitation beams. Scattering of cocircularly
or linearly polarized beams demonstrates preferential spon-
taneous scattering to the angles around 90°, while counter-
circularly polarized beams are preferentially backscattered.
According to Fig. 2(c), diffraction also causes variations of
the radial distribution of the polariton density around the EC.

In the case of the linear copolarized excitation beams the
scattering is accompanied by inversion of the linear polariza-
tion, as it was noticed in Refs. 8, 16, and 18. The inversion of
polarization results from the interplay of first-order
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FIG. 2. (Color online) (a) Calculated steady-state populations of
the polariton states in the k space for the cocircular polarizations of
excitation beams (far below stimulation threshold). (b) Population
of the EC for various combinations of the polarizations of the pump
beams. (c) Population of the polariton states at scattering angles 0,
10, and 90° for cocircularly polarized excitation. (d) Polarization-
resolved steady-state polariton population on the EC under strong
cw excitation slightly above threshold (1.12 Py,) with colinear or
crosslinear polarizations. Notation AB|C means that excitation
beams have polarizations A and B, and C-polarized component is
detected (A,B,C=X,Y).

polariton-polariton exchange interaction between the copo-
larized components in the circular spin basis and the second-
order exchange process between countercircularly polarized
components via dark states.’> The second-order exchange
process is comparable in magnitude to the first-order ex-
change process, due to the high density of intermediate dark
states characterized by the excitonlike dispersion. The polar-
ization degree of the scattered states may be estimated from
the T matrix for polariton-polariton interaction.?* Note, how-
ever, that the calculation of Schumacher e al. comprises a
two-dimensional approximation of the exciton gas and there-
fore the use of the 7 matrix itself may result in an overesti-
mation of the polarization degree because of the neglect of
the direct-scattering channel.'® Using the algebra of Ref. 18
and considering Tx /Tx =-0.28 from Ref. 23, we find for
the degree of linear polarization

Ty
P Ty

The negative sign here means that the polarization plane of
the final states is rotated by 90° with respect to the polariza-
tion of the pump beams. Compared to the experimental data
of Ref. 6, the polarization degree we obtain is 2.5 times
higher. In the real experiment, the final linear polarization
degree could have been reduced due to the self-induced Lar-
mor precession of polariton pseudospins, neglected in our

~—=52%. (12)
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model. If the pumps are linearly crosspolarized the scattering
results in a depolarized signal around the EC as discussed in
Ref. 18 while only a small polarization degree resulting from
the weak direct-scattering term is expected.

Preferential scattering to the 90° direction shown in Fig.
2(a) may be qualitatively explained in terms of the above
simplified model with levels A—K ascribed to one circular
polarization. As noted in the beginning of this section, po-
laritons may remain in the virtual state for a limited time
inversely proportional to the virtual state detuning from the
EC. Clearly the larger time polaritons are in the virtual state,
the larger influence of the diffraction is and the larger (nega-
tive) modulation of the coupling strength is. Scattering is
therefore the least influenced by diffraction if the virtual
states are separated from the EC by the largest amount of
energy, what is actually the case of scattering to the angle
U=90°. If 9=0 or 180°, on the contrary, small energy sepa-
ration of the levels F,G or H,I from the level E causes
relatively high population of the virtual off-branch states and
therefore large reduction of the coupling strength between
the initial state and the states on the elastic circle.

III. POLARITON X-NOR GATE IN THE STIMULATED
REGIME

The above discussion of the regime of spontaneous scat-
tering proves our assumption that the excitation causes the
symmetry breaking resulting in the modulation of the
polariton-polariton scattering amplitudes. In the spontaneous
regime this modulation is rather weak and hardly can be
experimentally detected. However, the effect can be drasti-
cally amplified in the stimulated regime. Stimulation pro-
vides also the dramatic increase of linear polarization degree
of the scattered beams which may achieve almost 100%.

For the analysis of the stimulated scattering case we shall
operate with the spin-density matrix of the system using the
first-order Born-Markov approximation. Consider the par-
ticles which can scatter from initial states 1 and 2 to final
states 3 and 4 on the EC. The appropriate part of the inter-
action Hamiltonian can be written as H.,,=H"+H~ where

+_ + o+ + +
H=V\(a],a3,a3,a4, + aj_a5_az a,)
+  _+ + o+
+ Volai,a5_az,aq +ay_ay,as_ay,)
+ o+ + o+
+ Vi(aj,a5_as_ay, +aj_as,as.a,_), (13)

and H™=(H")*. Scattering amplitudes are denoted V,_; here,
V describing the spin triplet configuration and V), 5 describ-
ing the singlet configuration. In order to account for the dif-
fraction on the transient grating, we do not further introduce
the virtual states in the Hamiltonian but rather consider V;_3
as effective scattering amplitudes defined as

NecD)g g, (14)
Nec(9)

where N(9) and N'(9) come from Eq. (10) as the popula-
tions coupled and uncoupled to the virtual states, respec-
tively. The decoupling of the EC scattering and the diffrac-
tion present in the Eq. (14) is valid as long as we may

Vj(ﬁ) =
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consider that diffraction on the grating formed by pump
beams is the strongest process in the system. We therefore
require 1 ,>n3 4 otherwise the large population of the states
on EC would introduce a new efficient diffraction channel
and the approximation of Eq. (14) would break. The condi-
tion is satisfied in the experiment of Ref. 16. The bare scat-
tering amplitude \7j(13) can be estimated using microscopic
calculations,?>?* considering the amplitude of the direct scat-
tering in real three-dimensional structures.'® The second-
order exchange processes do not contribute to the Hamil-
tonian in the basis restricted to the bright states only,
however the Hamiltonian presented above may be regarded
as an effective one with the scattering amplitudes which give
a correct form of the scattering 7 matrix within the chosen
Born-Markov approximation. The second-order processes
therefore may be accounted for in the scattering amplitudes
Via.

The Liouville-von Neumann equation for the density ma-
trix @ of the system reads as (fi=1)

1
5:Q=— j {Hscalt(t);[Hbcan(tl);e(t,)]}~ (]5)
In the Born-Markov approximation one replaces ¢’ by ¢ and
retains only energy-conserving terms which yields
S YAE)d,0 =2(H"oH + H oH") - (H'H™ + H H")p
-oH'H +H H") (16)

where the term 6'(AE) ensures the conservation of energy.
For time evolution of the mean values of any arbitrary op-

erator A ,(A):Tr(gfi) one has
dA) = Tr(e[H;[A; H']]) + Tr(e[H*;[A;HT).  (17)

This formula can be used for calculation of temporal dynam-
ics of the occupancies and pseudospins defined as

N;= TT{Q(a;+aj,+ + a},ﬁj,_)}, (18)
S.;=Re Tr{ea; ,a;_}, (19)

Sy ;=1Im Tr{Qa;{Jfaj’_}, (20)
$.5= 3T} 0y~ ;). e

The resulting explicit formulas are listed in the Appendix.
Figure 2(d) shows the resulting distributions of polaritons on
the EC in the stimulated regime under different excitation
conditions (the pump beams are subtracted). One can see that
the colinear excitation exceeds 98.5% spin inversion slightly
above the threshold (the spin inversion further increases with
increasing pump power) and a strong emission in the 90°
direction with full width at half maximum of 50°, in accor-
dance with the experimental data of Ref. 16. Crosslinear ex-
citation, on the other hand, for the same excitation intensity
yields the scattering signal which is more that one order of
magnitude weaker and is almost unpolarized.
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FIG. 3. (Color online) (a) Pump intensity dependence of the
polarized polariton population on the EC. The polariton population
at the scattering angle 90° under different pump and detection con-
ditions is shown. Pump intensity is plotted relative to the threshold
for the colinear excitation. (b) Pump intensity dependence of the
maximum of polarization degree for colinearly (red) and crosslin-
early (green) polarized pumps. The sign of the polarization degree
shown by the red curve is inverted for clarity. (c) Comparison of the
full microscopic calculation and the presented model for pump
power of 1.12 units, assuming cocircular polarizations of the exci-
tation beams.

In order to explain why the polariton-polariton scattering
and polarization inversion under colinear pump is stronger
by orders of magnitude than the scattering with crosslinearly
polarized beams, we plot the intensity dependence of the
polariton population and the maximum polarization degree in
Figs. 3(a) and 3(b). The gate performance in Fig. 2(d) is
plotted for the pump intensity of 1.12 (in the units corre-
sponding to the horizontal scale in Fig. 3). The stimulation
threshold is reached for the colinear but not crosslinear
pumps, which is why the scattered signal is so much differ-
ent in the two cases. The gate may therefore operate only
within the interval of pump intensities between the two
stimulation thresholds for colinear and crosslinear pump po-
larizations.

The initial degree of polarization at very low pump power
is about —40% in the present calculation, which is far below
the experimentally observed value® —(15-20)% and also be-
low our theoretical prediction —11% for the narrow InGaAs
QWs.!8 There is no contradiction with our previous
publication'® as here we consider an 8-nm-wide QW while
the QW of 2.5 nm width has been considered in Ref. 18. As
the QW width determines the magnitude of the direct-
scattering term, the linear polarization degree of the scattered
polaritons in an 8-nm-wide QW is much higher compared to
a 2.5-nm-wide QW. Considering further complex polariza-
tion dynamics in the case of the excitation geometry of Ref.
6, we find that the theoretical estimation and experimental
data are fully compatible.

Figure 3(b) illustrates another interesting feature of the
stimulated scattering on the EC. Although the polarization
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degree in the spontaneous regime of scattering of crosslin-
early polarized polaritons does not exceed 0.1%, stimulation
causes the polarization amplification, which is essential for
operation of future spin-optronic devices.

The use of approximation (14) simplifies the calculations
significantly and also allows one to understand the physical
origin of the population modulation on the EC observed in
experiments. We verified the accuracy of Eq. (14) by a nu-
merical calculation. For this purpose, we have derived the
kinetic equations for the polariton system on the elastic circle
in the stimulation regime accounting for the diffraction in the
microscopic Hamiltonian and thus without simplifying as-
sumption of Eq. (14). We have used the same approach as in
Sec. II; i.e., we have considered the same states involved in
the dynamics, the diffraction (restricted to the first diffraction
maxima only) has been accounted for nonperturbatively and
the EC scattering has been considered within the Born-
Markov approximation. Considering cocircular excitation for
simplicity, we obtain in this way the results depicted in Fig.
3(c) using the same input parameters for the exact and sim-
plified calculations. One can see that even though there is
some small difference between the curves, the approximate
model still gives very good predictions.

IV. CONCLUSIONS

We have analyzed the most efficient channels of
polariton-polariton scattering on the elastic circle in terms of
multiwave mixing. We show that the multiple polariton scat-
tering processes are responsible for changes in the scattering
probability of the order of few percents in the linear regime.
The increase in the excitation intensity leads to a drastic
increase in this modulation due to the final-state bosonic
stimulation. The multiple polariton scattering process can be

dt
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conveniently represented as a combination of the polariton
scattering with a subsequent diffraction to the off-branch
states by a polarization grating created by two pump pulses.
The polaritons from off-branch states then go back to the
elastic circle, so that the energy is conserved.

This scenario explains preferential scattering of the po-
laritons at 90° in the case of colinearly polarized light beams.
In this case, none of the intermediate off-branch states is
close in energy to the elastic circle polaritons so that destruc-
tive interference caused by virtual diffraction processes is
suppressed.

We show that the polarization degree of the scattered po-
laritons strongly depends on the pump intensity and that the
final polarization degree may be strongly amplified above the
stimulation threshold. This feature opens a possibility of con-
struction of a spin-optronic transistor with a smooth depen-
dence of the output polarization on the polarization of the
gate input. The results of this work may be applied for opti-
mization of the design of polariton logic gates by considering
various spin configurations or introducing more control
beams.
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APPENDIX

We define the scattering probabilities as W;=|V/|* and
W=V, V;=W,+iW],. Following Eq. (17) and definitions
(18)—(21), we obtain the following equations of motion for
the different pseudospin components. Polariton population

d
TN3=Ni1+Npp+ Np+Niz+ Ny + N,

W,
Ny = 71[(N1N2 +481.5) (N3 + Ny +2) = (N3Ny + 453.8,,) (N, + N, + 2)]

+ 2W (NS, + S1.N2) (S5, + S4.) = (S1, + S (83N, + N3Sy) 1,

Nip=4WEL(N) = N3)S5 - Sy + (Ny = Nu)S| - S5]+ 8W[(S1, — 85.)85 X Sy + (S, — 4,081 X 3],

W.
Ny = 72[(N1N2 —481.8:)(N3 + Ny +2) — (N3N, — 453.5,.) (N + Ny + 2)]

—2W,[(N1S5; = S1:N2)(S3, = Sar) = (S1, = S2.) (N34, = S3.Nu) ],

N3 =4WE(N) = NS, - S5+ (Ny = N3)S; - 841+ 8W[(S1, — 84.)85 X S5+ (S5, — 3,081 X S,],

Nyy=—dW5[(N) + Ny +2)S;5- Sy~ (N3 + Ny +2)S, - So]+ 8Wha[(S). = $5.)83 X S4+ (S5, — 5408, X S,],
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W
N33 = 73[(N1N2 - 4S12522)(N3 +N4 + 2) - (N3N4 - 4S31S4Z)(N1 +N2 + 2)]

=+ 2W5[(NS5, = §1:N5)(S3; = Suz) = (S1. = S2.) (N384, — S3.N,4)].

Z component of the pseudospin
ESk:le +Zip+Zn+Ziz+Zyy+ s,
W,
Z= 7[(1"152; +S1.Ny) (N3 + Ny+2) = (Ny + Ny + 2)(N3Sy, + S3.N,)]
W,
+ 7[(N1N2 +481.5,.)(S3, +842) = (S1.+ S5 ) (N3N, + 455,541,
Z1, = AWR(S ), — 538, - S+ 2Wi,(N; — N3)S, X S,
W,

Zy=- 7[(1\7152; = S1:N2) (N3 + Ny +2) = (Ny + Ny + 2)(N3S4, — S3:Ns)]

w.
+ 72[(N|Nz —481.5:)(S3, = Sa) = (S1; = S5) (N3N, — 485,541,

Z13= AW (S5, — 5308 - S5+ 2Wi4(N, — N3)S| X S,
— R 1
Zy = AWE (S5, = S4)S| - Sy + 2Why(N3y + Ny +2)8| X S,,
W;
> [

Zy3= (N1Sy, = S1:N)) (N3 + Ny +2) + (N + Ny + 2)(N3Sy, — S3.Ny)]

W.
+ 73[(N1N2 = 451:85.)(S3; = S42) + (S1; = S ) (N3N, — 455.5,.)].
Y component of the pseudospin

Es3y=Y11+Y12+Y22+Y13+Y23+Y33

Wi
Yii=- 7[N4(Nl +N,+ 2) - N1N2:|53y - ZWI[S4Z(SIZ + Szz) - SleZZ]S3y + 2W1[S2},S1 . S4 - Slxsl X S4],
Y= WfQ[NZ(N3 +Ny+2) = N3Ny +45,.5,.15), - 4W1,€2S3},Sz Syt 2W1|2[522(N3 +Ny+2) + 83N, = N3)JS .
W,
Yyp=- 7[N4(Nl + Ny +2) = NN, 1S3, + 2W,[S4.(S ), = S5.) = 8150153, + 2W,[ 81,85 - 84+ 51,8, X 84],

Y13= WHIN (N3 + Ny +2) = N3N, + 451,815, = 4WS3,8 ) - Sy + 2WS[S1.(N3 + Ny +2) + Sy (N, = N3) 1S,

Yp3= = Wh[N3(N) + Ny +2) = N\Ny +481.5,.1S4, + 4W5S3.S| - Sy + 2Whs[S1.(Ny = N3) = S,.(Ny = N3) 1S,

W
Yyy=-— 73[1v4(1v, + Ny +2) = NN, 1S5, = 2Wa[S4(S12 = S5 + 5152183, + 2Wa[$2, 8 - S+ 52,81 X S,].
X component of the pseudospin

d
ES3X=X11 + X+ X+ X3+ Xp3+ X33
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Wi
Xy=- 7[1\’4(1\’1 + Ny +2) = NN, 1S3, = 2Wi[S4(S 1, + S5.) = 8185183, + 2W1[ S5, 8 - 84+ 55,81 X 841,

Xy = WHINo(N3 + Ny +2) = N3Ny + 455,818, — 4W5S3.85 - 84— 2Wi5[ S5, (N3 + Ny +2) + Sy, (Ny = N3) 1S,

W,
Xpp=-— 7[1v4(1v1 + Ny +2) = NN, 1S3, + 2Wo S (S1, = S2,) = 81,855,183, + 2W5[ 51,85 - 84— 51,85 X 8,41,

Xi3= WESIN{(N3 + Ny+2) = N3Ny + 451,854,185, = 4W5S3,S 1 - 84 = 2WS[S1 (N3 + Ny + 2) + S5, (Ny — N3)1Ss,,

Xy == WE[N3(N) + Ny +2) = NNy +481.5,.1S4, + 4W5 83,81 - S5 = 2Wh[S 1. (N, = N3) = S5.(N, —N3)1S4y,

W
Xy3=- 7[1\’4(1\’1 + Ny +2) = NN, 1S5, = 2W3[S4,(S 1, = $2.) + 81,855,153, + 2W5[S2, 8 - §4 = 55,81 X 84].

