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Abstract: Semiconducting materi&@dTe/CdZnTéhasa hugeapplicationpotential in
spectroscopic room temperature radiation detectiae to its propertiesSuch
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of nuclear facilities. However, the final device quality is influenced by many
parameters. One crucial stage in detector fabrication is the proper surface treatment.
The detailed study of surface treatments and th&scteon final detector device is
reported. Another crucial fact is the polarization of the detector caused by high
radiation fluxeswhich negativelyaffectsthe use of such deviceshe polarization
occurs by capturing the photogenerated holes at the tRags inside the
semiconductorThe possiblaletectordepolarizationby infrared illumination during

the detector operation has been experimentally verified and the obtained results are
shown in this thesis. Farptimal technology of preparatipit is dso necessary to
develop the fast characterization metliodprepared detector3he lastaim of the
thesisis to study the resulting quality of prepangldnar and cglanardetectors by
transierdcurrenttechnique TCT). TCT is anelectreoptical method allowing to
determine variety of transport propertiesardiation detectorsuch as internal electric
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Keywords: CdTe/CdZnTe, surface treatments, depolarization
transiertcurrenttechnique



Contents

1. INTRODUCTION. ...ttt ettt e e e s e ettt e e e e e s aaa b e e e e e e e e samanbnaeeeaeesennreees 3
1.1 (O 5 ] 10735 © 74 | =SSP 3
1.2. DETECTOR PREPARATION BNARACTERIZATIQN . ......uutitieeeieeeeeaeesaassaeinreeeeeeaeeesessaeseannnns 4
1.3. MOTIVATION AND GOALS ... iiiiuuttttieeetteeaaeeeaeaaaassbabbe e e e e eeeeaeesessaaasnnbeneeeeaeeesessaaaaannnnes 5

P B o | =1 ] A OO PP O PP PP PPPTPPPPP 7
2.1. RADIATION DETECTIGNSEMICONDUCTOR [IETBRS .. .cctteeeeesasiuuitttreeeeeeeeasessssasnnnsnnneeeeeseess 7

2.1.1. Coplanaigrid deteCtors (CPG)........ouuiiiiiiiiiie ettt 8
2.2. DETECTOR SURFACE BINITTRONIC CONTACTS cutuuuiieieeiutiseeeeeninnseessessnnnnseessesrnnneessesnnes 10
2.2.1.  LeAKAGE CUITENL......oiiiiiiiiiie ettt et e e e st e e e e e e e s e nnees 13
2.3. BELECTRON PROCESSEENICONDUCTQOR ....uueeterttutieeeesrestaasessenstnnesesessnnnneesssnsnnseessesnnns 14
2.3.2.  Origin Of defeCt IBVEIS.....ciieee e 17
2.4. CARRIER TRANSPORTNPHEENA ......etttttteeeeessaauusssssesseeeteeassssaaansnsssnseeseeeeeeesssaaasnsrnneeees 17
2.4.1. Mohbility and diffusion COEffiCIENL........ccvveveeeiiiii e 18
2.4.2.  LIfEUME .ot e e e e e e e e e e eeaeaeaearararara—a 19
2.4.3. Charge Carriers trapPing.........coouueeeeiiieieee ettt e s e e s e e b e e annees 20

3.  GENERAL EXPERIMENSED FOR DETECTORRRELCTERIZATION......cccvvvveeeiiiiee 21
3.1 QURRENTOLTAGE CHARACTHBEST. ... .uuiaateteeteeaeeeaeateteeeteteassssnstetetasnnnnnnsaaaeseaaaaaaaaaaees 21
3.2 RADIATION SPECTROSCQOR. ..t tttttutieetitttttiesaeetstiseessestanssseesessaaeeseesssnaeeseestsnaeaennnns 22

3.2.1. Pulse height spectrum analySiS.............uuuruiiiiiiiiiiiieie e 24
3.2.2. Transient charge teChNIQUE...........uuiiiiiiii e e 27
3.3. TRANSIENTURRENTECHNIQUE. ...uituiitiitiiiieett et eestiesteetnssenestnessnsesnsssneestersneesniennns 28
3.3.1. Principle of transieRturrentteChNiQUE............ooouviiiiiiiiiieee e 28
3.3.2. Theory of transienturrentteChNiqUE...........coooiiiiiiiiiiiee e 31
3.3.3. Alphainduced transienturrenttechnique Setup...........cccovevveeiiiniieeie e 33
3.4, B LIPS OMETRY, it ittt et e eeettt e e e e ettt s e e e e e e e et e e e e e et e b e e e e et es b r e e e e e e ae b r e e et e e b n e e e e e e aab e 34
3.5. POCKELS EFFECT MEBBIERIT....cctutuiieetetttuneeeesannseessestsnneessessssnnassssssnneesesssmnaesenes 34
3.6. INFRARED MICROSCORY. ...ttttuuueetettttissesssstunaeeseessssseesssssaeesessssseesessieeaeen 36

S U R 1 T PP PUPP RO 37

4. SURFACE TREATMENMWSODTE/CDZNTE RADMAN DETECTORS......cooiiiiiiiieieeeiine 37
4.1. SAMPLES PREPARATION ...ttt eeeeeettiseeseeteanaeeeessestansaeesessnaseeesassannsaeeeessnnnnsaesennnnnnns 39
4.2 SURFACE EFFECT ONRENRVOLTAGE CHARACTHBSSAND PULSE HEIGPECTRUM ANALYSES40
4.3. SURFACE EFFECT ONINFERNAL ELECTRELI. .. .cevvvvvuneeerrearinnsessesrennseesssesssnnsesssessnnnneaees 43
4.4, SURFACE EFFECT ONETBVIABILITY .. eetieviiiseeeeeeeiiineeseeninnesessesssnnnseessssnnnnseeseessennseeseeees 44
4.5, CHAPTER SUWARY. ...uuieeiietiiiseeeeeeitinssssesinsssesssssssnnsessssssssssesssssssnnsessessssnnsesssssnnneeess 49

5.  INFRARED DEPOLARIZATOF DETECTORS BRMIGH FLUX OIRARY RADIATION.....50
5.1. SAMPLE PREPARATIONDAXPERIMENTAL SENTL...eittieeesesiieeteeeererreereeessssnnnsnnnnneeeeeeeasens 51
5.2, POLARIZATION ANIRDEPOLARIZATION. ...cceiieieitietteeeeeeaaaaeeessssanennneeneeeeeaesesssssnannssnnneees 54
5.3. IRDEPOLARIZATIONXNRAYS SPECTROSCORY. c.etttteeeeeeiiasnerunnenneeeraaaeessaasnsnsnsneeenneeeeeeeens 57
5.4. INFLUENCE GRDEPOLARIZATION OMERGY RESOLUTION . ...cuvvrieirrrreeeessiiessnnennneeereeaeeeaens 60
5.5. CHAPTER SUMMARY....ettttttieeeteetiiinssasesssisseesessssnsesesesssnnseessesssnnsesseessssnnsessnssonnseeseesd 62

6. TRANSIENCTURRENTECHNIQUE AS A POWERROQOL FOR DETAITBETORS

CHARACTERIZATLION. ...ttt ettt ettt ittt e e e e e sttt e e e e e e e s bnbemre e e e e e e snnnbnneaaaesd 64
6.1. ELECTRONIC PULSE SHAFRMATION IN TRANME CHARGE AND TRIENT CURRENT DETECT
APPROACH BD(ZN) TE DETECTORS. ... .utttttesiuttteteesateteeeesanteeaessnsteeeesanansseessannsseeeesansteeeesssnnsnes 64
6.2. LASERNDUCED TRANSIENRRENT PULSE SHAFEMATION IXDD(ZN) TE PLANAR DETECT.QRS..72

6.2.1. Restoration of real current waveform shape...........ccococeeiiiiii e 76
6.2.2. Charge collection efficiency Set BYCT..........cooiiiiiiiiiiiiieaee e 82

6.2.3. Mobility-lifetime product Set DY-ILCT........ccueeiiiiiiiieee et 84



6.3. INFLUENCE OF THE CRYISOGRAPHY DEFEIN'SHE LASERDUCED TRANSIENRRENT

WAVEFORME X X X X X X X X X X X X X X X X X X X X XX XXX XXXXXXXXBKXXXXXX>
6.4. (HARGE TRANSPORTIMNTE COPLANABRID DETECTORS BXAER BY LASBRDUCED TRANSIENT

CURRENTEX X X X X X X X X X X X XXX XXX XXXXXXXXXXXXXXXXRBREKXXXXXX>

6.4.1. Experinent and experimental reSUILS.........cccccvveeoiiiiiicciiie e 94
6.4.2. Theoretical methods and TCT SIMUIALIONS............ccveiiiiiiiiniiiieee e 98
6.4.3. Doping, depletion width and diffusion...............ccccccveieee e, 103
6.4.4. Differential CUITENt SENSING .....cuiiiiieeiii e e e s ee e e e e e e s 106
6.4.5. Discussion of obtained reSUILS.............uvvieiiiiiiiee e 109
7. CONCLUSION. ...ciiiittite ettt ettt et sttt e st e e e st e e s taeamte e ssbeeaesstaeeestaeeesssbeamtesssbaeeesnteeeeanes 111
2] = I @ 1T 2 ¥ 2 = = /SRR 114
LIST OF TABLES ..o oottt ettt ettt ettt rm e et e e e st e e e e st e e e amns e e e s sbeeeenntaeeeannes 122

LIST OF ABBREVIATEBOIN. ... .ttt ettt ettt e e e e 123



1. Introduction

In the early 1950es, the development @emiconducting materials led to a
huge expansion of technology based mainly on silicon and germa@nenof the
useful applications of semiconductor materials and technology is the detection of
highi energy radiation (ay and gammaay). In the case ofiand Ge, the absorbed
radiation is directly converted to the measured sigeaé chapte.1l Radiation
detectionin semiconductor detectgrsSuch a direct approach of radiation detection
has a better spectroscopic resolutizen indirect approach like in scintillators

However, in the following years some disadvantages ofethmaterials
appeared, limiting their use idetectionapplications. In the case of Si, it is low
sensitivity ofradiationdetection with energy higher than several tens of keV, and, in
the case of Ge, is relatively high volume (up to 100 émmecessaryor efficient
operation. Because of their small bandgaps (1.12 eV for Si, 0.67 eV for Ge at 300 K),
both materials must have been cooled down to liquid nitrogen temperatures to avoid
excessive thermal currents. Therefore an alternative semiconductvigatid 1+VI
compound materials, like GaAs or CdTe, were explored and investigated.