I'See, e.g., G. Khitrova, H. M. Gibbs, F. Jahnke, M. Kira, and S.
W. Koch, Rev. Mod. Phys. 71, 1591 (1999).

2]. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun,
J. M. J. Keeling, F. M. Marchetti, M. H. Szymanska, R. André,
J. L. Staehli, V. Savona, P. B. Littlewood, B. Deveaud, and Le Si
Dang, Nature (London) 443, 409 (2006).

3A. Amo, D. Sanvitto, F. P. Laussy, D. Ballarini, E. del Valle, M.
D. Martin, A. Lemaitre, J. Bloch, D. N. Krizhanovskii, M. S.
Skolnick, C. Tejedor, and L. Vifia, Nature (London) 457, 291
(2009).

“#Scattering between cavity polaritons and dark exciton states has
been studied experimentally and theoretically in I. A. Shelykh,
L. Vina, A. V. Kavokin, N. G. Galkin, G. Malpuech, and R.
Andre, Solid State Commun. 135, 1 (2005).

SK. V. Kavokin, L. A. Shelykh, A. V. Kavokin, G. Malpuech, and
P. Bigenwald, Phys. Rev. Lett. 92, 017401 (2004).

5P, Renucci, T. Amand, X. Marie, P. Senellart, J. Bloch, B. Ser-
mage, and K. V. Kavokin, Phys. Rev. B 72, 075317 (2005).

7M. Combescot and O. Betbeder-Matibet, Phys. Rev. B 74,
125316 (2006).

8D. N. Krizhanovskii, D. Sanvitto, I. A. Shelykh, M. M. Glazov,
G. Malpuech, D. D. Solnyshkov, A. Kavokin, S. Ceccarelli, M.
S. Skolnick, and J. S. Roberts, Phys. Rev. B 73, 073303 (2006).

°I. A. Shelykh, A. V. Kavokin, and G. Malpuech, Phys. Status
Solidi B 242, 2271 (2005).

10y, Kasprzak, R. Andre, L. S. Dang, I. A. Shelykh, A. V. Kavokin,
Yu. G. Rubo, K. V. Kavokin, and G. Malpuech, Phys. Rev. B 75,
045326 (2007).

L. A. Shelykh, K. V. Kavokin, A. V. Kavokin, G. Malpuech, P.
Bigenwald, H. Deng, G. Weihs, and Y. Yamamoto, Phys. Rev. B
70, 035320 (2004).

2y, Langbein, I. A. Shelykh, D. Solnyshkov, G. Malpuech, Yu.
Rubo, and A. Kavokin, Phys. Rev. B 75, 075323 (2007).

3L A. Shelykh, G. Pavlovic, D. D. Solnyshkov, and G. Malpuech,
Phys. Rev. Lett. 102, 046407 (2009).

14T C. H. Liew, A. V. Kavokin, and . A. Shelykh, Phys. Rev. Lett.
101, 016402 (2008).

I5R. Johne, N. A. Gippius, G. Pavlovic, D. D. Solnyshkov, L. A.
Shelykh, and G. Malpuech, Phys. Rev. Lett. 100, 240404
(2008).

loc, Leyder, T. C. H. Liew, A. V. Kavokin, I. A. Shelykh, M.
Romanelli, J. Ph. Karr, E. Giacobino, and A. Bramati, Phys.
Rev. Lett. 99, 196402 (2007).

7M. Romanelli, C. Leyder, J. Ph. Karr, E. Giacobino, and A.
Bramati, Phys. Rev. Lett. 98, 106401 (2007).

I8T. Ostatnicky, D. Read, and A. V. Kavokin, Phys. Rev. B 80,
115328 (2009).

19p, G. Savvidis, C. Ciuti, J. J. Baumberg, D. M. Whittaker, M. S.
Skolnick, and J. S. Roberts, Phys. Rev. B 64, 075311 (2001).

20The first-order approach in EC scattering is valid if the popula-
tions of the initial states exceed the remaining populations what
is always fulfilled below the stimulation threshold. Second-order
diffraction processes either restore the initial populations or
populate states far away from the EC so that neglect of the states
populated by the second-order diffraction processes is safe as
well. The first-order approximation may fail, however, in the
close vicinity to the excitation beams due to energy renormal-
izations and parametric interactions involving polaritons from
one beam only. The criterion of validity of our approximation is
1-cos 9>Vm* Gm/thké and results beyond this value may
be significantly affected by the approximation. The estimates of
the limiting angles in our calculations are 9>6° in Figs.
2(a)-2(c) and 9>12° in Figs. 2(d) and 3(c). The experiment
shows a pronounced anisotropy of scattering for larger angles,
with the maxima of scattering intensity around 9=90°. These
states are perfectly within the limits of validity our model.

21D, D. Solnyshkov, I. A. Shelykh, N. A. Gippius, A. V. Kavokin,
and G. Malpuech, Phys. Rev. B 77, 045314 (2008).

22M. M. Glazov, H. Ouerdane, L. Pilozzi, G. Malpuech, A. V.
Kavokin, and A. D’Andrea, Phys. Rev. B 80, 155306 (2009).

23S. Schumacher, N. H. Kwong, and R. Binder, Phys. Rev. B 76,
245324 (2007).

24M. Combescot, O. Betbeder-Matibet, and R. Combescot, Phys.
Rev. B 75, 174305 (2007).

125319-9



[P16]

PHYSICAL REVIEW B 82, 033302 (2010)

Exciton-polariton integrated circuits

T. C. H. Liew,' A. V. Kavokin,? T. Ostatnicky,> M. Kaliteevski,? I. A. Shelykh,** and R. A. Abram?
nstitute of Theoretical Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland
2Physics and Astronomy School, University of Southampton, Highfield, Southampton SO17 1BJ, United Kingdom
3Department of Physics, Durham University, Durham DHI 3LE, United Kingdom
4Science Institute, University of Iceland, Dunhagi 3, 1S-107 Reykjavik, Iceland
SInternational Institute of Physics, Av. Odilon Gomes de Lima 1722, 59078-400, Natal, Brazil
(Received 31 May 2010; published 20 July 2010)

We show that logical signals encoded in bistable states in semiconductor microcavities can be generated and
controlled electronically by exploiting the electrical sensitivity of Tamm-plasmon—exciton-polariton modes.
The signals can be transported along polariton neurons, created with a patterned metal surface. Using the
Gross-Pitaevskii equations, we simulate an electrically controlled transistor and find that high repetition rates

(10 GHz) are possible.
DOI: 10.1103/PhysRevB.82.033302

Exciton-polaritons are part-light part-matter quasiparticles
which govern the optical properties of semiconductor crys-
tals at low temperature.! Recently, a number of fascinating
effects related to exciton-polaritons have been discovered in
semiconductor microcavity structures where a confined opti-
cal mode is brought into resonance with an excitonic transi-
tion. The fundamental discoveries of the Bose-Einstein
condensation>* of exciton-polaritons and their superfluidity’
at elevated temperatures have paved the way toward the re-
alization of a new generation of optoelectronic devices.®
From the technological point of view the nonlinear optical
effects linked with exciton-polaritons are of particular inter-
est. The recently demonstrated optical bistability in a biased
microcavity with an extraordinarily low switching power’
demonstrates the feasibility of optical integrated circuits
based on “polariton neurons” in planar microcavities.® In or-
der to produce such devices, exciton-polaritons in microcavi-
ties must be confined in lateral channels, where the propaga-
tion of domains of high-density exciton-polariton liquid may
be controlled by external light or electrical bias. Recently it
was shown that such channeling of polaritons is possible
using hybrid Tamm-plasmon—exciton-polariton —modes
(TPEPMs) which are formed under thin metallic stripes de-
posited on the top of a planar semiconductor microcavity.”!!
TPEPM states are redshifted from the bare cavity polariton
modes by several meV, which provides efficient one-
dimensional confinement. Exciton-polariton transistors,
switches, and logic gates based on TPEPMs would operate at
gigahertz frequencies, have extremely low switching power,
and be easily integrated on a chip.

The development of practical optical integrated circuits
would represent a revolutionary breakthrough in modern op-
toelectronics, making possible ultrafast information process-
ing with extremely low losses. However, the realization of
optical integrated circuits is a complex task which cannot be
achieved without exploiting new physical effects, device
concepts, and technological approaches. We propose exploit-
ing the newly discovered effects of polariton-mediated opti-
cal bistability, plasmon-polariton coupling, and propagation
of polariton domain walls in microcavities in a concept of an
optical integrated circuit. It is based on several ideas,
namely: (i) bistable switching of the optically driven polar-
iton state due to nonlinear polariton-polariton interactions,'?
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which has been experimentally observed recently;'>!* (ii)
channeling of polaritons below metallic stripes due to the
hybridization of the Tamm-plasmon states and cavity
exciton-polaritons; (iii) electrical control of the detuning be-
tween the exciton-polariton mode and the pumping laser due
to the quantum confined Stark effect; and (iv) propagation of
domain walls between different bistable states.

Polariton transistor scheme. Figure 1(a) shows schemati-
cally our proposed building block of future polariton inte-
grated circuits: a polariton spin transistor. The figure illus-
trates a conventional planar microcavity in which Bragg
mirrors confine light so that it interacts strongly with exci-
tons in a quantum well. However, in addition our structure
has a patterned metal structure on the top surface, compris-
ing a chain of four segments. The band structure of exciton-
polariton modes in a microcavity can be strongly affected by
the presence of a metallic layer on the top of the structure [as
apparent in Fig. 1(c)], and this can be used to provide the
lateral confinement necessary for integrated circuits. The
thicknesses of the metallic layer and of the semiconductor
layer next to it determine the energy of the Tamm-plasmon
mode localized at the metal-Bragg mirror interface.”!! If the
Tamm plasmon is strongly detuned from the cavity polariton
modes, the effect of the metal is to blueshift the cavity modes
by ~0.4 eV.* On the other hand, if the Tamm plasmon is put
in resonance with the cavity polaritons, a new hybrid
TPEPM can appear, which has components of the exciton
state, cavity photon, and Tamm plasmon. The lowest TPEPM
is redshifted with respect to the lowest bare cavity polariton
mode, with the size of the shift dependent on the exciton
oscillator strength and the parameters of the Bragg mirror
between the cavity and metal.'! For applications in polariton
integrated circuits at low temperatures, a shift of about 5
meV would provide sufficient lateral confinement, and this
can be easily achieved in GaAs-based structures. For room-
temperature operation, the larger lateral confinement poten-
tial necessary can be achieved in GaN-based systems. Selec-
tive optical excitation of the TPEPM is achieved by tuning
the photon energy of a continuous-wave (cw) laser to lie
between the lowest TPEPM and the lowest cavity polariton
mode outside the channel. In this case, there is no absorption
of light in the regions of the sample not covered by metal.
TPEPMs are confined in the channels and the lowest TPEPM

©2010 The American Physical Society
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FIG. 1. (Color online) (a) Schematic diagram of a semiconduc-
tor microcavity with metallic electrodes used to realize an electri-
cally controlled polariton neuron. A strip of metal on the surface is
divided into four segments, which are individually connected to an
electrical supply (not shown) allowing the polariton potential to be
changed in each segment. Note that the diagram is not to scale; in
reality the lateral size of the metal strip is larger than the height of
the structure. (b) Dependence of the polariton density on the optical
pump intensity for different values of the detuning (A} <Ag<A,)
between the optical pump photon energy and the lower polariton
energy. The detuning can be changed in the different segments by
varying the applied electric potential. For a pump intensity close to
the vertical gray line, switching between the different curves can
have a major effect on the polariton density. (c) Dispersion relation
for cavity polaritons (blue dashed curve) and hybrid TPEPM (green
solid curve). The lowest-energy hybrid state is redshifted by several
meV with respect to the lowest polariton mode in the vicinity of
metal overlay, providing localization of exciton-polaritons in the
channels below the metallic segments. (d) Redshift of the ground
TPEP modes (solid curve) and exciton modes (dashed curve).

absorbs laser light only if its energy is tuned to the laser
energy. This tuning can be achieved and controlled by the
application of an electric field across the cavity (in the direc-
tion normal to the cavity plane). An electric field affects the
exciton energy and oscillator strength due to the quantum
confined Stark effect, which leads to the shift of the TPEPMs
as well. Electric fields to control the local TPEPM energy
selectively can be produced by applying a potential differ-
ence relative to the structure’s back contact to one or more of
the four metallic segments.

Figure 1(b) shows the response of the polariton density to
the intensity of a circularly polarized cw optical pump. The
different curves represent the cases of different detunings
between the optical pump photon energy and the lowest
TPEPM energy (we define the detuning as that measured in
the low-density regime rather than defining a renormalized
detuning). By varying the electrical potential applied to a
segment the detuning in its locality can be varied and a par-
ticular response as represented by the curves in Fig. 1(b) can
be selected [an increase in the applied electric field causes an
increased redshift of the TPEPM energy as shown in Fig.
1(d); see also discussion below]. We consider a device with
the initial condition that all segments have the same applied
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potential and hence the same detuning A,. Illuminating the
whole system by a broad area optical pump, each segment is
initially in a low polariton density state of the TPEPM [given
by the intersection between the vertical gray line and the
lower branch of the (red) solid curve in Fig. 1(b)].

A signal in the structure can be triggered by lowering the
potential applied to the first segment so that the local detun-
ing is reduced to the value A, corresponding to the (green)
dashed S-shaped curve in Fig. 1(b). We expect the change in
the potential to cause a major increase in the polariton den-
sity [given by the point where the vertical gray line intersects
the (green) dashed curve]. Furthermore, polaritons have a
particularly light effective mass, which allows them to
propagate over micron-scale distances during their short life-
time. The high population of polaritons in the first segment
thus begins to spread, tunneling across the narrow gap into
the second segment. As a result the increasing polariton
population in the area just inside the second segment
switches to the upper branch of the (red) solid S-shaped
curve in Fig. 1(b). This switching effect continues across the
whole segment and indeed across segments later in the chain.
In analogy with biological neurons, the signal is carried as a
propagating change in the state of the system along the chan-
nel. While the signal of a biological neuron is encoded as a
switch in the relative concentrations of charged ions across
the axon membrane, a polariton neuron encodes the signal as
a switch in the local polariton density. Note that just as bio-
logical neurons do not rely on charged ions traveling down
the whole length of the neuron, the same is the case with
polaritons in polariton neurons. Therefore, the signal can
propagate substantially further than the distance a single po-
lariton can be expected to travel—in fact the signal is able to
propagate to the edge of the cw optical field.