This work is focused on the study and characterizations of CdTe and its
compounds based detectorBhe essential theory for understanding all studied
problems is written ichapter2 fiTheoryo and the standard experimental methasisd
in this work are described in chapt8riiGeneralexperimens used for detector
characterizatoa . Resul ts and di s eachapterpdfiSurface e di v
treatments on CdTE€dZnTe radiation detectots,5 filnfrared depolarizationof
detectorsinderhighflux of X-ray0and6 fiTransientCurrent Technique as a powerful
tool for detail detectorscharacterizatiod .The summary of all results is in the
fiConclusior.

1.1. CdTe and CdZnTe

The first comprehensive study @fadmium Telluride(CdTe material was
published in 1959 by de Nobfl], in which basic structural, electrical and optical

properties ofthis material were describe@dTe crystallizes in a cubic zinblende



structureand itsadvantages comparing pyeviously mentionedemiconductorarea
high mobility of carriers, direct band gagmd high atomic number.

In recent years, an increasedemst in unco@d detectors of Xay and
gammaray radiation has been record€ttTe and Cadmium Zinc Telluride (CZT)
have been previously reported as @momising material with a huge range of
applications (national security, medical imaging, astrophysis)[2]7 [4]. Both of
the materials have a higtharge collection efficiency (CCEnd spectral energy
resolution while operating at the room temperatiirés not necessary to cool them
down because they have a small thermal noige,td a relativelyhigh band gap ~
1.5eV at 30K. That is why CdTe and CZT detectors are nowadays used in the
mammographic Xay spectroscopy where they can compete with Ge and Si sensors
[4]. FurthermoreCdTe andCZT detectors show better spectral energy resolution than
Nal(Tl) scintillating detectors which are mostly used in positron annihilation
spectroscopy4]. Also the use of these sensors in astrophysical application have
already been demonstrated with the European astronomic satellite, INTEGRAL, and
in the NASA mission SWIFT5].

Besides the facthat CdTe material has a great application potential in the
detection ofX-ray and gammaay radiation it is dso ued for the production of
electreoptical modulators and as substratefor the epitaxial growth of the
semiconductor Hg«CdkTe which is a highguality infrared(IR) radiationdetector.

Another field of application is in solar cells wheedter crystallire silicon
CdTethin films are the second most common photovoltaic (PV) technology in the
world marketplace, currently representing 5% of the world mafidTe thinfilm
solar cells can be manufactured quickly and inexpensively, providing a-tmser
alternative to conventional silicebased technologies. The record efficiency for a
laboratory CdTe solar cell is 22.1% by First Solar, while First Solar recently reported
its average commercial module efficiency to be 16.1% at the end ob @g]15or
comparison, He siliconsolar cells are nowadays at 18%2% of efficiency under

standard test conditions.

1.2. Detector preparation and characterization

CdTe/CZTsingle crystalsrreusually grown by th@ravelling Heatef Method
(THM) or High-PressureBridgman (HPB) or by the Verticali Gradieni Freezé
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Method (VGF) The intentional doping elementised toincreasethe resistivity are
placed into the ampoule prior to meltingy itself asgrown material can contain
various defects and impuritie§heseact as donors or acceptorsichthey create
shallow ordeep leels inside the bandgap which impealdigher resistivity of the
samplesimpurities can be embedded from the crystal ampoutoping and defects
arise as a result dension at the crystal surface, etc. Defects and itngsirare
described in chaptet.3.270rigin of defectlevel andtheir effect isdescribed for
example,in chapter2.4.3fCharge arriers trapping. The deep energetic levels
comparing to the shallow levetge interesting due to their participationlamger
trapping andhigher recombination of free photogenerated chacgeriers When
chargecarriersaretrapped at the deep level, space charge is induced inside the detector
and the effect of polarization can ocdaalarization causes thtite inner electric field
Is concentrated under erof the biased electrodes and a$itnzero electric field is
formed under the other electrodharge carriers are not accelerated in this part of the
sample and can be transported only throdiffusion. Therefore their probability of
trapping and recombination is much higher. Tpoisrizationinfluenceste final CCE
of the detectar

After the growth, the crystal is cut into smaller monocrystalline samples and
the proper surface treatments have to be applied. Surface treatments influences the
value of leakage current on the surface & tletector which can disturb the final
detector properties. The current flowing on the surface of the detector can be greater
than the bulk current by orders of magnitude. Also the surface treatments affects the
final metalsemiconductor contacts which areeated on the opposite sides of the
sample Even though the surface preparation effects are widely studied in these days,
the optimal surface processing is still under discussion.

After the preparation of the detector, it is connected to an electradout
system that can evaluate the current pulses induced by absorbed radiation and the

sample properties can be set by various methods

1.3. Motivation and goals

CdTesingle crystaland its compourghavebeen studied several yeatsthe
Institute of Physics of Charles UniversftgP CU) They were grown by VGF method
and characterized by various electrical, optical and spectroscopic methods in order to
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compare their properties with commercially available matefi&lsre are mangtages

in development of high quality radiation detectd@se of the keyproblem in the
fabrication of high performance detectors is high level of leakage current. This thesis
is focused on the development of optimal detector surface treatment whibbd@su

the suppression of the leakage current.

The second onis polarization occurring at the hidluxes due to capturing of
thehigh amount otharge carriers at the deep levdlhe best detectors, in a meaning
of homogeneityand small amount of impities (thus small concentration of deep
levels) which are currently commercially available costs hundreds to thousands
dollars. Therefore it is also necessarylévelop methodeow to use less qualignd
chear material which is also subject of thisesis.

As it is indicated the preparation technology of CdTe/Cd&tectors is still
insufficiently effective and needs to be further optimizdgut for this it is also
necessary to develop methods that will enable the rapid characterization of prepared
detectors with subsequent proposal of their possible modifications. One convenient
option is themeasuringof transient currest(TCT), wherethe current pulse shape is
analysed The current pulsés created bythe charged carriensassing through the
detecor in theappliedelectric field. Electrorholepairs (eh pairg are generated near
one of the electrodes by the impact of alpha particles that penetrate only to a small
depth under the irradiated electrddg [8], or by using an optical pulse of wavelength
shorter than the value corresponding to the width obémelgap[9], [10], orby using
an electron sourcfl1], [12]. From the bape of the current pulse, it is possible to
determine a number of transport parameters that characterize the quality of the
detector. These are mainly chargeatrier mobility, internal electric field profile,
density of the spatial charge, thickness lod depleted layer in the detector, and
trapping time of the charge carrier$esting oftransientcurrenttechniqueas a fast
characterization method fglanar and cglanar detectorss the third goal of this

thesis.



2. Theory

2.1. Radiation detectionin semiconductor detectors

If anionizing radiationis waniedto be characterize, it must be detected by a
suitable ionizing radiation detector. In most cases, detectors that provide an electrical
output signal are used. Detection of ionizing radiat®based on the interaction of
radiation with matterOnly the corpuscular particles)(, ) difectly interact with the
substance. Converseltyphotons an&-ray photons propagate loosely in the material
and ionize and release the charged patrticles reswut of photeeffect, Compton's
phenomenon and the generation of an elegbasitron pais [13].

When using a spectrometric detectdr,can be obtainechot only the
information about registration of éhparticle interaction and the time when the
interaction occurred, but also the energy of that particle from which it isbfss
re-determine what patrticle it i'he huge part of spectrometric detectors are photon
detectorsPhoton detectors operate the principle of external or internal phattiect
[13]. The output signal of photon detectors depends oretieegyof the incident
radiation, the absorption coefficient of the material from which #teatfor is made,
and theamount of the generated charge. This category includes, for example,
photomultiplier (external photeffect) and semiconductor detectors (internal photo
effect).

The simplessemiconductodetector design is a phatnductor[13]. It is a
passive electronicomponent without a-R transition whose electrical resistance is
proportional to the photon fluXncident photons generate (eh) pairs and these
contribute to the reductionf electrical resistance. If the external electric field is
applied to the photeesistor, carriers will be transported, resulting in a change in the
electrical current in the circuit. The photmdudcor measurs either a directly
increased current (photoconductivity) proportional to the photon flux (the more
photonsirradiates detectothe more (e h) pairsare createdor thevoltagedrop on
the load resistoR.. The basic diagram of the connection of the ptatductoris
shown inFig. 2.1.

Important material parameters of a highality X-ray or gamma ray
semiconductor detector include a high atomic nunijewhose valuein power

increases the absorption coefficidmgh resistivity} , increasing the sensitivity diie
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Fig. 2.1 Schematic &gram of the photwonductor which consists of a slab of
semiconductor and two ohmic contacts at the ends

detectorjarge width of band gdf,, enabling higkenergy radiation to be detected and
reducing the thermal noise of the detectr] the high value of the Uproduict,

characterizing the charge transport inside the detector.

2.1.1. Coplanar-grid detectors (CPG)

The negative propertpf CZT detectorsis its indirect proportions of the
detector thickness relative to the signal detection capability. Not only the detection
capability but also other detector parameters are influenced by its thickness. In the case
of CZT, this isin principle a phenomenon, wheaéter generating (e h) pair, fast
electrons are collected on the anode in a short time, whereas slowrholekty of
holes is 10x smaller then electrohgye a great probability of trapping and travel long
time through the sample to the cathode, Whgreatly affects CCH13]. This
phenomenon is generally observed in thicker detectorSn{m in thickness).
Compare to thathinsampleh ave a much | ower -cdatiomct i on

The best way to deal with the capture of holes in the detector is to scan only
one chargeOtherwise neglect the influence of holes and only taki® account the
negative electron3his can be done byemispheric detectows pixel detectorsvhere
the irternal field is rectified on small collecting anode] or by CPG concepiThe
whole idea is based on the modificationgasionizationchamberswhich was first

introducedby Frischin 1944[15], whoinserted a grid electrode, known as E&his



grid - FG, near the anodé6], [17]. FG behaves as an electrostatic shield in the area
between the cathode and the grid while the areadsm the grid and the anode
becomes highly sensitive to the movement of the charge caifiiners, the number of
events recorded between the cathode and the grid, which is the bulk of the detector
volume, is reflected by the rapid movement of electronsuthh the grid and the
induction of their entire charge on the anode, while the slow cations travel in the
opposite direction and do nisiduce any charge on the anode.

In 1994 P.N. Luke discovered a similanethod suitable for use on
semiconductor deteat® which is called thecoplanargrid [18]. The coplanar grid
consists of a series of narrow strips which are coplanarly connected together, as shown
in Fig. 2.2. Fig. 2.3 shows a schematdiagram of such eoplanargrid detector (CPG)

connection

coplanar
anode 1

H
i
H
H H
N i coplanar

f 4 anode 2

Fig. 2.2 First generation ofCoplanar Gridconstruction19].

collecting
anode

R
}_.

cathode

I
- __:_____}_
]

noncollecting
anode
Fig. 2.3 Schematic diagram of CPG connectidfull cathode andcoplanar grid
anode.




Fig. 2.2 shows two anodes. Anode 1 is collectigrgd i1 CG, it is connected to
externaloltage which allows it to positively biaseglhereas anode 2 is m@ollecting
grid T NCG andis grounded By the biasing of CGto tens to hundreds of volts
electronsat the distancal from anodeside are rectified toward<G and by the
calculation of the signal difference between the two gtidanbe achievel a signal
sensitiveonly to electron movement. A bigdvantage of BG is the constructioof
coplanar gricon onesurface of the semiconductor crystal.

The PG construction itselfis of great importance to the overall energy
resolution of the detector. This is due to the unbalanced vimgghotential for the
collecting and nostollecting anode at a given depth of the detector. However, for the
first CPG generation shown iRig. 2.2, there was a differencbetween potentials on
theleft sideandright side Therefore, severahprovementfhavebeenmadeto reduce
this deficiency[18], [20]. Although the resolution dhe most recent 3rd generatioh
CPG is close to 2% FWHM at 662 keYl8], a great influence on the detection
properties of such a structure at higher voltages has the leakage [@ir}eiidcussed
in chap.2.2.1

2.2. Detector surface and &ctronic contacts

The resulting quality of the detector is not only influenced by the material
parametersrésistivity} , ¢ roduct samplewidth L, materialhomogeneity[13], ...),
but alsoby thetype of electronic contactvhich is prepared on the surface of the
semiconductor detectdr 3], [22]i[24]. Basically, there are two types of metal
contacts rectifying Schottky contact or lineadhmic contact.In the ideal cae, he
difference between theork functionof metal and thesemiconductodefines vhat
type ofbarrier (thus the type of contads)created.

The causes of barriers at meteimiconductor (MS) contacts can be
summarized in three categori@s]:

(1) Improper matching of work function between the metal and semiconductor.

(2) Presence of surface states on the semiconductor, producing an intrinsic

surface barrier.
(3) Presence of thin layer of a thimtaterial (such as an oxideMOS structure)

which in turn causes barriers for reason 1 or 2 above.
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Such barriers usually demonstrate their presence by giving rise to rectification
effects, i.e. the resistance to current flow is much less for one dire¢tiba applied
field than for the reverse directiowhen the barrier arisérom the surface states, it
pre-exist at the semiconductor surface even before a contact is estaljighed

There are two mechanisms how charge carriers can cross this [@fier

a) By quantum mechanical tunnelling through the barrier.

b) By passing over the barrier possessafjicient energy.

The barriers resulting from improper matching of work function between metal
and semiconductor is shown Hig. 2.4 representing energy level diagrams for an
n-type semiconductor and met&he energy levels for a metal with work functian
(from Fermi levelFn to vacuumenergy levelEva and for a semiconductor with
electron affinitygsand work functiort s (* s <t m) are shownn Fig. 2.4 (a), when the
metal and semiconductor are still sepataté;, Fs and E, are conducting band,
semiconductor Fermi level and valencadharespectively.

Rectifying
£ contact

Ohmic

y/ contact
4

(c)

Fig. 2.4 Energy level representation between metal atype semiconductor contact.
(a) before andb) afterconnectiorwith a metal of greater work fution than that of
semiconductqr(c) beforeand (d) afterconnectionwith a metal of smaller work
fundion than that of semiconductor

11



After the connection, the equilibrium state show#rim 2.4 (b) occurs. Fermi
levels of two materials come into coincidence by thermodynamic rules. Berier
formed by negative charge at the contaod positive charge (ionized donors
distributed in a volume) of semiconductor reaching a distanfrem the contact

(known as screeninigngth[24]). The final barrier height is given §¥3], [24]

%o %o .8 (2.2)

Fig. 2.4 (c) and (d) show the alternative case when the work fundtighe
metalis smaller than that of thretype semiconductoin this case, no barrier is formed
when contact is made. Such carts called Ohmic contact because currents passing
through the contact obey the Ohmés | aw

The ideal case of M&ontact (discussed abovean be applied only to the
endless crystal or to a part of the final crystal stifficient distance from the surface.
Near the surface, the grid constant changes fiteerbulk ong and the material's
physical properties changeo. It can also be assumed that the contact materials are
not chemically inert and the product of their cheah reaction is formed at the
interface. However, the surface is predominantly affected by the absorption of atoms
from the environment, especially oxygen atoms. A minimum of monoatomic layer of
foreign impurities is always absorbed on the surface. Sihcenay be a
monocrystalline, polycrystalline and amorphous laitas very difficult in suchcase
to applyenergy bandheory. In most cases, this layer has sersilating properties.
Thereforethe establishment of an equilibrium between surface anebthene results
in the existence of an intrinsic surface barrier which is presented even before the
contact is achieved. In this case the contact barrier is independent of the work function
of the used metal and the €8.1) is no longer validThe real Schottky contact is
shown inFig. 2.5 whered stands for the thickness of the interlayer.

According to[23], a real Ohmic contact can be defined as a contact which does
not add a noticeable parasitic impedance to a given struatutevhich does not
noticeably alter the equilibrium concentration of the current carriers in the

semiconductor volume and thus does not change the naturedeiibe

12
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Fm = work function of metal
Fg = barrier height of MS barrier
Fo = energy leveht surface
DF = image force barrier lowering
D = potential across interfacial layer
¢ = electron affinity of semiconductor
Vp = builtin potential
d = thickness of interfacial layer
w = width of spacecharge region
Qsc = spacecharge density isemiconductor
Qss = surfacestate density on semiconductor
Qv = surfacecharge density on metal

Fig. 2.5 Detailed energy level diagram of a metal antype semiconductor contact
with an interface layer of the order of atomic distaficg.

2.2.1. Leakage current

Not only the final contacts affected by thesurface states that form the
interlayer between metal and semiconductor, but the rest of the detector surface is
affected too. Non stoichiometric surface and free dangling bonds on the surface are
easy to oxidiz¢25] and these oxides most often give rise to a leakage current.

Leakage currentis an electrical current that flows unintentionadiipng the
detector surface under normal conditions. Thus, it is necessary to provide more power
to the detector to compensate for losgshafleakage current. At the same time, the
leakage curnet generates heat, thus it becoraesource of noise ani time, it causes

adegradation ofhe detecto[26].
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The leakage current on CdTe detectoes) bereducel by creating Schottky
contact on one side of the detectbinus createdletector has a lower leakage current
thanthe detectorwith two ohmic contacs, however, the deteat is polarized by the
rectifying contact, therebythe detection propertiedegrade[27], [28]. Another
possibility how to reduce the leakage current magnitude are the diffaretitods of
surfaceetchingor thesurfacepassivationyhich eliminates conductive surface states
In addition, it has also been shown that the guard ring E8Rgturecan be usetor
separating the leakage current from the current flowing througtathplg[29], [30].
Essentiallythe GRis a metal contact which fully surrounds theer anode as seen in
Fig.2.6. Both the GR and theneranodeareconnected tthe samgotential so there
is no currenfpassingbetween the two electrodesherefore, it is assumed thaR

collects all the leakage curreantd the inner anode is used for measuring the signal

Ammeter 2 - measuring values of Ammeter 1 - Measuring values
current flowing over the sample surface of current flowing

Y ¢ ¢(/ through the sample

| cathode

Fig. 2.6 Diagram of the detector with guard ring structure.

2.3. Electron processes in semiconductor

Many photoelectric phenomena in semiconductimes connected with free
carriersd activity. These include optica
electrical transport by which free carriers contribute to the electrical conductivity of

the material, and capture of free carriers leadirfgeetto recombination or trapping.
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2.3.1. Electronic transitions

Above mentionedeffects are illustrated ifrig. 2.7. Intrinsic absorptionn
Fig 2.7(a) correspornsl to the excitation of electrons from valence band to the
conduction band of semiconductor. Extrinsic absorption corresportde excitation
of electron fromdefect leveto the conduction bandrig. 2.7 (b)) or the excitation of
an electron from valence bandadefect levehs inFig. 2.7 (c).

Optical absorption for the light with intensity lafin the sample with thickness
ofdisgi ven by Beer 6s Law:

0 AH Q (2.2)

whereUis the absorption constd@2]. There is a cutoff of absorption at the minimum
energy required for transition; this minimum energyregponds to the band gap
energyfor intrinsic transition [ig. 2.7 (a)). For light with energy greater than the
minimum required, absorption is continuous and fagbnstant.The connection

between light energlf and its wavelengthkdis given by

OQw

Q_ p:‘e T(b}‘ @3
wherehi s P a n c kcisspeedmiight aadistelementary charge. Faglht

with energy smaller than energy of the band gap, the transition occurs only at the
energy of light corresponding to the energy of spediifect leve(Fig. 2.7 (b), (c)).

A free electron can be captured atedect levelas inFig. 2.7 (d) or free hole can be
captured ab defect levehs inFig. 2.7 (e). The capture process is descddgy a
capturecross sectionf charge carrier§ and thermal velocity of free carriers that

the rate of capturB of species with density by a sgcies with densiti: is given by
Y YO €0 8 (2.9)

When capture of free charge carriers leads to recombination with opposite
charge carriers, a recombination process has occdinedifetime of a free carriey
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Contact Contact

Fig. 2.7 Major transitions and phenomena associated with photoelectronic effects in
semiconductors. (a) intrinsic absorption, (b) and (c) extrinsic absorption, (d) and (e)
capture and recombination, (f) trapping and dgiping.

i.e. the average timghenthe carrier is free before recombination, is given by

p
YO O

T (2.5)
If the more than one type afecombination process is present, the individual
recombination rates add.