Exciton redshift due to an applied electric field. Before
presenting theoretical modeling of our proposed device, we
give details on how the exciton redshift can be related to an
applied electric field. Although excitons localized in the
quantum well are electrically neutral, their components
(electrons and holes) have opposite electric charges and
therefore interact with the electric field. As a result, an ap-
plied electric field leads to distortion of the exciton wave
function and to the change in the exciton energy and the
exciton oscillator strength.'>-7 To determine the exciton en-
ergy, we use the model of Ref. 16 with a separable exciton
trial wave function of the form

W (7o, s Zeszn) = V(7o F) Wol(2) Wi(21) s (1)

where the unperturbed exciton in-plane wave function is

. |2 |7, =7l
V(7 ) =\ —= CXP{— e ¥ } (2)
Tay ag

in which agp is the two-dimensional exciton Bohr radius and
7, are the in-plane components of the electron and hole
spatial coordinates. The wave functions ¥, and W, describe
the electron and hole wave function behaviors in the direc-
tion normal to the quantum well plane (the spatial coordi-
nates are denoted as z, and z;, for electrons and holes, respec-
tively). The appropriate Hamiltonian for the problem is
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FIG. 2. (Color online) Response of the polariton intensity in the
microcavity plane when the potential in the first segment is altered
such that the pump-polariton detuning is changed from A,
=0.5 meV to A;=0.4 meV. Initially the intensity in the first seg-
ment increases. Polaritons then propagate into the second region
where there is a switching to the higher intensity state allowed by
bistability. The polariton signal continues to a distance limited by
the extent of the optical pump (which has a 40 um half-width at
half-maximum in the x direction in the calculation).
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where the particle momenta are denoted by operators p, ,
their masses (depending on the particle position either in the
well or in the barrier) are m, ;, and the quantum well confin-
ing potentials are V, . The electron charge is e, the intensity
of the applied external electric field perpendicular to the
quantum well plane is F, and the dielectric constant of the
structure is €. Using the trial wave function of Eq. (2) and
Hamiltonian [Eq. (3)], we solved the static Schrodinger
equation iteratively, obtaining the electron and hole wave
functions from which the exciton energy E., and relative
oscillator strength f,, are calculated according to the follow-
ing equations:

Eo = (V[H|P), “)
f Y, (2)W,(z)dz

f rel = . (5)
f WV, (2)=0W,(2)"dz

Here, the wave functions unperturbed by an external electric
field are denoted by the subscript “F=0.”"

Device modeling. Returning to the device proposed in Fig.
1, Fig. 2 shows the results of modeling the triggering of a
propagating signal, following a change in the electric poten-
tial applied to the first segment. The spatial effects present in
the system have been fully accounted for by using the Gross-
Pitaevskii equation'®!® for the polariton field ¥(7,t),
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1

P _ (ELP— &, wmr))W’f)
at 4

+ o (7. PyF.) + f(71). (6)

Here, we neglect the polarization degree of freedom, assum-
ing that the optical excitation f(7,7) is circularly polarized.
The energy of the pump can be accounted for by the inclu-

sion of an oscillatory factor ¢~ in the time dependence. ELP
is the kinetic-energy operator, which should account for the
nonparabolic dispersion of polaritons. The eigenvalues of

E;p can be written in reciprocal space as

Ec(k) + Ex(k)

B0 \Ed® - BT 0, ()

Epp(k) =

where () is the Rabi splitting and E- and Ey are the bare
cavity photon and exciton energies, respectively, for which
we take parabolic dispersion relations characterized by effec-
tive masses m¢ and my. Returning to Eq. (6), 7 represents the
polariton lifetime and « represents the strength of polariton-
polariton interactions. W(7,1) is the potential experienced by
polaritons, which is spatially dependent due to the metallic
structure built into the microcavity design, and is time de-
pendent because of the changes in potential applied to the
metallic segments.

Equation (6) can be solved numerically with the initial
condition {(7,t=0)=0. In our calculations we used the fol-
lowing parameters, typical for state-of-the-art GaAs-based
microcavities:” Q=10 meV, mc=3X10"m (m is the free-
electron mass), my=0.22m, 7=3 ps, Ay=0.5 meV, A,
=0.4 meV, and A,=0.8 meV. It was assumed that the metal
strip causes a 5 meV redshift of the TPEPM beneath it with
respect to the lowest-energy exciton-polariton mode else-
where.

In Fig. 2 it is apparent that the signal propagates across all
four segments. The signal propagation observed in Fig. 2 is
dependent on maintaining the potential bias in the second,
third, and fourth segments so that the detuning remains as
Ay. If we were to switch the potential in the third segment so
that the local detuning had the substantially larger value of
A,, corresponding to the (blue) dotted curve in Fig. 1(b), the
signal would not be able to propagate between the second
and fourth segments. The results of modeling this case are
shown in Fig. 3 and demonstrate that the device can behave
as an electro-optic transistor in which the optical signal is
electrically controlled. The whole device can be reset by
temporarily applying a potential corresponding to a detuning
of A, to all segments.

Other functionalities are also straightforward to produce
using polariton neurons. Signals can be duplicated by split-
ting channels or combined in OR logic gates simply by com-
bining channels.® Polariton neurons are also able to link mul-
tiple elements in a circuit together, a facility not afforded by
many other optical logic element concepts. Without requiring
external optics (other than a single broad excitation field) a
polariton neuron-based optical circuit fits comfortably into a
single compact microcavity. Typically each element in the
optical circuit functions on a time scale of 100-200 ps cor-
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FIG. 3. (Color online) The same situation as in Fig. 2 but a
potential is also applied to the third segment, such that the pump-
polariton detuning there is A,=0.8 meV, and blocks the signal
propagation along the polariton neuron.

responding to a repetition rate of 5-10 GHz. The power re-
quirements are also favorable; the high strength of exciton-
exciton interactions makes it possible to achieve the
nonlinear regime needed for bistability with relatively low
optical power. For example, a power of 2.8 mW has been
used to achieve bistability in GaAs-based microcavities.!?
Future samples, perhaps based on GaN, are expected to op-
erate at even lower powers, partly due to the increased
exciton-exciton interaction strength and partly due to higher
cavity Q factors.

We have shown how the electrical sensitivity of optical
bistability in semiconductor microcavities could be used to
construct a new generation of electro-optical devices with
compact size and low power consumption. Although we have
focused on fully integrated electro-optical logic circuits, it is

PHYSICAL REVIEW B 82, 033302 (2010)

also possible to imagine using the electrical control of polar-
iton intensity as the basis of bistable memory devices, which
could switch on time scales on the order of the polariton
lifetime (~3 ps) and have long memory lifetimes, at least as
long as the laser coherence time. In another application, a
suitably patterned metallic structure could provide the spatial
control to produce an array of bistable elements acting as a
spatial light modulator. It is also worth noting that spatial
phase coherence can be naturally attained from the spatial
coherence of the laser, suggesting that microcavities could
also find application in phase array optics.

An important new functionality of polariton integrated
circuits may be achieved by taking advantage of the polar-
ization degree of freedom of exciton-polaritons.?® The polar-
ization multistability (i.e., coexistence of right-circularly,
left-circularly, and linearly polarized stable states'?) makes
possible the realization of schemes with encoding above bi-
nary logic. A theoretical proposal for all-optical polariton
polarization switches® has been recently demonstrated
experimentally.'*

In conclusion, until recently, semiconductor microcavities
have been considered almost exclusively for applications in
solid-state optical sources.®?! However, now it is apparent
that they are extremely promising as the basis of devices
with applications in ultrafast information processing. Indeed,
it is clear that we have only just begun to appreciate the
potential of cavity plasmon—exciton-polariton systems.
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Longitudinal optical phonon assisted polariton laser
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We demonstrate the role of longitudinal optical (LO)-phonon assisted polariton relaxation in
reducing the stimulation threshold in strongly coupled microcavities. When the energy of the
relaxation bottleneck is one LO-phonon above the ground polariton state, we observe a tenfold
improvement of the polariton relaxation rate in the linear regime, and a twofold reduction in the
threshold to the nonlinear polariton lasing regime. © 2010 American Institute of Physics.

[doi:10.1063/1.3488012]

Microcavity polaritons are quasibosons that result from
the strong-coupling of cavity photons and excitons confined
in a single nanostructure.! Their bosonic nature gives rise to
a plethora of nonlinear phenomenaz’3 epitomized by the
quantum phase transition to nonequilibrium Bose—Einstein
condensation.*® The lifetime of polariton condensates is
limited to the cavity-photon lifetime leading to the radiation
of directional, coherent light, termed polariton laser.” Unlike
conventional lasers, polariton lasers do not require popula-
tion inversion and have the potential to operate with reduced
thresholds. To date, polariton lasers have only been realized
under optical excitation in microcavities with GaAs,8 CdTe,9
and GaN (Ref. 10) active material. Although electrical
pumping in polariton light emitting diodes was achieved
both in inorganic and organic microcavities,'' ' polariton
lasing remains elusive under electrical carrier injection. As
with nonresonant optical excitation schemes, so with electri-
cal injection relaxation bottleneck leads to substantial homo-
geneous broadening and loss of strong coupling in the linear
regime.

In this paper we demonstrate the role of LO-phonon as-
sisted polariton relaxation in reducing the stimulation thresh-
old in strongly coupled microcavities. The concept of utiliz-
ing LO-phonon emission to accelerate polariton relaxation
was introduced by Imamoglu and co-workers’ and experi-
mental evidence of the process was shown in the linear re-
gime by Pau et al." Here we tune the energy of the relax-
ation bottleneck one LO-phonon above the ground polariton
state and observe a tenfold improvement of the polariton
relaxation rate in the linear regime, and a twofold reduction
in the threshold for polariton lasing. The introduced configu-
ration exemplifies the potential of LO-phonon emission in
appropriately designed polariton diode lasers.

The sample under study is a A/2 AlAs cavity consisting
of two Alj,GaygAs/AlAs distributed Bragg reflectors with
16 (top) and 20 (bottom) pairs, respectively.15 Three sets of
four quantum wells are located at the center of the cavity and
the first antinodes of the electromagnetic field to increase the
Rabi splitting.'® A wedge in the structure makes accessible a
wide range of exciton-photon energy detuning. All experi-
ments are performed at 10 K using a cold-finger cryostat.
The sample is excited at the light-hole (LH) exciton energy

YElectronic mail: pavlos.lagoudakis @soton.ac.uk.

0003-6951/2010/97(11)/111110/3/$30.00

97, 111110-1

(Epy) with 180 fs p-polarized optical pulses focused to a
40 wm spot.

Following optical excitation free electron-hole pairs rap-
idly form exciton-polaritons in the middle (MP) and upper
polariton branches, which are subject to further energy relax-
ation by polariton-phonon and pair polariton scattering. En-
ergy relaxation by longitudinal acoustic (LA) phonon emis-
sion predominantly allows for carrier thermalization within
the two upper polariton branches, while LO-phonon emis-
sion and pair polariton scattering leads to population of the
lower polariton (LP) branch below the bottleneck region.17
The steep dispersion of the middle and LP branches around
k=0 inhibits LA-phonon emission and results to relaxation
bottleneck along the middle branch about 1-3 meV below
E y (Fig. 1). MP states are mostly LH-like at high wave
vectors, and therefore, cannot effectively relax to the heavy
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FIG. 1. (Color online) Energy dispersion of the cavity and exciton modes
(dashed lines) and lower, middle, and upper polariton (solid lines) as a
function of (a) detuning and (b) angle for a —4 meV detuning. The open
markers in (a) correspond to experimental data and their size is proportional
to the LO phonons scattering strength. The dotted-dashed line (a) and solid
ellipse (b) indicate the energy of the middle polariton bottleneck.
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FIG. 2. (Color online) Power dependence of (a) the emission intensity, (b)
the energy blueshift, and (c) the linewidth of the LP ground state as a
function of the excitation power for —4 meV detuning. The below threshold
power dependence data can be fitted with a straight line (a), whose slope can
give information on the carrier relaxation efficiency. Strong coupling is con-
firmed by the below (d) and above (e) threshold snapshots of the dispersion
relation.

hole (HH)-like LP by LO-phonon emission (the relaxation
rate is limited by the weak electron-hole exchange interac-
tion). At the MP bottleneck region strong exciton-photon
coupling mixes both LH and HH excitons rendering LO-
phonon emission the strongest energy relaxation mechanism.
The presence of the MP bottleneck provides a polariton res-
ervoir from which LP states can be effectively populated by
LO-phonon emission.

We excite resonantly to the Ejy, record photolumines-
cence from the ground state of the LP branch and tune the
energy difference between the three polariton branches by
scanning the excitation spot across the wedged cavity LP
[Fig. 1(a)]. At each detuning the excitation intensity is scaled
for the reflectivity of the stop-band to accurately control car-
rier excitation density. The detuning dependence of the
ground polariton state is shown in Fig. 1(a). The open mark-
ers correspond to the LP emission energy in the linear re-
gime. Their size is scaled with the LO phonon transition rate,
discussed later. The MP bottleneck energy is indicated by the
dot-dash line. The calculated angular dispersion for the opti-
mum detuning (—4 meV) is shown in Fig. 1(b), where the
MP relaxation bottleneck region is one LO-phonon energy,
E; o, above the LP ground state.

Time-integrated photoluminescence from the LP ground
state is recorded with *=3° collection angle and is spectrally
resolved using a 1200 grooves/mm grating in a 55 cm spec-
trometer coupled to a cooled charge coupled device. A non-
linear increase in the photoluminescence intensity by 10% at
threshold is observed with increasing excitation density [Fig.
2(a)]. Polariton lasing occurs at threshold as the polaritons
collapse to a single state. Self interaction results in a blue-
shift in the photoluminescence by ~3 meV [Fig. 2(b)] and
an increase in coherence causes a collapse of the linewidth
[Fig. 2(c)]."® Under pulsed excitation the blueshift in the LP
evolves with time. This information is lost in time-integrated
measurements and the dominance of polariton lasing results

Appl. Phys. Lett. 97, 111110 (2010)
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FIG. 3. (Color online) Experimental data (markers) and theoretical fits
(lines) for the below threshold slope S(D) (dots) and the stimulation thresh-
old T(D) (squares) for a range of detunings.

in an artificially large jump in mode energy upon reaching
threshold [Fig. 2(b)]. These observations are in accordance
with previous reports on polariton lasing.19 Figures 2(d) and
2(e) show snapshots of the LP dispersion in the linear regime
and at threshold, respectively.

As discussed above, by changing the cavity-exciton de-
tuning (D), the energy gap between the MP bottleneck and
the LP ground state can be tuned through the E; o resonance.
This leads to a detuning dependence of the LO phonon tran-
sition rate W(D), which is maximum at resonance. The tran-
sition rate W(D) can be found from the slope S of the power
dependence in the linear regime [left of the dashed line in
Fig. 2(a)]. A greater slope indicates an increased transition
rate: S(D)MPiP(D) W(D), where P;p(D) is the photon
Hopfield coefficient of the k=0 LP ground state. Figure 3
shows experimental (black dots) data for the detuning depen-
dence of S(D). It can be seen that the slope is almost two
orders of magnitude greater when the LO phonon resonance
condition is met, at a detuning of —4 meV, compared to the
off-resonance condition of +4 or —13 meV. The black line in
Fig. 3 is a theoretical fit calculated using Fermi’s golden rule
for the relaxation rate W(D), assuming that the MP bottle-
neck occurs 2 meV below the LH exciton and that the polar-
iton line broadening is 1.3 meV [taken from Fig. 2(c)].