A captured carrier at a defect levady () recombine with a carrier of opposite
type, as just described, or (ii) be thermalheseited to the nearest energy band before
recombination occurs. In the (ii) case the imperfection is referred as a trap, and the
capture and release of the carrieraaked trapping and detrappirgg. 2.7 (f) shows
such a trapping and detrapping situatiGentre with energy level lying near one of
the banl edges (shallow levelswill be more probably a trap than a recombination
centre and vice versa for centwwih levelslying near the middle of the bdmgap
(deep levels). The distinction between traps and recombination centres is a distinction
drawn on the basis of the relati probability of thermal injection versus
recombination, i.e., on kinetic conditions, and not on the basis of intrinsic nature of the

centres themselvg23].
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2.3.2. Origin of defectlevels

Defectlevels in CdTe semiconductor dogmedmostly by native point defects
or by extrinsic pointlopants

In the case of native point defeatsa binary compoundB, cation and anion
vacancied/a, Vg, interstitialsA;, B, antisite defect8a, As, and complex defects like
vacancyantisite compleX/aBa can be created. This due to crystal growth at nonzero
temperature when thaeviations from the idedlistribution of atom#nside the crystal
occur andhese native defects are formed.

The extrinsigoint defect®riginate from the present of impurities inside CdTe
crystal. They can be divided infQ impurities uncontrollable present in crystals and
(i) dopants specially introduced into the crystal to modify the physical and chlemi
properties ofthe material. The main aim is to prepare material with impurity
concentrations as low as possible to attenuate their influence on the crystal properties.
This goal is successfully reached by combination of purification metleoglszone
refining. Typical uncontrollable impuritiesn CdTeare Cu, Li, Na, Ag, K and O.
Contrary t o i napmsaretinteatisnally ohtoguaed todhe material
resulting in changing of its physical properties. The most important ones are indium
and chlorine dopant&oth behave as shallow donors and together with a cadmium
vacancy create also an accegtie complex defect calledA-centre .

Other types of defects which can be found in CZT crystals are line defects,
plane defects or second phase defects. More abdettsle their origin and

compensation is if81].

2.4. Carrier transport phenomena

The transport process semiconductorsas usually described in terms of
scattering effects or carrier mobiljiyetermines how the change in free carrier density
(e.g.due to illumination affects the actual electrical conductivity. The total current
densityJwot can be expressed as the sum of a drift cuderdnd a diffusion current
Jar as[22]

&7 By Bu® (2.6)
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2.4.1. Mobility and diffusion coefficient

The drift current due to a free electrons is given by

Ewr W F (2.7)

whereE is the electric field strength anid is the electrical conductivity, € Q
for free electrons with density, e is the charge per electron agglis the electron

mobility. The electra drift current can also be written as
& € Q (2.8)

wherevyr is drift velocity of carriersComparing both equatiorfg.7) and(2.8), & low
electric field the drift velocity of carriers is progtional to the field strengthnd the

proportionality constant e mobility [13]. It is defined as

o 8 (2.9

The mobility is influenced mainly by scattering dugtmnons and ionized impurities
inside the crystdR3]. In general, as the impurity concentration increttse mobility
decreaseandcan be also written as

Q

‘ = 1 (2.10)

wheremy,' is the effective mass of the electron ahds the scattering relaxation time
for electrons, the average time between electron scattering events.
Another parameter associated with mapiis carrier diffusion coefficient. For

nondegenerated semiconductor, #ectron diffusion coefficieris given by

'F’Q"Y
' By 211
@) S (211

wherek is Boltzmann constanand KT is the thermal energy in eVlhe electron

diffusion current ten can be expressed as

’é"HTH ID é 8 (212)
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2.4.2. Lifetime

The onductivityfor both charge carriers in semiconduciarthedarkis given

by
., Q& n (2.13)

whereno andpo are the densities of free electrons and holes, respectivelgyaad

€po are the electron and hole mobilitidgain,let 6 s ¢ o rihe eletteons. on | y
In a homogenous material in whiefy is uniform throughout the material,

conductivity increasedy the photoconductivitygp Giwhen absorbed illumination

increases the value of electron denbiygm or the value of electron mobility y €

» - € 3 Q 3 8 (2149
Then
3 Q3¢ & 388 (2.15)
It is generally true that
3¢ Of (2.16)

whereG is the photoexcitation rate (fg) andUis the electron lifetime so that

3 Q'z &£¢@&h (2.17)

wheren=nmnp+@pnlLet 6s poi M owtcr é¢hme itneimarri er
monocrystalline materiatan be caused by change in charged impurities scattering
under the illumination either through a change in density of such charged impurities
or through a change in the scattering cross seofisach impuritie$22].

In the case of semiconductors at a reasonably high photoexcitation rates,
Qre>no, it may be definda 6 f i gur e o f-carreephotacadndu€taras s i n gl

g (2.18)

Thus t hel i6fmetbii lheé & quantitywd u dathei pphaot oconduct o
to photoexcitation.
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The Uin eq.(2.18) is the free lifetimg23] of electronslt is a time that the
charge carriers are free tontribute to the conductivitylhe free lifetime of charge
carriers can be terminated by recombination or by extraction from the crystal by the
electric field without replenishment from the opposite electrddéhe carrier is
extracted from the crystdly the field at the same moment as an identical carrier is
injected into the crystal from the opposite electrode, then the free lifetime is
undisturbedIn addition the lifetimecan be interrupted by trapping of charge carriers

and then be resumed aftae detrapping.

2.4.3. Charge arriers trapping

If the semiconducting material existgithout anytrapping energeticlevels
inside the band gapeh every excited carrier in the crystal would be a free carrier.
However, in the case of real materials, tita@ping centres and r@mbination centres
are presennside the crystal and thus the number of free camieas be less than the
number of excited carriers.

Inoneway,hi s effect can bdiftrmomistjlotey @@ d t hr

¢ & th (2.19

wheren is the density of trapped carriefBhus theobserved conductivity for the
density of free electrons moving with the mobility of free electrons is equal to the
conductivity which would bexpected if all the excited electrons moved withdtig
mobility. If there is no trapping inside the crystaleritthe drift mobility will be the
same as normal mobility.

The drift mobility can be measurdy directly timing the transit of charge
carriers over a known distan@uch a measurement is generally callede of Flight
(ToF) method ToF can be specified by the quantities that are measured: a) if the
transient of charge is measured, then it iledakansit charge technique (TChT), b) if
the transient of current is measured, then ToF is calietsientcurrenttechnique
(TCT).
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3. General experiments usedfor detector characterization

3.1. Current-voltage characteristics

The detailed currentoltage characteristics are measured in apparatus

presented irFig. 3.1. This apparatus allows to measure planar detectors aod al

detectors with guardng structure (see chap.2.]). In both cases, full planar electrode

is biased by Keithley 2410 sourcemeter. In the planar configuratiergurrent 1 is

obtained on the opposite electrode and is derived from the measured Veltage

Keithley 2000 multimeter on load resis®n with resistance of 10Mq a s

o0 ©
Y

while thejumperdepicted irthe Fig. 3.1 is opened.

(3.1)

In the case of guard ring structure, the values of bulk currgrar(d surface

current(l2) are meaured separately on two distinct load resisRisandR.2 with the

same resistance of 100q. The exampl e

shown inFig. 3.1 where thgumpercomponent has to be closed.

of

measur ement

The sample is placed in ndransparency ferromagnetic shieldidgring the

measurement to avoid interferenigh external sources, mainlyith external light.

HV Supply
Keithley 2410
Sourcemeter

T T T —_
i Planar Guarding
" Electrode Sample Electrode
™~a “
! “ Inner
| Electrode
| ~ .
Jumper
Riz

Ferromagnetic Shielding =

Keithley 2000
Multimeter

¥

Fig. 3.1 Setup for measuring of currembltage characteristic for planar detectors and
detectors with guard ring structure.
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3.2. Radiation spectroscopy

For radiation detector applicatiorteere are three general modes of detectors
operations. They are call@dilse modecurrent modeandmean square voltage mode
[32]. Pulse modéhasseveral inherent advantages over the two other m@2ésin
this mode, the measurement instrumentation is designed to record each individual
quantum of radiation that interacts in thetector. It is usually represented by the time
integral of each burst of current or the total ch&gsince the energy deposited in the
detector is directly related Q. Theone benefits the much higher sensitivity which
can be achieved. It is usualinany orders of magnitude higher than in current mode
or mean square voltage mode because each individual quantum of radiation can be
detected aseparate pulse. But the more essential advantage is that each individual
pulse amplitude contains some inf@tion. In theother twomodes, this information
on individual pulse amplitudes lost and all interactions, regardless of amplitude,
contribute to the average measured currénerefore in nuclear instrumentation the
pulse mode is the most used pegeaessing technique.

Whenradiation detectooperatesn pulse modethe large number of pulses
variesin amplitudes. These variations in amplitudes could be caused by differences in
the radiation energy or by fluctuations in the inherent response of thetcdeti®
monoenergetic radiation. The pulse amplitude distribution is the fundamental property
of the detector output that is routinely used to deduce information about the incident
radiation or the operation of the detector itsSEffe most common way tasplay pulse
amplitude information is through the differential pulse height distriby8&h

In many application of radiation detectors, thigiectiveis to measure the
energy distribtion of incident radiatioi radiation spectroscopyEnergy spectrum
can be determined from differential pulse height spectaulsar calibrationof used
spectroscopic apparatus.

The fundamental output of all pulsgpe radiation detectors is a burstbhrge
Q created by a single incident radiation quantum in the detector. The dDasge
usually proportional to the deposited energy and is delivered as a transientl¢trrent
whereQ is the time integral of current pulse. With a continued exposure to a radiation
source, the input to the pulse processing system is a series of these transient charge
pulses, occurring at random times and usually with varying amplitudes and durations.

The pulse processing system require accumulation of multiple events that are the
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results of interactions of many individual incident quanta over a given measurement
time.

In laboratory ofloP CU, the standard measuring apparatus for spectroscopy
measurementconsiss of shielding vacuum chamber Canberra, hamnae
preamplifier based on Amptek A250 amplifier, shaping amplifier Ortec 671,
multichannel analyser (MCA) Ortec MCA easy 8, evaluation program Maestro 32 and
by high voltage supply Iseg SHIQ2M. The schemof spectral apparatus is illustrated
in Fig. 3.2 where the output illustrated on MCA is recorded by Maestro 32 program as
a function of counts pertannel. The distinct channel correspstal distinct energy
via calibration.

The semiconducting planar detector sample is placed inside the measuring
apparatus where one electrode is always grounded and the other is biased by Iseg SHQ
high voltage sourcél'he point source of radiation is placed the cathode side. The
incident radiation generatesi (g pairs which are separated in applied bias and are
drifted towards the relevant electrodes. The charge carriers movement is reflected as a
current impulse I(t)). The total charge is usually too small to be sensed directly.
Therefore the impulse is sent to a preamplifier, an interface between the detector and
the subsequent processing electronic. The preamplifier has a charge sensitive

configuration, integratig the transient current pulse to produce a voltage\&igep

| Canberra shielding

Incident
radiation

PC

| |
| I
| |
| I
| counts ov
I > > ‘i
A I :
I o multi channel v
analyser (MCA max
| O I lyser (MCA)
| v ! shaping t
| | ampl. v N
max ¥,
I ¥ 5V
R 4
[~ digital osciloscop
Ry charge sensitive
pre-amplifier
VElas _I__

Fig. 3.2 Scheme of apparatus for measuring radiation spectra
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proportional toQ. The shaping amplifier converts the preamplifier output signal into

a form suitable for MCA, producing an output voltage pulse with pulse proportional
to the deposited chard@. This voltage pulse is readout in MCA as it is shown in
Fig. 3.2 The output 6the shaping amplifier returns rapidly to the baseline to prevent
pulses from overlapping and resulting distortion of the measureBiane the size of

Q reflects the energy deposited by the incident quantum in the detector, recording the
pulse height ditribution is a good method fwrovide information about the energy

distribution of the incident radiation.

3.2.1. Pulse height spectrum analysis

Individual types of energy emitters used in our laboratarg depicted in the
Table 3.1. The table contains typkradiation, main line energy and activity of those
emitters. The applied biases for pulse height spectrum analysis are usually in range
from +800V to -800V.

In the case of homogenous linear electric field inside the detector the parameter

nt can be dtermined via Hecht equati¢83]:

whereCCE is charge collection efficiencyn. is velocity of holes/electrong) e is
lifetime of holes/electrong, is the width of the sample amds the position inside the
sample where the incident radiation is absorbed.

If the radiation source ialpha?**Am ard the incident particles are absorbed
within a few micrometres inside the sampieder irradiated cathod&4] thenthe

value ofx; can be set as zen.t is alsousedof

v ‘O and O Wi, (3.3a,b
then it can be obtained the simmee carrier (electrons in this cag&cht equatiomas

T w

0
0 0

6060
0

Ao 0 8 34
p Eﬁ) (3.4)
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Source Type of radiation| Main line energy Activity

24T Am Ui alpha 5.5 MeV 8,5 kBq
24Am 21 gamma 56.9 keV 89 kBq
5Co 21 gamma 132 keV 150 kBq
B31Cs 27 gamma 662 keV 87 kBq

Table 3.1 Types of radiation sources.

900

800 — 800V
L 550 V
700 — 400V
L 300V
600 — 200V
— 150 V
S L B —
i‘i 500 100 V
%)
2 400
3
O 300
200
O I e e 1 1 L L
4.6 4.8 5.0 5.2 5.4 5.6 5.8

Energy (MeV)

Fig. 3.3Commors p e ¢ t r-i'm fordelectedhpplied biagsin range ofl00V
to 800V obtained with CZT detector

The value of the fitted parameter (tan be determined by fitting of théCE
dependency on the applied biaby the equatioii3.4).

Common alpha spectrufar differentapplied biassis shown inFig. 3.3. The
graph shows that for higher applied bias the peak positions moves ighth&mards
the higher energy. Otherwise, the charge collection of the generated charge carriers is
higher with the strongest electric field inside the sanmifihe central position of the
obtained peaks depending applied biags plotted inFig. 3.4. For a given width of
the sample, it is possible tteterming h e progludt value by fitting this dependency
with the simple Hecht equatiq84). The f i tt ed vFgl3diseqoaf ¢ U
to 9.4103 cn?/V. The similar analysiscan bedonein gamma spectroscopy using
gamma radiati on e-ffifArm foraiffesentap@ipdediagsis shawn f o r
in Fig. 3.5.
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One important property of the detector in radiation spectroscopyéspgense
to a monoenergetic source of radiatiBlence from the obtained spectrum it can be

determined the energy resolution of the given detector which is defijédl]as

2A0T 1 ©OE—— b

where FWHM is the full width at the half maximumof photopeakobtained byan

energy of the monoenergetic source of radiaion

~ ~ Qw00

O
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P 53l m  Measured points
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Fig. 3.5 Commors p e ¢ t r->(tAm fardelectechppliedbiasesin range ofl00V

to 800V obtained with CZT detector

26

f

o

r



3.2.2. Transient charge technique

Transient charge technique (TChT) is a very useful toaheasure charge
transportof semitinsulating radiation detectors, as it relies on the operation principle
of these devices. From transients, carrier collection times can be accessed and therefore
carrier mobility calculate{36].

For this method*!Am alpha particle source is used to generdtgairs which
create electronic input signdlhe readoutelectronicsof the TChT consists of a low
noise input FET transistor and a very fast integration amplifier with a budéer (
Fig 3.6). The ouput pulse from the ampbier is directly recorded by theltrafast digital
sampling osilloscope (LeCroy WaveRunné40Zi, 40 Gs/s, vertical rekition up to
11 bits, 4 GHz bandwidth) for further computer processhugin Iseg SHQ 122M is
used as a bias source.

Combining the e(2.9) and(3.3b) the simple relatiofior homogenous sample

without space charge is given as

: YR (3.6)

gives the value of electron mobilifgr given biasv. The transit time; is represented
by the electrons drifting from irradiated cathode throughdistectorof width L to

reach the anode

CHARGE SENSITIVE AMPLIFIER

DETECTOR | Amplifier
I 1
:' INPUT_FET Output |
: =0
" i
{ C1nF ) |
E [R1e ; / |
El AGND k‘ SRS i
FERROMAGNETIC | R :
' — :
AGnD  SHIELDING Cf:L" | .
O FERROMAGNETIC SHIELDING

HV input
Fig. 3.6 Transient chargeéechniqueexperimental setup with a typical transient
charge output pulse in the inset graph.
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3.3. Transient-current-technique

Transientcurrenttechnique (TCT) is another ToF methdthe basic ideas of
the TCT technique for the study of transport phenomena in semiconductors was first
presented by Haynes and ShocK8y]. The most important measured parameter is
againtransit timet;. It is a time taken by charge carriers to travel across a given region

of the sample under the influence of a known electric f&84.

3.3.1. Principle of transient-current-technique

The schematic pmciple of TCT is illustrated irFig. 3.7. For a very short
period, an ionizing radiation with small penetration depth (alpha particles in this case)
creates electrehole pairs under the contact of ideal semiconductor detdctes 6
consider the radiation intensigynall enoughandall additional spaceharge effects
| e bebdasoided. Due to the applied bias on the sample, an electric field is presented
inside the sample and enables one type of charge carriers (electrons inFigs& Of
to travel across the sample. The other cariidisles are almost immediately swept
towards the cathode. Electrons travelling across thalevtegionL will induce a
current transient signaFig. 3.8 red curve) in an external circuit which is connected
with the sample. The duration of tegnalt; is exactly the same as the time carriers

need to move through the regibnThe current transient signal induced by the motion

V<0 . ) .
depleted volume inactive region

3 ;
S 1
1
a _'-'; Eo \ 1
R Y @ 5 R : D
— o 1 ; N
: s
Q 1
m .
< cathode depletion layer width anode
(x=0) (x=DW) (x=L)

A Position x (a.u.)

Fig. 3.7 Schematiof theTCT. An ionizing radiation creates charge pairs imarrow
region close to one contad®ed, green and blue lines represdrelinear profile of
the electric field in a detector green and blue lines are profiles withositive
accumulateatharge.
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Fig. 3.8 Current signal induced by the carriers drifting across the sample.

of chargecarriers can be calculated under the following conditions:

T Lohtl 0 ATHA] o (3.7)

where(q is time of electrorhole pair generatiortis a lifetime of the mobile carriers
and U=4 ¢ is dielectric relaxation time of given materigl i& resistivity, o is
vacuumpermittivity and’ ; is relative permittivity of the material). The amplitude of
the current puls&(t) induced by numben of carriers drifting across the sample is
given ag38]

lu) ‘_
0

© m™ o0 08 (3.8)

The duration of the current transient signal is exactly equal to the time required for

carriers to drift across the whdleregion and the drift velocitys is simply given by

= 3.9
L3 (39)

It is evident, that in principle, this technique enables to study charge pulses

formed by the drifting of each type of carriers separately in the same sample. This can
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be easily achieved by reversing the applied bias pol&tity by irradiating the
opposte contact.

The current waveforms (CWFs) observed in experiments can be different from
the ideal ones predicted by €8.8) and represented frig. 3.8 by the red curve. The
following events can occur and disturb the ideal C\\38%:

a) a nonuniform electric field is presented in the sample, particularly when the
examined device is Schottky omgunction;

b) spacecharge effectarepresented when the density of the carriers generated
by the ionizing radiation is so high that the electric field inside the sample is
strongly disturbed;

c) trapping and detrapping effects are presented;

d) thermal diffusion phenomena are presented.

The real CWF is represented by black curv&ig. 3.8. At the beginning of
CWEF the Plasma effect takes platle plasma effect was discussed in diéta8],
[39] and its main manifestation is the expansion of the leading edge of the pulse
Supposing that 5.5 MeV alplparticle is absorbed at-P0e m under the irr
contact tlen charge cloud over £QGe-h pairs(plasmay)is created in this area (the
creatingenergy foronee-h pair in CZT is 4.7 eV). These carriers are subjecnto a
electric field in a detector, hence, this high conductiilgma disturbs for some time
(plasma time or plasm@ecay time) the internal electric field and therefore retards the
charge collectionAs it was proven in [8] drift dominates over diffusion in a direction
perpendi cul ar t oantthugthednitial @cceteratiorbo§cardessrannda c t s
the erosion of the charge cloud is caused by the electric field in a sample. Also in [8]
was concluded that the plasma effect can be strong enough to delay signal formation
and that this charge cloud causes theetng of an applied bias. For higher bias
voltages, the plasma effect becomes less important and sometimes it can be suppressed
overall. The middle part of CWF represented by exponential decayZfoms to58 ns
in Fig. 3.8 is given by current induced inside the detector by electrons drifting towards
the anode. At the time af the major part of electrons is collected at the anéde.
gradual decreaof CWF aftert, represents theollectingof trapped and subsequently
detrapped carrierfrom energetic levels inside the bandgap and electrons delayed by

plasma effect.
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3.3.2. Theory of transient-current-technique

The whole theory of TCT is well described[B] or [40], therefore, there is
only a brief summary.
Several measurement8], [41], [42] approved that a constant spaterge

density} sc(positive or negative) anticipates in botiTé and CZT radiation detectors.