The stimulation threshold T is also dependent on W(D).
An increased transition rate means that the ground state is
populated more efficiently, allowing the macroscopic popu-
lation required for stimulation and lasing to occur at reduced
pump powers. Experimental data for the detuning depen-
dence of the threshold to polariton lasing is shown in Fig. 3
[(red) squares]. The stimulation threshold is assumed to have
the form T(D)=a+B/W(D), where a and B are constants
chosen to best fit the experimental data. It shows that the
threshold is a minimum at the detuning where the LO pho-
non transition is on resonance (—4 meV), 50% lower than
the off resonance case. The (red) line is a fit to the data based
on the simple model and assumptions described earlier.

Further studies are performed with the pump laser tuned
to be nonresonant. In this case we find similar trends to those
under resonant excitation. The optimum detuning remains at
—4 meV, where the lowest threshold and highest slope are
achieved. Interestingly the threshold (scaled with the absorp-
tion coefficient) is similar for both excitation configurations,
suggesting that LO phonons mediated relaxation mecha-
nisms are present in both pumping schemes. However, the
slope of the power dependence in the linear regime is about
three times lower compared to resonant excitation. We sug-
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gest that under nonresonant excitation, a smaller proportion
of the injected carriers collect at the MP bottleneck and un-
dergo LO phonon relaxation. In this case, it is likely that
more carriers undergo LA phonon relaxation to the LP, which
would not be desirable for electrical injection.

Using an LO phonon transition to reduce the polariton
stimulation threshold may prove significant in the develop-
ment of electrically pumped polariton lasers. Two parameters
have been hindering the realization of such devices: the ef-
ficient population of ground polariton states and the persis-
tence of strong coupling under high carrier injection condi-
tions. We propose a design for an electrically injected
polariton laser where carriers are injected at or above the E; o
resonance. LO-phonon mediated relaxation will dominate
over LA-phonon, bypassing the bottleneck effects that have
prevented the operation of electrically pumped polariton la-
sers to date. Key to the implementation of the above scheme
is to design structures at the appropriate detuning so that the
MP bottleneck is one E; o above the ground polariton state.
Carriers should be injected at, or above the MP branch en-
ergy, e.g. via resonant tunneling from a nearby QW, allowing
the MP bottleneck to provide a reservoir from which LO-
phonon scattering to the ground polariton state can occur.
Whereas in a GaAs QW microcavity the MP branch offers a
resonant state at one Ej o above the ground state, in InGaAs
QW microcavities such state is only accessible at very nega-
tive detuning, rendering GaAs the material of choice for
electrical injection in III-V microcavities. Finally our obser-
vation of a reduced lasing threshold both under resonant and
nonresonant excitation suggests that the density of states of
the MP branch is sufficiently large to act as a reservoir of
carriers that efficiently feed the ground state during polariton
lasing.

In conclusion, we have achieved a 50% reduction in the
polariton stimulation threshold in a two-dimensional GaAs
microcavity by using LO phonons to efficiently relax polari-
tons from the MP bottleneck to the LP ground state. We have
studied the LO phonon transition rate using power depen-
dences in the linear regime and found that relaxation is more
efficient when carriers are injected resonantly with the LH
compared to nonresonant injection. We suggest that this
mechanism could be used to overcome the relaxation bottle-
neck which hinders electrically injected polariton lasers. Fi-
nally we propose a design that uses LO-phonon relaxation to
bypass the relaxation bottleneck in an electrically injected
polariton laser.
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Observation of Half-Quantum Vortices
in an Exciton-Polariton Condensate

K. G. Lagoudakis,* T. Ostatnicky,? A. V. Kavokin,? Y. G. Rubo,* R. André,® B. Deveaud-Plédran®

Singly quantized vortices have already been observed in many systems, including the superfluid helium,
Bose-Einstein condensates of dilute atomic gases, and condensates of exciton-polaritons in the solid state.
Two-dimensional superfluids carrying spin are expected to demonstrate a different type of elementary
excitations referred to as half-quantum vortices, characterized by a &t rotation of the phase and a = rotation
of the polarization vector when circumventing the vortex core. We detect half-quantum vortices in an
exciton-polariton condensate by means of polarization-resolved interferometry, real-space spectroscopy,
and phase imaging. Half-quantum vortices coexist with single-quantum vortices in our sample.

uantized vorticity is a property of quan-
tum fluids that has been widely studied
in various types of superfluids, either
with or without spin (/—4). Superfluids
with a two-component (spinor) order parameter

effective mass on the order of 10* of the free
electron mass. This allows for their Bose-Einstein
condensation (BEC) at temperatures achievable

x real space (um)

are characterized by a different type of vortices
than those found in conventional scalar super-

-10-8-6-4-20 2 4 6

fluids (5—8). This new type of vortices is the so- A('D 0+

called half-quantum vortices (HQV). They have g_‘."

lower energy with respect to full vortices and g <Y

constitute the elementary excitations of spinor & o
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Fig. 1. (A and B) Reconstructed interferograms for ¢* and ¢~ polarizations at the energy of the
condensate. (C and D) Real space phase map extracted from the interferograms (A) and (B) for
polarizations ¢* and ¢~, respectively. The three circles with different colors denote the real space paths
over which we have plotted the phase as a function of the azimuthal angle in panels (E and F). The phase
profiles in 6* polarization (E) show that the phase changes by —2r when circumventing the vortex core,
which is the signature of the singularity. In contrast, for the 6~ polarization (F), we see a quasi-flat phase
profile with zero overall phase shift as one goes around the core. The farther we probe the phase away
from the vortex core, the more the phase diverges from the linear behavior versus angle.
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polarization splitting in microcavities, which is
responsible for the suppression of HQV in cer-
tain areas of the sample. Thus, in different parts
of the sample the polariton fluid has a different
topology.

To fully characterize a vortex in a polar-
iton condensate, one needs two winding num-
bers, (k,m), one for the polarization angle and
one for the phase. One can express the order
parameter of the condensate in the linear xy

basis as
) o

where 6(r) is the phase of the coherent polar-
iton fluid and n(r) is the polar angle that char-
acterizes the orientation of the electric field of
polaritons, i.e., the polarization angle. Vortices
are described in this notation by rotation of the
phase and the polarization as n(r) — n(r) + 2nk
and 6(r) — 6(r) + 2mm where kymn can take
integer or half-integer values with (k + m) € Z.
Four types of half vortices are described by
winding numbers (k,m) = (+1.,£1). To reveal
the specific phenomenology of HQVs with
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expressed as
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one circular polarization and a full 2x rotation is
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means that if one were to detect a half vortex, it
would be easiest when looking in ¢* and o~
polarizations simultaneously. Then HQV would
be observed as a full vortex in one polarization
and no vortex in the other one. A signature for the
phase vortex is a forklike dislocation in the inter-
ference pattern (4, 18). In the case of full phase
vortices, the forklike dislocations are expected
to be seen in the same place in both circular
polarizations, whereas in the case of HQV the
fork appears only in one of the circular polar-
izations. In the circular basis, one can write the
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Fig. 2. (A and B) Polariton densities in real space at the frequency of the condensate for ¢* and ¢~
polarizations, respectively. It is easily seen that at the position of the vortex core (0,0), which is indicated
by the red cross for 6™ polarization and the blue cross for the ¢~ polarization, there is a local minimum for
" polariton density and a local maximum for the 6~ density. (C) Density profiles along the x direction for
the two polarizations and (D) the corresponding density profiles along the y direction. Experimentally
measured polariton density behaves in excellent agreement with the theoretical prediction [Eq. 3 and
(21)]. This behavior is also evident from the fact that half vortices must be fully circularly polarized at the

centers of their cores.
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order parameter of HQV in cylindrical coordi-
nates as

Wi (Poh) =
(3)

with p = £ being the relative distance from the
vortex core in vortex radii and ¢ being the an-
gular coordinate. The form of the two radial den-
sity functions fand g is known (/2) and will give
zero density for one circular polarization (f— g)
and a finite density for the other polarization
(f+ g), as it is expected for the simplistic image
of a full vortex in one circular polarization and no
singularities for the other circular polarization.

An important feature of polariton condensates
is the presence of polarization splitting induced
by the structural anisotropy and stationary dis-
order. This splitting pins the polarization vector
of the condensate to a given crystal axis. It is
theoretically predicted that HQVs still exist in this
case but the spatial distribution of the polariton
vector field is modified. Similarly to the vortices
in multicomponent quantum Hall systems (/9),
the polariton half vortices acquire “strings” [or
solitons; figure 16.1 in (6)], whereby the polar-
ization angle rotates by © (20). The width of the
string is given by //+/2m*€, where m* is the ef-
fective mass of polaritons and € is the energy of
the polarization splitting. HQVs remain the lowest-
energy topological defects if this width is greater
than or comparable to the excitation spot radius.
However, when this length becomes comparable
to the vortex core size (a = h/+/2m* 1, where p
is the chemical potential), the excitation of HQVs
would require too much energy, and the integer
phase vortices (0, 1) become elementary topo-
logical excitations. For a realistic vortex core size
on the order of ~2 um and the polariton mass
m* = 10"* m, pairs of HQVs will be replaced by
integer phase vortices for polarization splittings
€ > 100 peV. [Two close pairs of HQVs are
shown in (217), figs. S2 and S3].

The situation in real microcavity samples is
additionally complicated by the fact that the po-
larization splitting € fluctuates as a function of
the coordinate in the plane of the cavity. This is
why the HQV and integer phase vortices may co-
exist within the same condensate. The underly-
ing mechanisms for the polarization splitting are
thought to be the different penetration depths in
the distributed Bragg reflectors (microcavity mir-
rors) for transverse electric and transverse mag-
netic polarizations (22) and the intrinsic anisotropy
of the microcavity (23, 24). The anisotropy is ex-
pected to be the product of a number of param-
eters, including the alloy concentrations, the wedge,
quantum well width fluctuations, and the built-in
strain. Splittings vary from zero to several tenths
of ueVs. All HQVs that we observed in this sam-
ple were at regions where the splitting was less
than our experimental resolution (= 20 peV).

[/ (p) + sgn(km) g(p)]-e * }
[/ (p) — sgn(km) g(p)]-e*®
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The sample we studied is the same CdTe/
CdMgTe microcavity that was used in our previ-
ous experiments cooled down to ~10 K by a liquid
helium flow cryostat (). We used continuous-
wave monomode nonresonant optical excitation.
Detection was performed by means of the
modified Michelson interferometer in the mirror-
retroflector configuration with active stabiliza-
tion (4) completed by a lambda quarter and a
Wollaston prism. This allowed for polarization-
resolved interferometry in 6" and 6~ polarizations
simultaneously, which facilitated the identifica-
tion of half vortices (27). All spectral studies
were performed using a monochromator with
~ 20 peV resolution. The output of the interfer-
ometer could be sent to the entrance slits of the
spectrometer through a polarizer, allowing for
spectrally and polarization-resolved interferome-
try images to be acquired. The HQV were ob-
served only at the excitation powers exceeding
the condensation threshold. Once a good candi-
date was found, we performed a number of
preliminary “test experiments” to verify unam-
biguously the persistence of the vortex for all
possible detection configurations. The two most
reliable tests were to change the overlap condi-
tions at the output of the interferometer by shifting
the mirror arm image with respect to one reflected
from the retroreflector and to rotate by m the
orientation of the fringes, making sure that for all
orientations the singularity of the vortex is always
clearly observable (4). We took care to verify the
mutual coherence of the two cross-circular po-
larization components by means of polarization
mixing interferometry in order to eliminate the
possibility of having two independent conden-
sates in the two polarizations. In all cases, we
observed excellent mutual coherence properties
with good contrast in the interference fringes
between the two circular polarization components
(21). The appearance of half vortices was quite
rare; that is, one out of six regions with no po-
larization splitting was exhibiting a HQV.

Once the HQV was identified, the interfero-
metric image was being sent on the entrance slits
of the spectrometer. Then we performed an op-
tical tomography experiment (25) for 6” and 6~
polarized images, which provided us with the full
set of polarization-resolved interferograms in real
space for all frequencies within the observable
spectral window. Figure 1, A and B, shows the
reconstructed interferogram coming from the fre-
quency of the polariton condensate for the po-
larizations 6" and o, on which we have added
a red circle centered at the vortex core to help
the reader locate the singularity. The singularity
(forklike dislocation) is clearly visible for the ¢~
polarization, whereas on the same position in real
space for the 6 polarization we observe straight
fringes. The interference patterns gave us access
to the phase of the coherent polariton fluid. To
extract the phase, we assumed that the reference
field coming from a region of the condensate
without a vortex has a flat phase profile. Figure 1,
C and D, shows the phase of the polariton fluid in

real space calculated from the interferograms.
The phase has distinguishable characteristics only
where there is enough signal intensity, whereas at
the regions with no signal we get a noisy phase
with no distinguishable features. The position of
the HQV in the phase map is highlighted by
circles. In ¢* polarization, the phase rotates by 21t
as one goes around the core. This behavior of the
phase is clearly seen within an area of a few
micrometers’ size. In the same region for the ¢
polarization, there are no observable singularities
and the phase is homogeneous. Figure 1, E and F,
shows the phase as a function of the azimuthal
angle as one goes around the core along the cir-
cles of different radii (shown by color). For the
radius of 1um, the phase changes monotonously
in 6" polarization, decreasing by 2 as one makes
a full round. Contrary to this, for the same radius
in o polarization, we observe a quasi-flat phase
profile indicating the lack of any singularity. For
larger radii, the phase dependence on the azimuth-
al angle becomes strongly nonlinear, whereas the
total phase shift as one goes around the core
remains —2n for one and 0 for the other po-
larization. Distortion of the phase profile at the
large radii may be indicative of the existence of
nearby regions with substantial vorticity but can
also be indicative of formation of a string.

We note that the specific HQV shown in
Fig. 1 is characterized by the winding numbers
(k,m) = (+1,~1), while we have observed also
the three remaining types of HQVs in different
locations on the sample (27). On the basis of
measurements we have done, we believe that
four possible types of HQV are realized with ap-
proximately the same probability in our sample.

Using the same tomographic technique of spec-
trally resolved real space imaging as before, we then
probed only the density of polaritons in the con-
densate state (Fig. 2, A and B). Locating the vortex
in real space and looking at the density close to its
core, we observed that a local minimum for one po-
larization coincides with a maximum for the other
one, as Fig. 2, C and D shows. The widths of these
minima/maxima coincide with the theoretical vor-
tex core size a. This behavior is another signature
of HQVs, as one can see from Eq. 3. The theory
(12) predicted that at the center of the HQV the
condensate should be fully circularly polarized, and
this is exactly what we observe in Fig. 2, C and D).

The HQV we observed here are pinned by the
disorder to specific locations on the sample. This
is confirmed by the behavior of the interferomet-
ric images as a function of the pumping power.
Increasing the excitation intensity, we modify
the effective disorder potential acting upon the
polariton condensate by changing the polariton-
polariton repulsion strength. When the pumping
is strong, we screen the disorder potential so that
HQV get unpinned and disappear from the inter-
ferometry image of a specific spot on the sample.
This is what we observed at the excitation power
exceeding the threshold pumping by a factor of
4.5. Above this power, the forklike dislocation in
6" polarization disappears (21).

The stationary disorder fixes the winding num-
bers of the pinned vortices, so that repeating the
experiment we find HQVs with the same wind-
ing numbers in the same locations. This is also
true for the integer vortices. Handedness of each
pinned vortex is dependent on the direction of
polariton fluxes propagating in the disorder land-
scape during formation of the condensate, as the
modeling based on the Gross-Pitaevskii equation
showed (4, 26).