~

§ AT 1800 (3.10)

Under the conditior(3.10) and by the involving of free carriers losses due to trapping
in deep defects, the electric field strendglix), at the distance from the irradiated

electrode can be expressed as

O® O G (3.11)

wherea is the linear slope of the electric field and the constant Eris an electric
field under the irradiated electrode. The slope of the electric field is induced by the

spacecharge énsityN via

b — (3.12)

where “o, “r = 10.3 are the vacuumand relativepermittivity for CdTe/CZT,
respectively, ane is the elementarycharge. If the positive space charge is assumed,
thena> 0. The current induced inside the detector

W Q (3.13

can be fitted from the experimental data as it is seEmif3.81 black curve represents
the real CWF and the blue dash curve is exponential decay fit. The paramehben

given as

® O —, '8 (3.14)
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By a theory of pn junction, the depletion widBWof t he det ect or O

with spacecharge densitil can be calculated as

o6 LI1® uh (3.15

whereV is the applied bias. It is clear thato situatiors can occur:
)] For DW < L, the electric field is screened completely near the anode,
wherein an inactive region with a zero electric field appeardHige8.7 i
blue curve).
1)) For DW = L, the electric field is nonzero within theitee volume of the
detector and thmactive region does not exist.
In thesecond casehé arrival of drifting electrons to the anode is identified by
a clear drp of current transier(seeFig. 3.8 1 black line) which allow to determine
the transit time;. Such a drop is not visible in case when the inactive region is formed
inside the sample.
For parameters obtained by experiments:@nde \Jthe parametes can be

numericaly solved from transcendental equat[8ix

" p [
w p o %I i 8 (3.16)
p )
Consequentl vy, al | at By and ancanl leel détsrmineda forllame t e r <

measured CWFs.

As it is written above, if the applied bias is low and the electric field is
completely screened near the anode, an inactive region appears under that electrode,
and then the transit time is undefined. The information offered by the experiment is
insufficent to the determination of al/l mo d e |
the advantage of the biasdependent value of determined from the analysis of
current pulses at high bias and insert it into(8d.4) to calculate the linear slopeof

the electric field.
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3.3.3. Alpha-induced transientcurrent-technique setup

Onepart ofthe Result sectiors about modification of TCT apparatus as well
as representation of obtained results by this method. Therbéyesis given an
example ofsimple setup using the alpha particle source for electhmie pais
generation The modification and comparisondther methods is written in chaptr
fiTransierCurrentTechnique as a powerful toir detaildetectorsharacterization

The TCT setupgeeFig. 3.9) is based on the direct amplification of the detector
current pulse corresponding to the collected charge in the detector volume flowing
through the input stagenfput impedance internally) of the very high frequency bipolar
amplifier (Miteq AM1607 3000R, 40 dB gain, 3 GHz radiofrequency amplifier). The
output pulse from the detector is AC coupled to the amplifier input and Schottky diodes
connected in parallel aresed for protectionThe output pulse from the current
amplifier was directly recorded by the ultrafast digital sampling oscilloscope (LeCroy
WaveRunner 640Zi, 40 Gs/s, vertical resolution up to 11 bits, 4 GHz bandwidth) for
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Fig. 3.9 Alphainducedtransientcurrenttechniqueexperimental setup with a typical
transient current output pulse in the inset graph.
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further computer processing.

For this method$*?Am alpha particles are used to generate eledie pairs.
Low noise high voltage power supply Iseg SHQ 122M is used for the detector biasing
usually from OV to -800V. As one could expect, the detected pulse laoge is
substantially weak and much sgi Data accumulation (several thousands of pulses)
with computer filtering, precise oscilloscope trigger setup and efficient high frequency

noise double shielding are inevitable prerequigitesbtain plausible results.

3.4. Ellipsometry

Ellipsometry is a optical tehnique allowing to derivateptical properties of
given materialas well as thesurface layer thickneq43]. By commercial Mueller
matrix ellipsomete J.A.Woollam RC2 it is possible to measure changes in light
polarization after reflection on the samplkhe light energy of given ellipsometer
ranged from 1.2V (~1050nm) to 4eV (~300nm). The change in polarization is
represented by ellipsometringles( andgowhich are related to the Fresnel reflection

coefficients for jp and $ polarization as

l P

1 T OAl 00 8 (3.17)
Parameterd] and ¢ are influenced by surface conditions, lay#hgckness and
dielectric function of specific material. With the theoretical model of Effective
Medium Approximation (EMA) which is descriden [44] or [45] it is possible to
derive spectrally dependent optical properties of studied material and the thioknes

the surface oxide layer.

3.5. Pockels effect measurement

Experimental apparatus for Pockels effect measurerfhént3(10) uses as its
name suggesthe Pockels effect.
It is a standard and widelysed methof41], [46]i [51], which allowsto study

samples under various excitation conditiddsckels effect is a linear electoptical

effect, whenafter attaching the electric fiel@on the semiconductoa, changen the
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Collimator

Fig. 3.10 Pockels effect apparatus for steady state measurements.

electrical components of th@nmpertivity tensord occurs. Thereforethe refraction
indexnis changed as well. From the symmetrygpfrom the mutual dependencies of

its individual elements, and from the crystal symmetry of CdTe/@Z&sults that
there is only one non zero elementhe impertivity tensod [52]. Therefore after the
electric field attachment the isotropic material becomes birefringent and the refraction

index is linearly dependent on thtached field as

tr0 1 Lo (3.19)
CVo

1 € T p 1 1 )

E O | ——1 ¢ 0 (3.19
C Vo

whereng is refraction index of isotropic material angl is Pockels coefficient for
CdTe/CZT material.

In our setup orFig. 3.10 the collimated monochromatic low intensity light
beam (1550 nnD0.8eV), called Pockels lighpas&sthrough the biased sample (by
high voltage supply Iseg SHQ 122M) placed between two orthogonal linear polarizers.
In this configuration, the spatial distribution of the transmittainfe y) of the above
described system (mdored by an InGaAs camerdgepends on the electric field

distributionE (x, y) in the sample as

"YDOE©8 (3.20)
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3.6. Infrared microscopy

Since the defects in the CATZT samples absorb the near IR radiation and
form the dark entities in the images, IR microscopy is very suitabtdaracterization
of defects with the size abovee1m.

Optical inverted microscope OLYMPUS IX78 used for investigation of
defects inside the semiconducting samples. The halogen lamps is used as a source of
the light for sample illumination. The infrared (IR) light passing through the sample
detected by CCD camera with low signal to noise rati6CadB. The microscope
iImaging works with the near IR radiation at wavelergth900nm. The picture can
be magnified by 3 objectives OLYMPUS RMS 4x, 10x and 20x. The highest
resolution of this optical system (for 20x objectivey is.4¢ nj31].
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Results

The emphasis of this dissertatiothesis has been focused on the
characterization and description of CdTdCdZnTe based detectors through
experimental techniques. The focusReésultschapter is to repothe experimental
results that werebtainedon severatletectors and to provide explanations for these
results. Theehapter 4analyses the surface treatments and their influendeefinal
detector (e.g. energy resolutiohe chapter 5 reports of infrared LED enhanced
spectroscopic CdZnTe detector working under high fluxes-odys. The chaptef
displays theadaptationof TCT measurementen characterization of CdTe/CZT
detectors and shows the advantages of this methed). electron mobility
determination)compared to the other experimental techniques. cHagteré have
more or lss character of basic research. On the conttheyother two mentioned
chaptersshow the direction of possible application user examplethe results from
the 8" chaptehavea high application potentiah modern medicinas it was reported
in [53].

4. Surface treatments on CdTéCdZnTe radiation detectors

Surface treatments are one of the main problems in the development of high
performance detectoin this chapter, the focus lies on study of different surface
treatments and their influence on final detector performance.

During the cutting of the detectsamples from the crystal ingot, the surface of
CdTe/QiznTe is often damaged and surface states and residues are created. It is
necessary to improve surface treatments to dispose of the surface states. This surface
states produce defects which give a testhe leakage current that negatively disturbs
the detector spectral resolution and C{E Different surface treatments of the
CdTe/CdZnTe detectors can lead to a different surface leakage cyg@htgs6],

[57]. It has been previouslublishedthat he surface treatments on the lateral sides
may significantly affect the detector performarib&]i [59]. So the amount of the
collected charge depends not only on homogeneity of the single crystal, but also on

the surface treatments and metal contacts preparétioais to be point out, that the
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leakage current also affects electronic components of the measpparatus and
contributes to the noise of used electronics (e.g. ampliééf) It has been previously
reported that during measurements with the bigéexpto the sample, only a minor
part of the current passes through the bulk (abdu61%) [26] and the rest of the
current flows over the surface as the surtae&age current.

Additional factor limiting the CCE is the detector polarization due to the space
charge formation on deep |[@uvVirethiscaseth@ s i n
screening of an applied bias can e@tcur w
with zero electric field clos® the contacif8], [61]. The formation of deep levetps
is again influencal by the metal contact preparatidf2], [63]. Therefore it is
necessary to create lotgrm stable contacts without the presence of the detector
polarization. In an ideal casthe type of contact is determined by the difference
between metal and semiconductor work functions (see cha@eiOhmic contacts
exhibit lower polarization ofletectors, but can cause a higher dark current compared
to Schottky contacts and vice versa. In a real case, the barrier height is formed by the
work function of the metal and the surface states of semiconductor also known as an
interlayer. The interlaye(surface states) between metal and semiconductor (MIS
structure) also affects the properties of the detector because it determines the resulting
type of contact.

Various surface treatments of CZT crystals leading to the leakage current
reduction have beepreviously reportedn [26], [64], [60], [65][67]. Chemical
etching produces dangling bonds and-stmchiometric surface specigs], [69] that
are responsible for high values of surface leakage current. To prevent this effect,
passivation of the semiconductorusually applied to decrease the surface leakage
current and by this means to increase the detector performance. As a good passivation
reagents for CZT, solutions of NHHz20: [65], [70] and KOH[66] were identified in
several studiesThose two solutions create different oxides on the crysighce
which passivate it. ThX-ray photoeletton spectroscopy (XPS) used for chemical
analysis of the surface passivation by 4RHH20: is reported in65] and[66]. The
conclusion is that this passivation creates surface layer primarily of DeQhe other
hand the KOH passivation should createrctl suface on CZT as it was reported in
[66].