This experimental work provides direct evidence
of half-quantum vortices in a spinor condensate,
by means of polarization-resolved interferometry,
phase imaging, and spectrally resolved real space
density imaging.
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Experimental setup

The sample was excited in a quasi-CW non-resonant way with the wavelength of
the laser being tuned to the first minimum of the reflectivity spectrum below the stopband
to avoid heating. We used an electronically locked, single longitudinal mode Ti:Sapphire
laser which excited the sample with an excitation spot of quasi top hat intensity profile
and about 10pum diameter. The linewidth of the condensate emission we observed here
was of the order of 30 peV, close to the spectral resolution of our spectrometer and
narrower than the average polarization splitting (S7). In addition, using a monomode
laser, we observed an enhanced mode-synchronization effect (S2) which allowed
formation of a single condensate in the regions of the sample characterized by low
disorder. The collection of the luminescence was done by a high numerical aperture
microscope objective (N.A=0.5) allowing collection of light within a cone of +30° and

providing a submicron real space resolution. All spectral studies were performed using a



double Im long monochromator with ~20ueV resolution. The setup is depicted in Fig.
S1. We have added a A/4 before the interferometer at 45° with respect to the polarization
analyzer which in this case was a Wollaston prism with 20° polarization splitting angle,
to allow for simultaneous polarization resolved interferometry in ¢~ and ¢~ polarizations.
The polarization resolved interferograms were sent simultaneously on two different
regions of the same CCD camera and thus the images of the two polarizations were
recorded at once. The four different kinds of HQVs are shown in Figs. S2 and S3. On the
upper panels one has the raw data and on the lower panels we provide only the fringes,
having removed numerically the CW part of the interferograms. In Fig. S2 (A,B) one can

see a close pair of (k,m) =(—%,+%) and (k,m) :(+%,+%j HQVs being in the red

circle and blue box respectively. In Fig. S3 (A,B) there is another pair of
1 1 1 1 . . .
(k,m)= Ty and (k,m)= +5,—E HQVs in the orange circle and pink box,

respectively.

For the spectrally resolved studies, we have replaced the CCD of Fig. S1 with the
double monochromator and the Wollaston prism has been replaced with a normal
polarizer. The optical tomography is then performed by shifting the lens L and acquiring
one spectrally resolved image for each lens displacement. For the figures shown in the
paper, we acquired ~100 slices.

Mutual coherence of the two circular polarization components

In order to rule out the possibility of having two independent condensates, one in
one circular polarization carrying a full vortex and another one in the other polarization
with no vortex, we have performed an additional interferometric experiment to probe the
mutual coherence between the two polarizations. In this way we probe that the two
polarization components are coming from the same two component spinor condensate.

For this purpose we have built a modified polarization-mixing Mach-Zehnder



interferometer as depicted in Fig. S4. The two polarization components are sent through
the two independent arms of the interferometer and in order to achieve interference at the
output, one of the two components is rotated by means of a half wave plate in order to
become co-polarized with the other component. The interference then reveals whether the
two components are mutually coherent. In this experiment we provide two figures where
a half vortex is imaged by two independent methods, the polarization resolved
interferometry as in Fig. S5 (A), and the polarization mixing interferometry as in Fig. S5
(B). As seen in this figure, when making the two polarizations interfere, we clearly see an
interference pattern which proves that the two polarizations are mutually coherent. The
half vortex is easily distinguishable as a fork like dislocation at the top left corner and no
forklike dislocation (straight interference fringes) at the symmetric position with respect

to the autocorrelation point, the coordinates of which are extracted from Fig. S6.

Simulation of the interference patterns

All the observed interference patterns of HQVs are reproduced by the present
theory for both experimental setups. We have considered a single vortex or a pair of
vortices in a polariton fluid generated by a Gaussian laser beam with a half-width of
10um. The winding numbers are denoted in the corresponding figure captions. We used
Eq. (3) and the definitions of the radial functions f'and g from (S3) in order to calculate
the complex electric field amplitudes £, and E_ of a single vortex, emerging in each of
the respective circularly polarized components. The resulting intensity of light in the

experimental configuration of Fig. S1 is then expressed as:

I (x,y)=|E, (x,y)exp[—i([(xx +Kyy)} +E, (xo - X, ¥~ y)‘2 R (S1)

where we use the coordinate system relevant to the real image on the sample, (x,, y,) is

the effective position of the inversion centre of the retro-reflector in terms of the sample

coordinates and (K ,K ) is the wave vector which determines the inclination of the



beams from the respective interferometer arms. In order to simulate the interference
pattern of a sample with two vortices, we approximated the electric field in plane of the

sample by a weighted superposition of the fields of two spatially separated single HQVs:

E=—l g+ b F (52)

YR R

where £, is the particular circular component of the electric field emerging from the
vortex j =12 and the symbols 7, , in the weighting functions denote distances from the

cores of the vortices 1 or 2, respectively. Weighting of the electric field components in
Eq. (S2) ensures continuity of the overall electric field and its derivatives.

The calculated interference patterns produced by the interferometer in both Figs.
S2 and S3 for the two circular polarizations are shown in Fig. S7 (A,B). The simulated
interference fringes in the geometry shown in Fig. S5 (B) are plotted in Fig. S8 (A). One
can see that the experimental images of Fig. S5 (B) are reproduced and the vortex is
clearly identified. The calculated plot in Fig. S8 (B) shows the profile of the intensities of
two circularly polarized components of the polariton field at the HQV core, which

appears to be in excellent agreement with the experimental data as well.

Pumping power dependence

The observed half vortices show a strong dependence on the excitation intensity. Below
the condensation threshold they do not exist and they usually appear when the
condensation threshold is crossed. Then they tend to disappear at high power above
threshold. The HQV shown in the main part of the paper gets unpinned when the
excitation intensity crosses a value of roughly 4.5 times the condensation threshold
(P=4.5-Py). In Fig. S9 (A,B) we show the interferograms for excitation powers 2.5 times
above the condensation threshold (P=2.5-Py,) and 5 times above the threshold (P=5.0-Py,).

The forklike dislocation in ¢~ polarization is clearly distinguishable for P=2.5-Py, (Fig.



S9 A), but it totally disappears at P=5.0-Py, (Fig. S9 B), demonstrating unpinning of the

half vortex due to the screening of the static disorder potential.

Vortex formation

It has been shown (54) that the vortices are formed spontaneously above the condensation
threshold as a result of the mutual action of the non-uniform pumping and decay of
polaritons. In a disorder free sample one would expect formation of vortex-antivortex
pairs in each of the circular polarizations. These pairs are nothing but the HQV bound
pairs [(-1/2,+1/2),(+1/2,-1/2)] and [(-1/2,-1/2),(+1/2,+1/2)] (S3). Simulations performed
using the spin-dependent Gross-Pitaevskii equations showed that vortices in the opposite
circular polarizations are separated and pinned to specific locations due to the combined
effect of the disorder and spin-dependent polariton-polariton interactions (S5).
Propagation of the polariton fluxes at the early stage of formation of the condensate
determines the winding numbers of the pinned vortices. Pinned vortices whose winding
numbers do not vary in a large number of experimental realizations indicates that their
formation dynamics is nearly identical in different experiments, and stochastic
fluctuations of the order parameter are negligible for the determination of the steady state
in the presence of vortices in our structure.
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Fig. S1: Experimental setup of the polarization resolved interferometry. Two polarization
components ¢' and ¢~ get separated by means of the Wollaston prism and they are sent on
the two opposite sides of the same CCD. In this manner we are facilitating the
simultaneous imaging of both circular polarization components. BS: beam splitter, M:
mirror, MO: microscope objective, A/4: quarter wave plate, RR: retroreflector, L: lens,
WP: Wollaston prism, CCD: charge-coupled device. In this setup both circular
polarizations are propagating through both arms of the interferometer and only get

separated by the time they traverse the Wollaston prism.
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Fig. S2: Simultaneous imaging of both polarization components for the identification of
half vortices. (A): Raw interferometric data and (B): interference fringes after removing

numerically the CW part of the raw data interferogram. In this figure two independent

HQVs are clearly distinguishable, one with winding numbers (k,m) = (_%’+%j in the

red circle and one with winding numbers (k,m) = (+%,+%) in the blue box.
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Fig. S3: Simultaneous imaging of both polarization components for the identification of
half vortices at a different position on the sample showing another close pair of HQVs.
(A): Raw interferometric data and (B): interference fringes after removing numerically
the CW part of the raw data interferogram. In this figure two independent HQVs are also

clearly distinguishable only here with winding numbers (k,m)z(—%,—%] and

(k,m) = (+%,—%) in the orange circle and in the pink box respectively.
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Fig. S4: Experimental setup of polarization mixing interferometry for the verification of
the mutual coherence between the two circular polarization components. It consists of a
polarization mixing Mach-Zehnder interferometer where the two polarizations get
separated and sent on the two interferometer arms independently. The half wave plate is
set at 45° and rotates one of the two polarizations by n/2 in order to coincide with the
polarization in the other arm. The interference is then formed by mixing the two

independent polarizations. BSP: beam splitter polarizer, A/2: half wave plate.
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Fig. S5: (A): A half vortex observed with the standard method of simultaneous imaging
of the interference patterns of the two polarization components. (B): The same HQV
observed by means of polarization mixing interferometry. The half vortex shown in (B) is
clearly observed as a forklike dislocation in the red circle and no forklike dislocation in
the blue circle. The centers of the blue and red circles in both (A) and (B) are placed
symmetrically with respect to the autocorrelation point. This experiment clearly
demonstrates that the two polarization components are mutually coherent and that we can

use whichever method facilitates our observations.
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Fig. S6: Interference pattern below the condensation threshold as seen at the output of the
Mach Zehnder polarization mixing interferometer. The autocorrelation point can be
easily determined since it is the only place where the modulation of intensity caused by
interference can be seen. Its size is defined by the response function of the microscope
objective and the thermal de Broglie wavelength of polaritons. Here it is on a submicron
scale. Note that the luminescence below threshold is not polarized thus we had to add a
plate polarizer before the A/4 to be able to see the interference at the autocorrelation

point.
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Fig. S7: Numerical simulation of the interference pattern in each of the circular
polarizations for pairs of HQVs. (A): Simulated interferogram of a pair of HQVs with the

same relative core coordinates as in figure S2. The quantum numbers are
1 1 1 1) . . .
(k,m)=(—5,+5j and (k,m)=(+5,+5j in the circle and box respectively. The

singularities behave identically to the experimental data. (B): Simulated interferogram

of a pair of HQVs with the same relative core coordinates as in figure S3. The quantum
1 1 1 1) . .
numbers are here (k,m)= 375 and (k,m)= +E’_E in the circle and box

respectively.
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Fig. S8: (A) Simulated fringes emerging from interference of the two opposite circular

components of the luminescence. The HQV with (k,m)= [—%,+%) is situated at the
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intensity across the vortex core in the direction of the y axis in two circular polarisations.
At the center of the vortex the minimum in o" polarisation coincides with the maximum
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Fig. S9: Interference patterns for two excitation powers. In (A) the excitation was at a
power 2.5 times higher that the condensation threshold whereas in (B) the excitation
power was 5 times above the threshold. In panel (A) the half vortex is clearly shown by
the red circles (forklike dislocation for sigma plus and straight fringes for sigma minus),
whereas in panel (B) where the excitation power is high, in the same circles the
interference pattern has changed with the most striking feature being the vanishing of the
forklike dislocation. This clearly indicates the vortex unpinning from that specific

location.
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Optical analogue of the spin Hall effect
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We observe anisotropy in the polarization flux generated in a GaAs/AlAs photonic cavity by optical illumination,
equivalent to spin currents in strongly coupled microcavities. Polarization rotation of the scattered photons around
the Rayleigh ring is due to the TE-TM splitting of the cavity mode. Resolving the circular polarization components
of the transmission reveals a separation of the polarization flux in momentum space. These observations constitute

the optical analogue of the spin Hall effect.
OCIS codes:  240.3695, 350.5500, 290.5870, 080.0080.

The generation and manipulation of spin currents has
been perceived as one of the most remarkable and de-
sired effects in the field of spintronics. Dyakonov and
Perel [1] were the first to predict the possibility of gen-
erating a spin current perpendicular to the charge cur-
rent flow, in which the spin orbit interaction leads to
an accumulation of opposite spin directions on the oppo-
site boundaries. Experimentally, this has been demon-
strated with electrons acting as spin carriers in GaAs
systems [2—4].

The optical analogue has been easier to observe in
semiconductor microcavities [5-7] because polaritons,
the particles that arise from the strong coupling of exci-
tons and photons [8], are relatively long-lived neutral
quasi-particles and do not undergo the same rapid de-
phasing that suppresses the spin Hall effect in pure elec-
tronic systems. Initially predicted by Kavokin et al. [9],
the optical spin Hall effect (OSHE) can be described in
terms of the pseudospin formalism [10,11] that depicts
the polarization state of the polariton that precesses
around an effective magnetic field, induced by the long-
itudinal-transverse (LT) splitting of polaritons. The LT
splitting originates from the polarization splitting of TE
and TM optical modes [12] (TE-TM splitting) of the cav-
ity that operates alongside the long-range part of the
exciton exchange interaction [13]. The resulting spin
separation arises from the combined effect of the effec-
tive magnetic field, whose orientation and magnitude de-
pends on the polariton wavevector, and the Rayleigh
scattering of the polaritons with disorder in the system.

Here, we demonstrate the generation of anisotropic
polarization flux in a bare cavity and introduce a classical
interpretation of the observed dynamics. By measuring
the degree of circular polarization of transmitted cavity
photons, we observe the same anisotropy in polarization
in momentum space from the TE-TM splitting of the cav-
ity modes. Arising from the polarization dependence of
the reflection at the internal interfaces described by
the Fresnel coefficients, it follows that the presence of
a TE-TM splitting between the cavity optical modes is

0146-9592/11/071095-03$15.00/0
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sufficient to generate the effect in the absence of any ex-
citonic contribution. The observed effect is therefore an
optical analogue of the spin Hall effect, namely the
all-optical spin Hall effect, with practical applications
in all-optical information technology.

In contrast to the spin Hall effect, where initially
unpolarized carriers gain some degree of polarization
through polarization-dependent scattering (extrinsic spin
Hall effect [14]), the injected photons in our system are
initially polarized.

Both the optical analogue of the spin Hall effect in a
bare photonic cavity and OSHE in a strongly coupled mi-
crocavity can be interpreted as wave retardation within
the cavity. The TE-TM splitting results in an effective bi-
refringence whose magnitude and direction depend on
the in-plane momentum. As linearly polarized photons
propagate in different directions with wave vectors of
equal modulus, they populate an elastic ring in momen-
tum space. Photons in different quadrants of the k-ring
experience different phase shifts under the directional
birefringence that is manifest as an anisotropy in polar-
ization rotation.

For an incidence angle ¢, > 0 to the surface normal,
TE-TM splitting arises from the difference in the phase
shift and penetration of the optical modes into the Bragg
mirrors for the two orthogonal polarizations. Its magni-
tude is determined by the energy difference A between
the cavity mode frequency w,. and the center of the stop
band w; (i.e., the detuning A = w, — ;). For a cavity with
refractive index n, and width L., the angle-dependent
TE-TM splitting of the cavity mode can be approximated
by [15]

L.Lpgr
L, + Lpgr)?

02
2 COS @efp SIN® Pegy

s

(1)

where Lppp, is the penetration length into the distributed
Bragg reflectors and ¢ ~ arcsin(ng/n,)sing, is the

TE _ . T™M ~
o (o) = ™) = ¢ o

© 2011 Optical Society of America
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Fig. 1. Calculated bare cavity mode dispersion versus angle.

Filled circles correspond to experimental points. Inset: LT split-
ting, derived from Eq. (1), versus angle for A = -2 meV, plotted
with experimentally measured points (empty circles).

effective refractive index of the cavity [16] determined
from the cavity dispersion by averaging over the cavity
mode and Bragg mirror. The resulting TE-TM splitting
of the GaAs cavity increases with the incidence angle
(equivalent to the in-plane k-vector), as shown in the in-
set of Fig. 1. Experimental points plotted (empty circles)
verify the theoretical calculation of the TE-TM splitting.