However, the published results did not present a clear conclusion about an

optimal surface treatment process from the detector performance viewpdinits
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chapterwe present various surface etching types and a passivation treatment study
before metal contact preparation with emphasis on the time stability of such prepared
detectors. The current voltage characteristics, ganaygpulse height spectrum
analysis,the internal electric field profileand ellipsometryare used to characterize

the quality of the prepared detectors (mainly the magnitude of leakage current).

4.1. Samplespreparation

For this study,ife samplesvere usedlt were usedwo neighbouringsamples
from theindium dopedCdTewafergrown in our laboratory at Charles University by
the vertical gradient freeze meth¢dl]. The other hree samplescomes from
commerciaindium dopedCdo gsZno.15Te material provided for academic reseaatto
grown by the vertical gradient freeze meth®tde samples were not crystallography
oriented and the dimensions werg 5x 2 mm®. S a mp lal®elé and their resistivity
is shownin Table 4.1 Resistivity was measured by modifiedntactless resistivity
measurementJOREMA) sdup, described in detail i@4], [72].

As the initial surface treatment, samples were mechanigafigedusing SiC
abrasiveof differentsizes of the abrasive grains,sequence SiC 600, 1000 and 1200.
The higher the number of abrasive is, the finer grain size it has. After the mechanical
grinding the sampleserechemicallyetched by immersion into 3% bromingethanol
solution for 2 mintesi (BM) method (BM) etching was followed by sample rinsing
I twice in methanol and once in isopropyl alcohol, and all samples were dried with
purified air. It is a standardpproachusuallyused in our laboratory which is also

proposed by several stedi, e.g[73].

Samplelabel Resistii t 'y [ ql
cdrel 9.1-10°
CdTell 7.810°
— 1.3.10°
CZT-I 8.2-10°
CZT1 Sample C 1.0-10°

Table 4.1 Labelling of sampledor surface treatment studgnd their resistivity
obtained bycontactless resistivity measurement (COREMA)
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Subsequently the following surface treatment procedures were used:

1 Chememechanical polishing in 3% bromusthylene glycol solutionBE) made
on a polishing kit on a silk pad. To achieve the same qualigach side of the
sample, polishing takes 3@=ndser side Additional sample rinsing was done
twice in methanol and once in isopropyl alcohol and it was dried with purified air.

1 After (BE) treatment, the sample was further etched for aboue&thsisn a 3%
brominemethanol solution (BEBM) treatment.The rinsing of the sample was
same as forBM) treatment.

{1 Passivation with 25 ml of 10%wt NH 10%wt HO. aqueous solution. CZT
sample was immersed in the solution for 5 nNiHE). After the immersion the
sample was bathdtree timean distilled water and was dried with purified air.

1 Passivation in 50% potassium hydroxideOH) solution for 1 min.When
passivated, the sample wassedthree timesn distilled water and dried with
purified air.

As it waspreviously reported, electroless contact deposition creates strong
chemical bonds between metal and semicondy6&]r [74] and gold creates quasi
ohmic contact on CZT[75]. Hence, after performing one of the listed surface
treatments gold contacts were electrolessly deposited from a 1% Ag@eous
solution to the both largest sides of the detector.

Samples were mechanicaltwlished beforeeachindividual treatmentsisted
abovein order to remove the previous surface layer and to prepare the same starting
surface qualityThe surface treatments were performed on all samples in random order

to avoid some crystal property aige due to the process induced damage.

4.2. Surface effect on arrent-voltage characteristics and pulse
height spectrum analyses

Spectia of 2'Am gamma source were measured by standard spectroscopic
apparatuslescribé in chapter3.2 CdTe/CZT detector was placed inside a Canberra
shielding box with a 59.6 ke¥*'Am gammaray source at the distance ot. The
Iseg SHQ 122M voltage supply is used de@tector biasing in the range of +800 V to
-800 V. The current voltage characteristics whichparticular show the leakage
current value$26] wererecorded by pparatusiescribed in chapté&.1
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Fig. 4.1 Current-voltage characteristic ofCdTell sample wih the guard ring
structurebefore BEBM) and after BEBM+NHF) surface passivation in NdA/H20..

The influence of NHKF/H2O, passivation on the sample Cdlle
(r=781fqLcm) with a g (seeFig 2.6)Wwas mvesidatecu The ur e
guard ring had a width of 1 mm and the inner electrode had a diameter of 3.5 mm,
leaving the space between them of 0.5 mm. Cuwreltdge characteristics for the
guardng and he internal electrode of thédTell sample with BEBM) treatment
before and after surface passivati@EBM+NHF) are shown in Figd.1. After the
surface passivation in NJH/H2O» the reduction of the surface leakage current was
about 99.7 %, whd the values of the bulk current passing through the detector
remained similar to those before passivation treatment. It was found that the shapes of
the current voltage characteristics using a guard rimgerelectrode are very similar.
Therefore othemeasurements of current voltage characteristics were performed with
planar electrodesn both contact sidegithout the guard ring structure.

After the surface treatments with various chemical etchants and passivators on
CdTe/CZT detectors the currenvoltage characteristics and gamma spectrum of
24IAm gamma source were measured. The obtained results were similar for all four
samplesdespite on the surface treatments ardiég. 4.2 shows absolute values of
currentvoltage characteristic for six défentsurface treatments on CATsample.

Small asymmetry of theurrentvoltagecurves is most probably done by different wall
side leakage current at opposite polarities or different quality of the native surface
oxide formed during contact preparatidd]. Hence it is possible that on the one side

the contact was slightly more injectir@orresponding normalized spectrumg*im
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gamma source obtained at the bias8@0 V are shown in Fig. 4.3. The spectral
resolution of the gamma peak at 59.6 keV, CCE and the curr800aY are presented

in Table 4.2 for these different surface treatmetdculated percentage reduction of

the leakage current compared with tB&() method is shown in Tabke?2. Evidently

(BE) surface treatment does not lead to lower leakage current values and higher
gamma peak resolution than initi@Nl) treatment.On the other hanthe surface
passivation b\NH4F/H>O. after chememechanical polishingBE+NHF) resulted in

the lowest valueof the leakage current from all treatments. The leakage current

reduction was approximately 96%.
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Fig. 4.2 Currentvoltage characteristic for various surface treatments on -CZT
sample.
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Fig. 4.3 Normalized spectrum of gamm&Am obtained with CZT | detector for
different surfacareatments at800 V bias
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Surface treatmen Ry | CCHy I % Reduction of leakage
[%0] [%] [nA] | current compared td3M)
BM 314 911 | -327.9 -
BE 49.4 | 87.5 | -303.2 8
BEBM 121 | 96.3 | -59.0 82
BEBM+NHF 9.9 | 965 | -435 87
BE+NHF 94 | 965 | -17.6 95
BEBM+KOH 88 | 96.1 | -36.0 89

Table4.2 Resolution (), CCEgand current (l) for various surface treatmentstba
CZT-1 sample at bias 0800 V

Even though BEBM) surface treatment shows lower leakage current values
andbetter energy resolution than individual methdsis)or BM ), additional surface
passivation BEBM+NHF/KOH ) led to higher leakage current reduction with the
same spectrum quality. By reducing the leakage current and reducing the negative
properties of sdace states, respectively, the passivation inf’{H.O, or KOH led to
better detector parameter values tBBEM ) treatment itself (see Table 4.2

4.3. Surface effect on the internal electric field

Using the 5.5 MeV?*’Am alphaparticle source, the internal electric field
profile was determined byCT apparatus described the chapte3.3.3 Alfha
induced transienturrenttechniquesetupm.

Thelinearinternal electric field profile in the sample CZDbtained by TCT
method after the different surface treatments is presented in#&igrdatmets BM),
(BEBM), (BE+NHF), (BEBM+NHF) and BEBM+KOH ) have similar profiles of
the internal electric field. The value of electric field at the cathode side is changing due
to the thinning of the sample between each measurements. The significant slope
difference of the internal electric field was measudyg for (BE) treatment. It shows
that this surface treatment influences the profile of the internal electric fieldaJdirs
canbe caused by different oxide structure formation on the detector body prior to the
gold contacts fabrication on the samplee formation of this oxide layers was often
presented in the literatuf26], [44], [65], [66] The amount and the type of this oxide
(TeQ,, Ccdo, ZnOé) ar e depenehsnentasoarngroup h e
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Fig. 4.4 Calculated linear profile of the internal electric field in GX@etector for
various surface treatments 800 V bias.

has reported i45], [76] on different CdTe/CZT samplesvhereXPSwas used for
chemical analysis of the surfac&he conclusion cKPSexperiment is that the&NHF)
passivation creates surface layer primarily of Ze&bingdeepeito the sample, there

is an increasing appearance of CdO with a corresponding decreasing appearance of
TeQ,. It can be assumed that similar oxides are created &EBN) treatment.
Because the surface is etched mostly by bromme#anol solution as inBM)

method thereforeit should react withNHF) in a similar way

4.4. Surface effect on time stability

The surface passivation after chemechanical polishingBE+NHF) gave
the best detector parametérghe highest achieved spectral resolution, the lowest
leakage current valueand similar internal electric field profile as other treatments.
However, the detector properties are not long term stable. Fig. 4.5 andhéwa
surface degradation within seven days after surface passivation in NH4F/H202.
Increasing noise was measured seven days after this surface treatment and after 21

days the noise was so high that it was not possible to obtain any spectrum at all.
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Considering the low time stabilityf (BE+NHF) surface treatment, chemo
mechanical polishing with additional chemical etching treatment and further
passivation BEBM+NHF) or BEBM+KOH ) appears to be an optimal surface
treatment (see Fig. 4.5). Reductiornlud leakage current is approximately 90 % which
is only about 4 5 % lower than in the case dBE+NHF) treatment as stated in
Table4.2. Nevertheless, it is obvious that such prepared detectors showetong
stabile performance which is seen in Figp 4nd 4.6b and 4.6¢c. Even after 21 days
there is no significant difference in the obtained spectrum and the value of the leakage
current is stable in time.

The BEBM+NHF) treatment performed on CAT sample was studied for
one year. Fig. 4.7 and Fig. 4sBows currenvoltage characteristics and obtained

gamma spectrum before and one year after performing this treatment ofi CZT

100
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Fig. 4.5 Currentvoltage time dependency fearious surface treatments on GZT
sample.
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Fig. 4.6 Time dependency of gamifdAm spectrum obtained with CAHetector at
-800 V bias for BE+NHF) treatment (a), BEBM+NHF) treatment (b) and
(BEBM+KOH) treatment (c).

sample, respectively. In Fig.7 there is visible relaxation to lower values of current
as well as on sample CATwithin 7 days (see Fig4.5). And also there is no
deterioration in obtained spectrum as shanvig.4.8. The spectral resolution of such
prepared detector is long term stable.