The sample is a 4 GaAs microcavity with 27 (top) and
24 (bottom) distributed GaAs/AlAs reflector pairs. The
measured cavity mode dispersion (Fig. 1) has a linewidth
of 10 ueV (at normal incidence) and a corresponding cav-
ity photon lifetime of 30 ps. Measurements are taken with
the sample held in a cold-finger cryostat at 10 K to tune
the cavity resonance into the transparent region of GaAs,
approximately 30 meV below the 1 s excitonic resonance.
Further to previous studies with strongly coupled micro-
cavities, we excite a large cone of angles around normal
incidence to the sample with a lens of large numerical
aperture (NA = 0.4) [Fig. 2]. This alternative approach,
used earlier to investigate polariton propagation [17],
allows direct population of all states resonant to the
excitation, which due to the nearly isotropic in-plane po-
lariton dispersion correspond to a given k-vector magni-
tude, forming a ring in momentum space. The sample is
illuminated using a cw Ti:sapphire laser (<1.5nm line-
width). The linear polarization of the excitation is ad-
justed to either the x or y direction using a half-wave
plate. The excitation photon energy determines the reso-
nant in-plane wave vector k£ on the ring. The photons
across the elastic ring acquire different phase shifts as
they propagate in various directions. The degree of cir-
cular polarization

 (um’) Ky (um’)

Polariser
Continuous Sample Obj 0@ Lens CCD
wave Q‘e VA
excitation ‘ ns

Polariser

Fig. 2. (Color online) Setup collects transmission in momen-
tum space. The incident beam is always linearly polarized and
at normal incidence.

I, -1,
O ey @)
where I,+ and I,- are the measured intensities of the
circularly polarized components of the transmission,
reveals a separation of spin-polarized photons in the
empty GaAs cavity in momentum space. Figure 3 shows
pe, Obtained upon illumination of the sample, with ener-
gies resonant to the cavity mode with a large numerical
aperture at four different x-polarized incident photon
energies. A fourfold symmetry is apparent in each case.
Rotation of the polarization plane of the incident beam
results in inversion of the polarization of the observed
anisotropic polarization flux (not shown).

As previously discussed, the TE-TM splitting defines
the effective birefringence for the cavity. The photon
lifetime dictates how long the light experiences the bire-
fringence and defines the total retardation. The total re-
tardation in our system is measured to be close to z/2, as
in a quarter-wave that, using the cavity lifetime of 30 ps,
yields a TE-TM splitting around 70 ueV, close to the the-
oretical upper limit of about 100 eV (inset in Fig. 1).

Simulations of the anisotropic polarization flux are
undertaken with wave optics, the results of which are
shown in Fig. 4(b). The incident laser beam is decom-
posed into a superposition of TE- and TM-polarized plane
waves whose transmission through the sample is calcu-
lated using transfer matrix formalism. Applying Eq. (2)
gives k-space images of the circular polarization degree.
For the simulations, the incident light is considered to be
a Gaussian beam in k-space of the form:

E,(k) = exp[-k*/o?], ®3)

where the Gaussian width is ¢ = 1.9 yum™L. In the cylind-
rical coordinate system, we decompose the initial elec-
tric field intensity to its TE and TM components:

K, (um’) k, (um)

Fig. 3. (Color online) (a)-(d) Measured circular polarization degree p, in momentum space. The color scale is linear in intensity.
The incident beam is x-polarized at energies corresponding to (a) 5°, (b) 10° (c) 15° and (d) 20°.
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Fig. 4. (Color online) (a) Far-field circular polarization degree
measured for x-polarized incident beam tuned at 1.48663 meV
equivalent to 15 deg, (b) theoretical calculations for the same
conditions.

Eqg(k, ¢) = Eo,(k) sin(¢),
Ery(k. ¢) = Eo. (k) cos(¢h). (4)

Then we use the standard transfer matrix method to
determine the TE and TM transmission coefficients
trgrm(k) and perform a backward transformation to
the x—y coordinate system:

E.(k.¢) = Exn(k, §)tru(k) cos(¢)
+ Erg(k, ¢)tre (k) sin(¢),
Ey (k. ¢) = -Em(k, ) tru (k) sin(¢)
+ Erg(k, ¢)tre (k) cos(¢). (5)

We calculate the intensities of the circular components
as I+, = |[E, £iE,|% and the corresponding circular
degree of polarization is given by Eq. (2).

Exchanging the half- and quarter-wave plates to illumi-
nate with circularly polarized light and resolve the line-
arly polarized transmission yields polarization anisotropy
in two orthogonal linear polarizations, and a fourfold
symmetry in the carriers’ spin is again achieved (not
shown).

In conclusion, we have observed the optical spin Hall
effect in a pure photonic cavity. Photons are distributed
uniformly around the elastic circle and develop an aniso-
tropic polarization flux due to the TE-TM splitting of the

April 1, 2011 / Vol. 36, No. 7/ OPTICS LETTERS 1097

cavity mode. Their behavior can be described by a the-
oretical model based on classical wave optics. These
results show that the optical spin Hall effect can be ob-
served in planar microcavities in the absence of an
excitonic resonance. However, there are spin effects in
microcavities in which the excitonic part of polaritons
is essential, such as the Zeeman splitting used in the pro-
posed optical Berry-phase interferometer [18].
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in a polariton quantum fluid
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‘We investigate the propagation and scattering of polaritons in a planar GaAs microcavity in the
linear regime under resonant excitation. The propagation of the coherent polariton wave across an
extended defect creates phase and intensity patterns with identical qualitative features previously
attributed to dark and half-dark solitons of polaritons. We demonstrate that these features are
observed for negligible nonlinearity (i.e. polariton-polariton interaction) and are therefore not suf-
ficient to identify dark- and half-dark solitons. A linear model based on the Maxwell equations is

shown to reproduce the experimental observations.

Solitons are solitary waves that preserve their shape while
propagating through a dispersive medium [1, 2] due to
the compensation of the dispersion-induced broadening
by the nonlinearity of the medium [3]. Over the years,
spatial solitons have been observed by employing a va-
riety of nonlinearities ranging from Kerr nonlinear me-
dia [4] to photorefractive [5] and quadratic [6] materials.
Apart from their potential application in optical com-
munications [7, 8], solitons are important features of in-
teracting Bose-Einstein condensates (BECs) and super-
fluids. The nonlinear properties of BEC can give rise
to the formation of quantized interacting vortices and
solitons, the latter resulting from the cancellation of the
dispersion by interactions, for example in atomic conden-
sates. A special class of solitons are the so-called dark
solitons, which feature a density node accompanied by
a 7 phase jump. Since the first theoretical prediction
in the context of Bose-Einstein condensates (BECs) [9],
dark solitons were studied and observed first in the field
of nonlinear optics [10] and then in cold-atom BECs [11].
The experimental observation of BEC [12] and super-
fluidity [13, 14] of exciton-polaritons, has sparked inter-
est in the quantum-hydrodynamic properties of polariton
fluids. In particular, the nucleation of solitary waves in
the wake of an obstacle (i.e. defect) has been claimed re-
cently [15-19]. Here, the source of nonlinearity, essential
for the formation of such a solitary wave, has been identi-
fied in the repulsive polariton-polariton interactions [15
19]. In these previous works, the observation of dark
notches in the intensity profiles together with a 7 shift in
the phase have been used as sufficient signatures for dark
solitons in microcavities. In addition, half-dark solitons
have been found to carry a non-zero degree of circular
polarization in presence of the TE-TM splitting of the
cavity mode [19].

In this Letter we demonstrate that these features previ-
ously used as dark-soliton fingerprints [15-19] can also be
observed without the presence of nonlinearity, which is
the fundamental ingredient differentiating solitons from
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Figure 1. Experimental (a),(b) and simulated (c),(d) real
space intensity and interference patterns showing the two
?soliton fingerprints” generated by the scattering of a beam
with a point-like defect: a dark notch in the intensity pattern
together with 7 phase dislocations. In the images the polari-
tons propagating downwards, along the y-axis, are injected
with a wavevector of 1.5 um ™! and are scattered by a defect
positioned 25 pm away from the excitation spots.

linear wave propagation. Specifically we investigate the
propagation of polaritons with a small exciton fraction
and at low polariton densitics, excluding a relevant in-
fluence of nonlinearitiecs. We show that polariton prop-
agation in this linear regime across an extended defect
can create deep notches in the intensity profile accom-
panied by a 7 phase shift. We model the observation
using linear wave propagation, clarifying that these fea-
tures are not indicative for a nonlinear interaction be-



tween polaritons, but are interference patterns created
by scattering from the defect. Moreover, we show that
the appearance/disappearance of these features for differ-
ent in-plane kinetic energies is reproduced in the linear
regime and thus does not provide evidence of an inter-
acting quantum fluid. Therefore, the previous reports
of the observation of dark-solitons [15-18] and half-dark-
solitons [19] which were based on these features have to
be reconsidered.

The investigated sample is a bulk A GaAs microcav-
ity surrounded by 27 (top) and 24 (bottom) distributed
GaAs/AlAs Bragg reflector pairs. The sample is held
in a cold-finger cryostat at a temperature of 15K and
is illuminated by a narrow linewidth single-mode con-
tinuous wave laser, tuned to the resonance of the cavity
at about 1.485eV. The measurements were performed
in transmission configuration. The phase was measured
using a shearing Mach-Zehnder interferometer (see [20],
S1 [21-24]). Our experiments were performed in the lin-
ear regime, facilitated by the large negative detuning of
—29meV of the cavity photon mode from the exciton res-
onance at 1.514 eV, resulting in a small exciton fraction
of the polariton of about 1%. To verify the linear regime,
we studied the excitation density dependence of our re-
sults with both a Gaussian and half-Gaussian excitation
beam (see [20], S2). We find that they are independent
of both the shape of the beam and the excitation density
over a range of four orders of magnitude and they persist
at polariton density as low as 2.3x 10% cm™2, seven orders
of magnitude lower than the lasing threshold observed in
standard microcavities [25].

The real space intensity and interference of a polariton
wave propagating across a defect are shown in Fig. 1.
The experimental results show the presence of two dark
notches in the intensity pattern along with a 7 phase shift
visible in Fig. 1(b) as paths of vortices merging in succes-
sion with alternating topological charge £1. Simulations
of the measurements using the realistic experimental pa-
rameters are shown in Fig. 1(c) and Fig. 1(d).

Solitons are predicted to appear in polariton microcavi-
ties as the result of the nonlinearity due to the polariton-
polariton interactions [26]. Since our experiments are in
the linear regime, it is important to understand how the
nature and the size of the defect affects the formation pro-
cess of these soliton-like features. In a recent study [27]
of the structural and optical properties of GaAs/AlAs
microcavities grown by molecular beam epitaxy it was
shown that the most common point-like defects (PD)
were characterized by a circular or elliptical shape [28],
due to Gallium droplets emitted occasionally during the
growth [29, 30]. The presence of the defect has the effect
of modifying the effective thickness of the cavity layer,
which typically results in an attractive potential for the
cavity mode inside the defect [28]. Consequently, the
wavevector of the photonic mode in the region of the de-
fect is higher than in the rest of the cavity.

Intensity [arb. u.]
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Figure 2. Experimental interference (a),(c) and intensity
(b),(d) showing the transition between the regime where the
soliton features are well defined (1.485€V) to a regime where
they vanish (1.487eV). The intensity profiles (e),(f) calcu-
lated along the blue dashed line, 20pum away from the defect,
confirm that the dark notches disappear when the energy of
the excitation beam is increased. The two arrows indicate the
positions of soliton-like fingerprints.

The polariton scattering by the defect depends on the
wavevector mismatch between the polaritons outside and
inside the defect at the energy of excitation. When the
energy shift of the defect photon mode with respect to
the unperturbed cavity mode is large enough to make the
coupling between them inefficient, the defect behaves like
a hard scatterer and the spatial intensity distribution is
similar to the complementary case of a single-slit diffrac-
tion [31]. In our case, however, there is a finite transmis-
sion through the defect, producing dark and bright traces
with a more complicated phase pattern. As it has been
shown by Berry et al. [32, 33|, wavefronts resulting from
interference can contain dislocation lines. In the case of a
scattered beam, dislocations are composed of phase shifts
at positions where the amplitude of the electromagnetic
wave and thus the intensity vanishes, representing nodes
of the wave. It is worth mentioning that nonlinearities
are negligible close to nodes also in the nonlinear regime,
and phase dislocations at zero intensity (i.e. at the dark
notches) are features of both linear [34, 35] and nonlin-
ear waves. In our case, the analogy between linear and
nonlinear waves goes beyond the mere observation of the
same features and is effectively more profound. Indeed,
as shown in [20] S4, the intensity, the phase jumps as
well as the relative depth of the dark-notches in the lin-
ear regime satisfy the same mathematical expression as
in the quantum fluid case [15-18]. In particular, also in
our linear system the relative depth of the dark-notches



remains constant up to 42 pm (see [20], S4).

Beyond the qualitative discussion above, we performed
simulations of the experiments, based on a numerical so-
lution of the linear scattering problem using the classi-
cal theory of electromagnetism. The choice of such a
model is justified by the fact that we operate in the lin-
ear regime and with a small exciton fraction of about
1%, such that the polariton dispersion is dominated by
the cavity mode. In the model, we consider the propaga-
tion of quasi two-dimensional photons with a parabolic
dispersion in a cavity with a fixed width. The incident
wave has been treated as coming from a linearly polar-
ized point-like source with polarization in the plane of
the cavity. Defects have been modeled as disk-shaped
perturbations of the cavity thickness resulting in an en-
ergy shift of the photon dispersion (see [20], S5). To
model the defect parameters, which are not experimen-
tally known, we use a disk shape with a radius of 3 pum
and a polariton potential of —2.3 meV (in agreement to
Ref. [28]). Maxwell’s equations are then solved using ex-
pansion of the fields into the planar cavity eigenmodes in
cylindrical coordinates fulfilling the boundary conditions
for tangent component of electric and magnetic field on
the interface between the cavity and the defect (see [20],
S5). This linear wave dynamics model reproduces the in-
tensity notch and the phase dislocation previously used
as dark-soliton fingerprints. The results show a marked
dependence on the geometry of the scattering problem,
as shown in S6 [20]. In particular, the phase jump visible
in the interference pattern depends on the direction of
the incoming polariton wave relative to the defect (see
Fig. S7). On the other hand, the size of the defect rela-
tive to the polariton wavelength affects the formation of
high-order phase dislocations (see Fig. S8).