The results shown in Fig. 4.7 are in good correlation with restiésirface
oxide layergddynamics and propertiesudyon Sample CThe surfacavascreated by
passivation with(NHF) solutions. The study was made byptical ellipsometry
(chap.3.4) and the lakage currents were measured simultaneously téh

ellipsometryfor up to 40 daysAfter the surfacepassivatiorthe oxide thickness was
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Fig. 4.7 Currentvoltage time dependency f&EBM+NHF treatment on CZT
sample.
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Fig. 4.8 Time dependency of gamrffdAm spectrum obtained with CAITdetector
for BEBM+NHF treatment at800 V bias.

large indicatinga high oxidization ability of thg(NHF) solution This can be seen in

Fig. 4.9 which shows d@me evolution of the effective surface layer thickness
determined by ellipsometryn this figure i can bealsoseernthat during the following
several days there was/eible increase of the layer itkness followed by a slightly
saturated growth with dependence on time. The leakage cstrewn in Fig. 4.10
wasverylow after the passivation, and decreased even more during the following 40
days. This passivation resulted in the growth of a thicketeosurface layer that had

low leakage currents and was stable during the observed period.
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Fig. 4.9 Time evolution of the effective surface layer thickness of Sample C over 40
days. Dashed line is depicted highlight the oxide growth trendGample C was
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Fig. 4.10 Time evolution of the current of Sample C at 400 V bias within 40 days.
Dashed line is depicted taghlight current evolution connted to the oxide growth
trend.Sample C was passivated for 2 mimNiHsF/H2O> solution.

Thus it confirms that passivation produces higher leakage current reduction
comparing to simpleBEBM) method while maintaining similar spectra resolution
and CCE and furthermore enhances the time stability. It is also unnecessary to create
the Guard Ring structure on the anode side of such prepared detector as it is

recommended if26] which makes the detector preparation much easier
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4.5. Chapter summary

The effects of different surface etching and passivation methods executed on
two CZT and two CdTe detectors wercharacterized by currembltage
characteristis, spectrum pulse high analysis and the internal electric field profile.
First, the comparison of various surface treatmergsdone in order to lower the
value of the surface leakage current. After thiag, time stability of such prepared
detectors was studied.

One of the findings was that the internal electric field aay affected by the
chemo mechanical polishing treatmeBE]. Moreover this treatment is giving the
worst spectral resolution of all @ methods. Other methods maintained the similar
profile of the internal electric field.

Detector samples with surface passivation byNH>O> give the best leakage
current values (resulting in a better spectrum with higher resolution) compared to
chemically etched detectors. Howevérg results of this work indicates that the
passivation after chemmechanical polishindgdE+NHF) is not stablén time. Within
seven days after the surface passivation increased values of leakage current and
increased noise were observed.

Comparing to this, chemmechanical polishing with additional chemical
etching and consequent passivation in 50% potassiunoxigér BEBM+KOH ) or
in NH4F/H-02 aqueous solutiorBEBM+NHF) gives only about 5 % lower leakage
current reduction. But the highest advantage of these treatments-tetongtability
(measured withiseven,21 days and one year, respectively) and areativeiptimal

in spectral resolution aspect compared to the other used surface treatments.
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5. Infrared depolarization of detectorsunder high flux of
X-ray radiation

High-resistivity CdZnTe is a material of choice for high energya} and
gamma ray detects working at room temperatuckie to the high average atomic
number and wide bandgaplowadays, CZTis useal in several high radiation flux
applications, such as computed tomography, gamma cameras, mammography and
astrophysicg4]. The main factor usually limiting ehCCEof CZT detectors under
high radiation fluxes is the polarization phenomeridms chapter deals with high flux
polarization and its possible compensation.

In this case, the polarizatioesults ina deformation of the internal electric
field caused by an accumulation of pogtispace charge ateafe levels due to the
trapping ofphotogenerated hol¢g7], [78]. The internal electric field in the detector
strongly increases towards the cathode and decreases towards the aniodetive
region with a very low electric field is formed, which results in a reduction of CCE.

The moivation of theinfrared (IR) d@olarization of the detector is based on
several studies of the high flux optical manipulation of deep level occupations in the
bandgap, which were performed CdTe[79], [80] and CZT[81], [82] previously It
has been previously introduced the concept of the electric field restoration of polarized
indium doped CZT detectors based on the optical transition of atecfrom the
valence band to the deep level in which the holes are trapped. This transition induced
by the IR light with the wavelength around 1200 n.Q3 eV)[83] reduces the
originally positive space charge accumulation.

The first part of this chapter descrisean apgication of IR lightinduced
depolarization on a polarized CZT detector working under high radiation flibkes.
second partpresers the utilization of simultaneous IR illumination on the
spectroscopic properties of a CZT detector operating underraditionflux. The
internal electric field study by Pockels effect measuremants the pulse height
spectrum analysis using atandard spectroscopic setup were used for the
characterizatioof the IR d@olarization phenomena. In some measurements, the LED
at 940 nm (~1.32 eV) instead ofrdys was used, because it was previously shown
[84] that the IR light with a slightly below tHeandgap wavelength (around 99850
nm in the case of CZT) produces electrons and holes in the CZT detectors and may

cause their radiatieimduced polarization at high fluxes similar terXys. Similarflux
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influences orelectric field profiles and detector currents were observed @y and

910nm LED types of excitationsn [85]. In the context of thichaptey o6 hi gh f 1 u
means a sufficient intensity of the radiation under which the distribution of the internal
electric field in the detector changes,
represented by Xays or high intensity light and low flux by a low activf§*Am

gamma source (89 kBq) or low intensity light.

5.1. Sample preparation and experimental section

For this study, it was used two neighbouring detegtade samples cut from
the <l1l11>oriented singlecrystal wafer of Irdoped CdoZnoiTe. The electron
mobility-lifetime product was set by alpha spectrum pulse height anahssis
mte=310°cm?Vl The resistivity was determined by COREMAetup
of ~ 10*°W.cm.

Sample 1 witldimensions 06 x 4.3 x 1.5 mn? was used for the Pockels effect
measurements to demonstrate the radidatidoced polarization and to findna
optimum wavelength for the gelarization of the given materialthe surface of the
sample was optically polishad order to be suitable for monitoring the transmittance
distribution of the testing light during the Pockels effect measurements. The used
surface treatment introduces high leakage current. Therefore, the sample was equipped
with planargold cathodeand ndiumanodeon large opposite surfaces by evaporation,.

In this configuration, the indium anode helps to reduce the leakage current.

For a sudy of the polarization and gelarization processes in detectors, the
method of infrared spectral scanning (IRSS) exploiting the Pockels effest
developedn our laboratoryandwas tested on several CZT and CdTe samgiél
[86]. The IRSS is based on measurements of the electric field profiles in the biased
sample, which is excited lkielight with a fixed wavelengthausing the polarization
(represented by an LED @40 nm in this paper). Then, it is simultaneously illuminated
by a tunable IR light with wavelengths ranging between 0.9 and 1.7 pm
(D1.381 0.73eV).The experimental setup for IRSS is showRim 5.1. Tunable light
is coming from a Carl Zeiss SPM2amochromator equipped with a ¥9 halogen
lamp and a LiF prismThis tunable light from the monochromatwith a constant

photon flux is convenient for studying the change of the occupations of deep levels
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Fig. 5.1 Experimental setup fordepolarization Pockels effect mearements
performed on Sample During standard electric field measurements, the cathode of
the sample was irradiated byrdys and simultaneously illuminated from the side by
a 1200nm LED during dpolarization mode. During the infrared spectral scanning
(IRSS) measurements, the cathwde illuminated by a 940m LED and by tunable
light from the monochromator from the side.

caused by the optical manipulation. By this method, jtossible to find an optimal
depolarizing wavelength.

Sample 2 with dimensions of 54 x 0.9 mn? was ugd for Xray and
gammaray spectroscopic measurements. Because there is no need for optically
polished surfaces to be used for spectroscopic measurements, its surface was
chemically etched in a 1% Bnethanol solution for 1 min in order to reduce the
leakaye current. When the leakage current was reduced by chemical etching, there was
no needo useindium anode. Therefore after the etching, the sample was equipped
with evaporated gold contacts covering both larger sides begalgsereates quasi
ohmic conact on CZT[75]. The contact, which was acting as the anode, was divided
into a round pixel with a diameter of 0.5 mm and the surrounding guard ring separated
by an aproximately 0.5 mm wide gap, as is schematically showsign5.2.

The reason for using the pixel was to decrease the effective volume of the
detector in order to reduce the number of events during the detection of the high flux
of X-rays. During spectrosampic measurements, the detector Sample 2 was placed
inside a 3 mm thick aluminium shielding box as it is seerFign 5.2. In all

spectroscopic measunents the sample was irradiated on the cathode side. The
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Fig. 5.2 The experimental setup used forays measurements on Sample 2 (b). The
planar cathode (top) was irradiated byr&ys. The pixel witla 0.5mm diameter was
surrounded by a guard ring covering the rest of the anode side (bottom).

cathodewas biased by high voltage supply ISEG SHQ 122M. Both the pixel and the
guard ring were set to the zero potential, while the detector signal from the pixel was
amplified with a preamplifier based on the Amptek A250 amplifier with a| 60
decay time. ThenultichannelanalyserCanberra DSA1000 with the lowest rise time
of 0.4us and zero flat top was used for spectral analysis. Forhiihacount rates, a
lower rise time/flat top is useful, as the pilp probability and the necessary
processing abilitglecrease with decreasing rise time/flat top. The 120QED was
used to illuminate the side of the detector from the distance of 1.5TkenlR
depolarization using the LED of the specific wavelength of I#i0vas motivated
by the results of the influercof deep levels on the polarization and depolarization
related processes in detectors (see chap@erAs the below bandgap light absorption
of CZT is very low,it is expecedan almost homogeneous distribution of illumination
by the light inside the whole detector sample. The forward current of the LED at 1200
nm was set to 50 mA, and its photon flux measured utilizing the Ophir Vega laser
power meter with a Geetector was 10 mm?-s* during all of the measurements.

For the Xray measurements (either Pockels or spectroscopic measurements)

samples were placed 1840 mm from a tungsten targay Xube MXR160 made by
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