In a nonlinear cavity-polariton system, a polariton fluid
has been predicted to flow almost unperturbed around
the defect (i.e. disappearance of the features) or expe-
rience the nucleation of vortices and/or solitons at the
position of the defect (i.e. appearance of the features),
depending on the excitation density or on the energy of
the pump [26]. We evaluated the possibility of observing
these features, ascribed in the literature to dark-solitons
resulting from the interaction within the polariton fluid,
in the absence of non-nonlinearities. Fig. 2 (a) and (b)
show the phase and the intensity of soliton-like finger-
prints in real space. Instead of increasing the excitation
power, which has no effect in the linear regime, we tune
the energy of the excitation beam, and observe the ap-
pearance and disappearance of soliton-like features. As
discussed above, the appearance of the intensity minima
and phase dislocations is a result of interference which
is sensitive to the intensity and relative phase of con-
tributing waves. The increase of the energy of the ex-
citation beam by 2 meV causes an increase of the in-
plane wavevector of the propagating polariton mode that,
in turn, changes the interference condition so that the
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Figure 3. Experimental intensity pattern (a-b) and real space
interference (c-d) showing two half-soliton features as indi-
cated by the arrows. The red and blue arrows indicate re-
spectively the position of the o+ and o_ soliton-features: a
dark-notch with an associated phase jump present in only one
circular component. The green vertical line is a guide for eyes
to distinguish the two different regions while the dashed circle
in (a) indicates the defect. (e) The intensity profile extracts
from the yellow dotted line displaying the two dark notches
present respectively in only one of the opposite polarization
basis, as indicated by the arrows.

straight dark notches [Fig. 2 (c)] and the phase disloca-
tions [Fig. 2 (d)] disappear. The wavevector dependence
of such transitions will depend on the defect structure
and the related bound polariton states [28], so that they
could be observed also with decreasing wavevector for
other defects. Intensity profiles measured at a fixed dis-
tance from the defect [Fig. 2 (e) and (f)] confirm the ob-
served transition. Thus it becomes apparent that the ap-
pearance/disappearance of soliton-like features, although
independent of the excitation density, strongly depends
on the wavevector of the propagating mode (see [20],
S3). It is worth noting that an increase of the polariton
density corresponds to an energy blueshift of the polari-



ton dispersion. For polaritons excited resonantly with a
given energy, this results in an increase of the polariton
wavevector with decreasing density along the polariton
propagation. Specifically in non-resonantly excited ex-
periments [36], this blueshift is dominated by the exci-
ton density in the reservoir at high wavevectors. The
interaction with the exciton reservoir is not a polariton-
polariton interaction within the condensate which could
provide the non-linearity needed for the formation of soli-
tons, but instead represents an external potential sculpt-
ing the polariton energy and gain landscape.

In a different experiment, we address the observation
of half-soliton fingerprints, which requires polarization-
resolved measurements. The intensity images [Fig. 3(a)
and (b)] are measured using an excitation linearly po-
larized parallel to the y-direction. The interferograms
[Fig. 3(c) and (d)], are obtained by selecting the same po-
larization for the excitation and reference beam (see [20],
S1 for details). The signature of an oblique dark half-
soliton (ODHS) is a notch in only one circular polariza-
tion component [19, 37]. We excite the sample with a
linearly polarized beam and detect the two circular po-
larization components (o_, o) separately. The mea-
surements are performed with the same excitation en-
ergy (1.485eV) and negative detuning (—29meV) as in
the previous case. The measured intensity and the in-
terferogram for the o_ component are given in Fig. 3(a)
and Fig. 3(c) respectively. The images show the presence
of a o_ soliton fingerprint, indicated by the blue arrows,
that is absent in the oy component [Fig. 3 (b), (d)]. The
same applies to the o4 counterpart, where a half-soliton
fingerprint is observed only on the right side of the image.
By calculating the degree of circular polarization, given
by Sc = (Io, —Is_)/(Is, +1,_), with I, and I,_ being
the measured intensities of the two components, we mea-
sure the pseudospin state inside the cavity [Fig. 4]. Here,
if we look at the same position where the soliton features
have been observed [Fig. 3|, indicated by the black dot-
ted lines in Fig. 4 (a), we note the presence of a pair
of oblique traces with opposite circular polarization, re-
sembling the predictions and observations attributed to a
polariton superfluid [19, 37]. The high degree of circular
polarization that we observe is due to the polarization
splitting of transverse electric and transverse magnetic
optical modes (TE-TM splitting) [38] (see [20], ST). The
latter gives rise to the optical spin Hall effect [39] that
has been observed in both polariton [40] and purely pho-
tonic microcavities [41]. In our simulations [Fig. 4 (b)] a
linearly polarized incoming beam propagates along the
y-direction and is scattered by a defect positioned at
25 um away from the excitation spot, inducing the for-
mation of two traces propagating in oblique directions.
The detected field is a superposition of the incoming lin-
early polarized wave and the scattered wave. The TE-
TM splitting of the optical mode in a photonic cavity
is responsible for an anisotropy in the polarization flux,

as previously shown on the same sample in Ref. [41].
Here the same values of the TE-TM splitting have been
used to perform the simulations. The polaritons scatter
from the defect with wavevectors of equal modulus but
in different directions both in the real and momentum
space. Because of the birefringence induced by the TE-
TM splitting, polaritons propagating in different direc-
tions experience different polarization rotation and shift.
Polaritons traveling to the right gain a o, component
while polaritons traveling to the left gain a o_ compo-
nent. The anisotropy of the effect manifests itself in the
intensity pattern, where it is possible to observe the fea-
tures of an oblique soliton in one circular component and
not in the other.
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Figure 4. Experimental (a) and simulated (b) circular Stokes
parameter showing half-soliton features. The two black dot-
ted lines correspond to the position of the dark notches
present in Fig. 3(a) and (b).

In conclusion, we have shown that the previously re-
ported experimental signatures of oblique dark-solitons
and half-solitons in polariton condensates can be ob-
served in the case of polaritons propagating in the linear
regime. We find that these features are the result of the
interference of the incoming wave with the waves scat-
tered by the defect. Moreover, the intensity, the phase
jumps and the relative depth of the dark-notches satisfy
the same analytical expression as in the polariton quan-
tum fluid. In the case of the polarized counterpart (i.e.
half-soliton-like features) the intrinsic TE-TM splitting of
the cavity dispersion gives rise to oblique straight traces
with opposite polarization.

Our results clarify that phase vortex lines in polariton
propagation together with dark notches of constant
relative depth in the intensity patterns, used as finger-
prints of oblique-dark solitons and half-solitons in the
literature, are present in the linear propagation regime.
Consequently, these features are necessary but not suf-
ficient evidence to identify solitons. We believe a more
reliable criterion for identifying dark-solitons, based on
the definition of solitons (i.e. solitary non-spreading
wave), would be the size of the observed features which
is determined by the healing length of the condensate
(see [20], S4 for details).
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S1. EXPERIMENTAL SETUP

The investigated sample is a A bulk GaAs microcavity surrounded by 27 (top) and 24 (bottom) distributed
GaAs/AlAs Bragg reflector pairs (DBRs). The sample is held in a cold-finger cryostat at a temperature of 15K
and is illuminated by a narrow linewidth (~ 30 kHz) single-mode continuous wave Ti:Sapphire laser, tuned to cavity
resonance at (1.485eV).
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Figure S1. Sketch of the Mach-Zehnder interferometer used in the experiments. List of the optical components: BS; and
BS, are non-polarizing beam splitters; M; and Mz are mirrors; Obj; is the excitation objective with a 20x magnification and
0.4 numerical aperture; Objz is the objective used for collection of the transmitted beam, with 10x magnification and 0.25
numerical aperture; Liq, L1, and Lo are convex lenses; A/4 and LP, are respectively the quarter-wave plate and the linear
polarizer used to measure the circular Stokes parameters while A/2 and LP; are respectively a half-wave plate and a linear
polarizer used to control the excitation power. The optical elements enclosed in dashed box (A/4 and LP2) are introduced in
the setup only in the case of polarization measurements (i.e. half-soliton like features) corresponding to Fig. 3 (a-d) of the
manuscript.

The data reported in the manuscript have been acquired by using the experimental setup represented in Fig. S1.
The optical elements enclosed in the dashed box (A/4 and LPs) are introduced in the setup only in the case of polar-
ization measurements (i.e. half-soliton like features) corresponding to Fig. 3 (a-d) of the manuscript. The intensity
measurements have been performed in transmission configuration, by blocking Arm 2 of the interferometer. The
phase, on the other hand, is acquired using both Arm 1 and Arm 2. In this arrangement the setup correspond to a
Mach-Zehnder interferometer, in which a laser is split into two arms: one is used to excite the sample (Arm 1), while
the other with a flat phase is used as the reference (Arm 2). The excitation beam (Arm 1) is focused by a 0.4 NA
microscope objective to a spot on the sample with a full width at half maximum (FWHM) 2v/Iin 20 of 3 pum, resulting
in a circular distribution in momentum space (i.e. k-space) with a diameter of 3 um~!. The light transmitted through
the sample is then collected using a 0.25 NA microscope objective and focused on a charge-coupled device (CCD)
camera by a convex lens (Ls). In this way, the transmitted beam is imaged in real space. The reference beam (Arm
2) is expanded by a telescope (formed by Lja and Lib in Fig. S1) so that a bigger area of the sample could be
investigated and then interfered with the transmitted beam on the CCD camera. The incidence angle of the reference
beam was adjusted in order to obtain interference fringes along y. The power of the excitation beam is adjusted by
means of a half-wave plate (A\/2) and a linear polarizer (LP;).

Polarization measurements. The investigation of half-soliton features, shown in Fig. 3 (a-d) of the manuscript,
requires a polarization-resolved measurement. To this end we use a linear polarizer (LP;) to prepare the excitation
beam in the linearly polarized basis (parallel to the y-axis in Fig. 3 of the manuscript) and we introduce in the setup a
polarimeter composed by a quarter-wave plate (A/4) and a linear-polarizer (LP3), oriented at 45° with respect to one
another, to measure the circular Stokes parameter of the transmitted signal. In this way, by rotating the wave-plate
it is possible to select the component of the Stokes parameter of which one wants to measure the relative intensity.



Then, using
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with the measured intensities I, and I,_ of the two circularly polarized components, we calculate the circular
component of the Stokes vector (Fig. 4 (a) of the manuscript).

Fig. S2 shows a sketch of the linear wave dynamics in the 2-y-plane of the microcavity. The polaritons propagate
along the positive direction of the y-axis and are scattered by a circular defect giving rise phase singularities at points
where the amplitude vanishes, i.e. at the dark notches of the intensity profile. The total detected polariton field is
given by the interference of the incoming wave and the scattered wave.

Cccb
camera

Excitation
beam

Figure S2. Sketch of the linear wave dynamics in the z-y-plane of the microcavity.



S2. POWER DEPENDENCE MEASUREMENTS AND CALCULATION OF THE POLARITON
DENSITY AND RENORMALIZATION

In this section we demonstrate that the two “dark-soliton fingerprints” do not depend on the excitation power or
on the shape of the excitation beam.

Power dependence with half-Gaussian excitation beam. To verify the linear regime, we studied the ex-
citation density dependence of our results by performing power dependent measurements with both Gaussian and
half-Gaussian excitation beams. In both cases we do not observe any significant dependence on the excitation power.

In Fig. S3 we show the data acquired with a half-Gaussian excitation beam, focused to a spot with FWHM of
3.5 um (see Fig. S3 e), 90 pm away from the defect. Here we vary the excitation power by 5 orders of magnitude,
from 20 mW (Fig. S3 a,b) to 400 nW (Fig. S3 ¢,d) and do not observe significant changes in the spatial structure.
Two notches in intensity together with phase vortex lines in the interferograms appear in the linear regime as the
result of the scattering and interference. This is confirmed by the intensity profile and by the FWHM calculated for
the left dark-notches in Fig. S3 a) and Fig. S3 ¢}, which is respectively 4.2 = 0.5 at 20 mW and 3.7 &+ 1 at 400 nW
(see Fig. S3 f).
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Figure S3. Experimental real space intensity (a), (¢) and interference patterns (b), (d) acquired at 20 mW and 400nW
excitation power. Fig. (c) and (d) have been plotted with an offset of 0.16 (i.e. saturated at low intensities) for the purpose
of the illustration. (e) Half-Gaussian excitation spot. (f) Intensity profiles calculated along the dashed blue lines in a) and
¢), 10 pm away from the defect. The red line represents the inverse Gaussian fitting used to calculate the FWHM of the left
dark-notches in Fig. a) and ¢). The ¢ of the two fitting used for the calculation of the FWHM 2v/in 20 are also reported in
the legend. The 400 nW profile (blue) reported in Fig. e) has been shifted on the left by about 1 pm respect to his original
position for clarity purposes.

The half-Gaussian beam was created by a confocal excitation scheme as described in the supplementary information
of Ref. [1]. In this scheme, a razor blade is placed between two lenses (at a distance equal to the focal lengths of the
lenses) before the excitation objective (Obj; in Fig. S1). The first lens focuses the laser on a razor blade while the
second collimates the image of the razor blade on the sample. In this way, by adjusting the position of the razor blade
it is possible to shape the excitation beam with a half-Gaussian profile (Fig. S3 e). Fig. S3 shows the data acquired
with this scheme. Also in this case, as in the case of a Gaussian excitation beam (Fig. 1, 2, 3, 4 of the main manuscript
and Fig. S4, S8, S9 of the supplementary information), we observe the formation of the two “dark-soliton fingerprints”.



In the microcavity polariton literature, the observation of dark-solitons has been claimed using both a Gaussian
excitation beam [1, 2] and half-Gaussian excitation beam [1, 3]. We have used both excitation shapes and find that
they do not affect the observed structure significantly.

Polariton density. The polariton density inside the cavity has been estimated from the number of photons
transmitted through the sample and detected on the CCD camera. For a microcavity, in fact, the polariton popula-
tion is proportional to the detected intensity. At the lowest excitation density of 3.8 W/cm?, the polariton density
inside the microcavity is estimated to be Dy, = 2.3 x 102 cm™2, seven orders of magnitude lower than the lasing
threshold observed in standard microcavities [4]. The density of polaritons have been estimated by using the following
formula:

Dpol = CI)hv X T, (1)

where @5, = 2.3 x 10" cm~2 s~ is the flux of photons transmitted through the sample and 7 = 10 ps is the polariton
lifetime. The flux of photons @y, has been calculated as:

Cpx X Qphe

by, = ’
t X QE X Apy X Tobj X Niens

(2)

where O, = 7186 is the maximum pixel counts corrected for the background, aphe = 7.3 is the number of photoelec-
trons per count (determined from the shot-noise), ¢ = 10 is the integration time, QF = 0.3 is the quantum efficiency
of the CCD camera at the wavelength used in the experiment and A,, = 0.1225 ym? is the real-space area of a single
CCD pixel on the sample, 1,,; = 0.7 and 7ens = 0.9 are the assumed intensity transmission factors due respectively
to the objective (Objz) and the lens (L) used in the experiment (see Fig. S1).

The investigated sample has a large negative detuning of -29meV of the cavity photon mode from the exciton
resonance (1.514eV), resulting in an exciton fraction of the polariton mode of less than 1%. The interaction energy
scales with the excitonic content, and can be estimated using Eq. (9) in [5]. For the highest density used (1.1 x
108 cm~2), we find a renormalization energy of 33neV, using the bulk exciton binding energy of 4.2meV, a Rabi
splitting of 5meV, the bulk GaAs exciton Bohr radius of 14 nm, and an excitonic fraction of 1%. The parameters
used here are approximate values, and the resulting renormalization is an order of magnitude estimate. However,
since it is three orders of magnitude lower than the polariton linewidth, it is sufficiently accurate to predict that it
has a negligible effect on the polariton dynamics, consistent with the experimental observation.



S3. ENERGY DEPENDENT MEASUREMENTS FOR A DIFFERENT DEFECT

In this section we demonstrate that the disappearance of the two “dark-soliton fingerprints” with detuning can be
observed for different defects, and can be considered a typical behaviour.
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Figure S4. Experimental real space intensity (a), (b) and interference patterns (c), (d) showing the appearance (at 1.4875 eV)
and disappearance (at 1.4882 eV) of both dark notches and phase shifts when the energy of the excitation beam is increased.
In this case the excitation spot is focused 50 um away from the defect. (e) Experimental K-space images showing the increase
of polariton wavevector with the increase of the energy. The AK measured is 0.13 pm™1. (f) Intensity profiles calculated along
the blue dashed line, 12 pm away from the defect confirm the disappearance of the features (green profile). The two arrows
indicate the positions of the soliton-like features.

By using the same experimental setup described in section S1, we study the scattering of polaritons from various
defects and observe the appearance/disappearance of the soliton-like features when the energy of the excitation beam
and consequently the wavevector of polaritons is varied. Depending on the defect, different variation of the polariton
wavevector is needed in order to observe the transition. The increase/decrease of the polariton wavevector changes
the interference condition of the polaritons scattered by the defect so that both the dark-notches and the phase
dislocations disappear. In the case of Fig. S4, the dark-soliton-like features disappear when the energy of the the
excitation beam is increased by 0.7 meV, which corresponds to an increase of the wavevector of 0.13 um ™!, as shown
in Fig. S4 e). The disappearance of the dark-notches is confirmed by the intensity profiles extracted 12 pm away from
the defect (Fig. S4 f). We have investigated several defects and found that the same transition could be observed
by decreasing the wave vector of the propagating polariton mode since also in this case the interference condition
changes.

S4. EVALUATION OF THE DARK-SOLITON CONDITIONS FOR MEASUREMENTS IN THE LINEAR
REGIME

Since the first observation of dark-solitons in atomic Bose-Einstein condensates (BECs) [6], the soliton speed (vs)
has been expressed in terms of either the phase shift (0 < § < 7) or the soliton depth (n), the latter being the
difference between the density of the condensate (n) and the density at the bottom of the notches (ng):

Vs ) Ng .
c—s—cos 5-”1—; (3)



In the above formula, cs represents the speed of sound in the BEC, which is directly proportional to the density of
the condensate [6]. Equation 3 dictates the conditions that have to be satisfied in order to identify dark-solitons in
BECs. In particular, when § tends to 7:

1. = = 1, i.e. the dark-soliton becomes deeper (n, = nq)

2. %= — 0, i.e. the velocity of the dark-solitons tends to zero.

Cs

Furthermore, due to the repulsive interactions within the BEC, the width of the dark-soliton tends to the healing
length £ of the condensate [6, 7]:

—1/2
6% (27;&49) .

Here M is the atomic mass, ¢ is the atom-atom interaction and £ is the Planck constant divided by 2.

As in the atomic BECs, also in the case of polariton condensates equation 3 has been used to identify dark-
solitons [1, 2, 8, 9]. However, in all the previous works the healing length condition which is related to the width of
the soliton has been neglected. This aspect will be discussed in the last part of this section.

Here we evaluate the conditions 1 and 2 in the linear regime.

Depth and velocity of the dark-notch. In our case, as for the polariton quantum fluid, dark-notches are
characterized by a minimum of the intensity (ng) at their center compared to the surrounding polaritons (n).
Consequently, we can evaluate the depth (n,) of a dark-notch in the same way as in the quantum fluid case:

Ng =N —Ng (4)

and calculate the relative depth of the dark-notch (7=) at different distances from the defect, where the phase shift §
is close to 7.

Fig. S5 (c) shows the relative depth (%) of the dark-notch for the left notch of Fig. S5 (a). The depth of the dark-
notch has been determined by fitting the line profile of the notch with an inverse Gaussian distribution at different
distances from the defect. The intensity of the surrounding polaritons (n) has been estimated from the maximum
intensity along the red dotted line in Fig. S5 (a). The fitting (red line) and the quantities n, ns and ng are shown in
Fig. S5 (c).

Similar to the case of a quantum fluid, in our linear system the relative depth of the dark-notch remains approxi-
mately constant up to 42 um as shown in Fig. S5 (d), which corresponds to a close to 7 phase shift in the interferogram
(Fig. S5b). It is worth noticing that the ratio ns/n oscillates around the mean value of 0.87 and it reaches the max
value of 0.91 at 24 um away from the defect, similar to the critical value of 0.9 reported in the literature [8, 9] for the
formation of “vortex streets”.

Moreover, at longer distances, at about 50 um away from the defect we observe a decrease of the relative depth
of the dark-notch together with a decrease of the phase shift. In agreement with equation 3, when the dark-notch is
deeper (ns/n tends to one in the equation 3) the ratio vs/cs decreases.

These observations show that a similar trend as in the polariton quantum fluid can be observed also in the lin-
ear regime.

Equivalent of the Mach number. In the case of a polariton quantum fluid it has been shown that different
hydrodynamic regimes are connected to the Mach number (M), which is the ratio between the local flow velocity
Vfi0w and the local speed of sound ¢, [1, 2, 8, 9]:

M = Hlew (5)
Cs
Dark-solitons in polariton microcavities have been claimed to appear for M > 1, with values depending on the
nature of the obstacle [1, 2, 8, 9]. In our linear system there is no sound, i.e. no linear dispersion range. However,
we can evaluate the equivalent of the Mach number in our system, namely taking (”flﬂ) from the measured values
of ny/n (Fig. S5 d) and using the geometrical relation [1, 2, 8, 9]: \

Vs = Ufiow sin(a) (6)
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Figure S5. Experimental real space intensity (a) and interference (b) patterns showing the two “dark-soliton fingerprints”.
These images are the same as Fig. 1 (a) and (b) of the main manuscript but plotted over a larger y-axis range. (c¢) Horizontal
intensity profile calculated along the blue dashed line in (a), 22 pm away from the defect. The inverse Gaussian fit is also
shown (red line) together with the quantities n (black arrow), ns (green arrow) and ng (red arrow). (d) Dark-notch depth (7=)
calculated from (a) at different distances from the defect. As in the polariton quantum fluid case, the depth of the dark-notch
is stable up to 42 pum.

where v0,, is the velocity of the polariton flow along the y-direction and « is the aperture angle of the oblique-dark
notch with respect to the flow direction. In our case « is measured to be 16.3°.
By combining equations 3, 5 and 6 we can estimate the equivalent M of the quantum fluid case:

Ng 1
M= \ 1= n sin(a) @

In our case the ratio 2= varies between 0.91 and 0.63 (measured respectively at 24 ym and 57 pm from the defect
(see Fig. S5 d), which corresponds to a variation of M from a minimum value of 1.07 to a maximum value of 2.17.
Dark-solitons have been predicted to appear in polariton microcavities when M > 1.02 [10]. This analysis shows
show that the condition on the Mach number to observe dark-solitons can be satisfied along the whole path of the
dark-notch in the linear regime.

Ns

Therefore, M > 1 together with the constant relative depth of the dark-notch (Z=) and related phase shifts in
the interferograms are conditions necessary but not sufficient to identify dark-solitons, since these conditions can be
observed also in the linear regime.

Healing length condition. Equation 3, initially proposed for atomic BECs [6], has been used also in polari-
ton microcavities to identify dark-solitons [1, 2, 8, 9]. However, in all the previous works, the healing length condition



which is related to the width of the soliton has been neglected even though it represents a direct application of the
definition of a soliton.

A soliton, in fact, is a solitary wave that preserves its shape while propagating through a dispersive medium [11, 12].
This feature can be considered as universal fingerprints since has been observed in all the physical systems where
solitons have been studied [13]. To the best of our knowledge the formation of “oblique” dark-solitons, although
predicted for both the atomic [14] and polariton condensates [10], has been experimentally reported only for po-
lariton condensates [1, 2, 8, 9]. On the other hand, in atomic BECs, only single “straight” dark-solitons have been
experimentally observed [6].

The above healing length condition specifies that solitons propagating in a condensate of homogeneous density are
characterized by a constant width (i.e. non-spreading wave) which is given by the healing length & of the condensate [6].
When the excitation density is increased, the FWHM of the dark-notch should scale as n~'/2, proportional to the
healing length of the condensate.

We compare in Fig. S6 the measured width of the dark notch in our linear system with the expected scaling C/n
using the measured intensity as function of distance. We find that the healing length condition is not respected by
this data in the linear regime, indicating that it is suited to discriminate dark solitons from linear propagation. We
therefore propose to use the healing length condition to verify dark soliton formation, which should be fulfilled over
a range of polariton excitation densities to exclude coincidental matches with specific scattering patterns in linear
propagation.
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Figure S6. The blue circles show the measured FWHM of the left notch in Fig. S5 a) at different distances from the defect.
The red triangles show C/ nl/? proportional to the healing length using a suitable chosen constant C'. The density n has been
calculated by averaging the intensity of the left and right sides of the left dark-notch in Fig. S5 a).



S5. THEORY FOR THE CAVITY MODE SCATTERING BY A POINT DEFECT

The classical theory of electromagnetism is used in order to calculate the distribution of electric and magnetic fields
inside the cavity in the presence of a disk-shaped defect and illumination of the cavity by a monochromatic laser beam.
As already mentioned in the manuscript, the choice of such a model is justified by the fact that we operate in the
linear regime with a polariton dispersion dominated by the cavity mode. In the model, we consider the propagation
of two-dimensional photons with a quadratic dispersion in the microcavity plane, as shown in Fig. S7. A quadratic
dispersion is found for all planar microcavity polaritons for small in-plane momenta plane. In our case, the large
negative detuning provides a large range over which the dispersion is to a good approximation quadratic, covering all
the relevant excitation wavevectors used.

The field distribution in a bare cavity obeys Maxwell’s equations for the electric field E(z,y, z,t) and magnetic
field H(z,y, z,t). Symmetry of the planar cavity allows one to separate the solutions as follows:

E(x,y, z,t) = E,(x,y)x(2) exp[—iwt]
H(z,y,z,t) = H,(z,y){(z) exp[—iwt]

The subscript w denotes that the in-plane components of the fields depend on the energy of radiation while the normal
components x(z) and £(z) are independent of energy under consideration of small in-plane wave vector kj:

NecavW

kH L —

where ncay is the refractive index of material of the cavity and ¢ is the vacuum speed of light. The normal components
X(z) and &(z) of the fields can be estimated inside the cavity where the most of light energy is concentrated: x(z) o
&(2) o cos(neavwoz/c) where wy is the cavity resonance frequency at normal incidence. The in-plane wave vector then
can be deduced as

ky(w) = % w? — Wz,

The cavity defect is given by a change of the Bragg mirror composition by the presence of additional GaAs due to
the Ga droplet formation during the growth process [15, 16]. The presence of the defect has the effect to modify the
effective thickness of the cavity layer, resulting in a red-shift of the photonic dispersion inside the defect [17]. As a
result, the resonance frequency inside the defect shifts from wy to wj with respect to the bare cavity and accordingly
the in-plane wave vector k| to k\/l , with k‘"‘ >k (Fig. S6). The energy shift of the cavity mode represents an
attractive potential in the two-dimensional polariton propagation.

Besides the change of the resonance condition, also the normal components of the fields vary the spatial distribution
and become x(z) — x/(2) and £(z) — &/(z). In our model, however, we assume that these changes are small (the
relative change of the cavity energy considered in our case is only about 0.1%) and therefore we neglect them. Within
this approximation, the solution of the problem of light propagation through a cavity with arbitrarily shaped defect
is reduced to the solution solely in the zy plane because boundary conditions are independent of the position on the
axis z. First we find two basis sets of solutions of Maxwell’s equations for the bare cavity and the perturbed cavity.
We denote these sets as EYY, HZ™ and Ed‘jf,w ng]f m Tespectively. Here the index j stands for polarization (TE
or TM) and m is the dlsCIete index of the mode in the expansion.

The two respective sets of fields defined above are local solutions of Maxwell’s equations outside and inside the
defect area. In order to solve the whole problem of scattering, we have to find a solution on the boundary between
the bare cavity and the defect where the in-plane wave vector is not continuous. Here we assume that the boundary
behaves like an ordinary boundary between two dielectrics, i.e. we require continuous tangent components of all fields.
Let us write the fields in the bare cavity and in the defect area in the following form:

Egav = Eincident + E Cga,\,,LEf,a; m (8)
im
H:}av = mcldcnt + § Cci‘,/LHc?;m (9)
im
def __ § dcf def
Ew - J me ,J,m (10)

chf — Cdcf Hdcf (11)

Jymtw,jm
Jjm
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Figure S7. Theoretical dispersion inside (red) and outside (blue) the defect. The presence of the defect has the effect to modify
the effective thickness of the cavity layer, resulting in a red-shift of the photonic dispersion inside the defect. Consequently, for
a fixed energy, the wavevector of the photonic mode in the region of the defect is higher than in the rest of the cavity (k' > k).
The black dashed line indicate the excitation energy used in the experiment.

The coefficients ¢® and c3°f are finally set so that the boundary conditions are fulfilled. If the basis sets are chosen

properly, the solution is unambiguous. For the case of a circular defect, it is convenient to use the basis of fields
in cylindrical coordinates [18] whose boundary conditions reduce to simple algebraic equations for the unknown
coefficients. Once the coefficients are known, the spatial field distribution is evaluated using the definitions above,
performing the summation on right hand side. To include the TE-TM splitting in cylindrical coordinates, it suffices
to discriminate between the in-plane wave vectors k) g and kv and the same inside the defect.

S6. DEPENDENCE OF THE SOLITON-LIKE FEATURES ON THE SCATTERING GEOMETRY

The observed features depend on the shape and size of the defect and the direction and polarization of the incoming
polariton wave relative to the defect. For an elliptical defect, the phase and amplitude of the scattering depend on
the direction of the incoming wave. Also the polarization contributes to the anisotropy of the effect because for a
given absolute polarization direction a different angle of incidence corresponds to a different polarization relative to
the defect.

Fig. S8 shows an example of the beam incident on the defect at an angle in the experiment. We use the same
parameters of Fig. 1(c) and Fig. 1(d) of the manuscript to perform the simulations, but we change the direction of
the incoming beam. In the previous case (Fig. 1 of the manuscript), the excitation beam is polarized orthogonal to
the incidence direction, while in Fig. S8 the beam direction has a 28 degree angle to its polarization (y), and gen-
erates a phase dislocation only in the upper dark line but not in the lower one, as indicated by the arrow in Fig. S8(c).

Moreover, we have investigated the case of a larger defect. The number of dark lines increases with increasing
defect size, allowing the formation of quadruplet solitons-like features. This is confirmed by the simulations shown
in Fig. S9(b) and Fig. S9(d). Once again we refer to the simulations shown in Fig. 1 of the manuscript to simulate
high-order dislocations. In particular, Fig. S9(b) and Fig. S9(d) have been calculated by using the same parameters
as Fig. 1(c) and Fig. 1(d) of the manuscript except for increasing the radius of the defect from 3 um to 5 ym.

In Fig. S9(a) and Fig. S9(c) the experimental observation of a high order soliton-like features is shown in both
intensity and phase. In the case of a bigger defect, it is possible to note how the wave appears to bend around the
edges of the defect.
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Figure S8. Experimental (a),(c) and simulated (b),(d) real-space intensity and interference pattern showing soliton-like finger-
prints generated by the interaction of the beam with a defect. Unlike Fig. 1 of the manuscript, the phase shift is only present
in correspondence of the upper soliton-like feature as indicated by the light blue arrow in (c).
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Figure S9. Experimental (a),(c) and simulated (b),(d) real-space intensity and interference pattern showing higher-order soliton
features generated by the interaction of the beam with a defect bigger than the one present in Fig. 1 of the manuscript.

S7. HALF-SOLITON-LIKE FEATURES CAUSED BY TE-TM SPLITTING

In our simulations a linear y-polarized incoming beam, propagates along the y-direction and is scattered by a
defect positioned at 25 pm away from the excitation spot, inducing the formation of two traces propagating in oblique
directions. In the case of half-soliton features in the circular polarisation basis, we found that the birefringence in
the scattering by the defect is due to the intrinsic TE-TM splitting of the polariton dispersion. This is confirmed by
the simulations shown in Fig. S10 where the scattered field, produced by the wave hitting the defect, is calculated in
absence, Fig. S10(a), or in presence, Fig. S10(b) of the TE-TM splitting. In the latter case we use EHL/EHT = 1.004
which is the same value that has been used in reference [19] for the same sample. In order to simplify the theoretical
discussion, we consider the TE-TM splitting constant across the whole cavity including the defect and no additional
splitting in the defect is considered.
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Figure S10. Simulated circular Stokes parameters showing half-soliton features. The images have been calculated by considering
a beam hitting a circular defect in absence (a) and in presence (b) of the TE-TM splitting.
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