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Abstract:  Semiconducting material CdTe/CdZnTe has a huge application potential in 

spectroscopic room temperature radiation detection due to its properties. Such 

detectors can be used in medical applications, homeland security and for monitoring 

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 their effect on final detector device is 

reported. Another crucial fact is the polarization of the detector caused by high 

radiation fluxes which negatively affects the use of such devices. The polarization 

occurs by capturing the photogenerated holes at the deep levels inside the 

semiconductor. The possible detector depolarization by infrared illumination during 

the detector operation has been experimentally verified and the obtained results are 

shown in this thesis. For optimal technology of preparation, it is also necessary to 

develop the fast characterization method for prepared detectors. The last aim of the 

thesis is to study the resulting quality of prepared planar and co-planar detectors by 

transient-current-technique (TCT). TCT is an electro-optical method allowing to 

determine variety of transport properties of radiation detectors, such as internal electric 

field profile, charge collection efficiency, mobility and lifetime of charge carriers, etc.  
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1. Introduction  
 

 

In the early 1950-ies, the development of semiconducting materials led to a 

huge expansion of technology based mainly on silicon and germanium. One of the 

useful applications of semiconductor materials and technology is the detection of 

highïenergy radiation (X-ray and gamma-ray). In the case of Si and Ge, the absorbed 

radiation is directly converted to the measured signal (see chapter 2.1 Radiation 

detection in semiconductor detectors). Such a direct approach of radiation detection 

has a better spectroscopic resolution than indirect approach like in scintillators. 

However, in the following years some disadvantages of these materials 

appeared, limiting their use in detection applications. In the case of Si, it is low 

sensitivity of radiation detection with energy higher than several tens of keV, and, in 

the case of Ge, it is relatively high volume (up to 100 cm3) necessary for 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 semiconducting III-V and II-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 detectors. The essential theory for understanding all studied 

problems is written in chapter 2 ñTheoryò and the standard experimental methods used 

in this work are described in chapter 3 ñGeneral experiments used for detector 

characterizationò. Results and discussions are divided into three chapters ï 4 ñSurface 

treatments on CdTe/CdZnTe radiation detectorsò, 5 ñInfrared depolarization of 

detectors under high flux of X-ray ò and 6 ñTransient-Current-Technique as a powerful 

tool for detail detectors characterizationò. The summary of all results is in the 

ñConclusionò. 

 

 

1.1. CdTe and CdZnTe 
 

The first comprehensive study of Cadmium Telluride (CdTe) material was 

published in 1959 by de Nobel [1], in which basic structural, electrical and optical 

properties of this material were described. CdTe crystallizes in a cubic zinc-blende 
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structure and its advantages comparing to previously mentioned semiconductors are a 

high mobility of carriers, direct band gap, and high atomic number. 

In recent years, an increased interest in uncooled detectors of X-ray and 

gamma-ray radiation has been recorded. CdTe and Cadmium Zinc Telluride (CZT) 

have been previously reported as an promising material with a huge range of 

applications (national security, medical imaging, astrophysics, etc.) [2]ï[4]. Both of 

the materials have a high charge collection efficiency (CCE) and spectral energy 

resolution while operating at the room temperature. It is not necessary to cool them 

down because they have a small thermal noise, due to a relatively high band gap ~ 

1.5 eV at 300 K. That is why CdTe and CZT detectors are nowadays used in the 

mammographic X-ray spectroscopy where they can compete with Ge and Si sensors 

[4]. Furthermore, CdTe and CZT detectors show better spectral energy resolution than 

NaI(Tl) scintillating detectors which are mostly used in positron annihilation 

spectroscopy [4]. Also the use of these sensors in astrophysical application have 

already been demonstrated with the European astronomic satellite, INTEGRAL, and 

in the NASA mission SWIFT [5]. 

Besides the fact, that CdTe material has a great application potential in the 

detection of X-ray and gamma-ray radiation, it is also used for the production of 

electro-optical modulators and as a substrate for the epitaxial growth of the 

semiconductor Hg1-xCdxTe which is a high-quality infrared (IR) radiation detector. 

Another field of application is in solar cells where, after crystalline silicon, 

CdTe thin films are the second most common photovoltaic (PV) technology in the 

world marketplace, currently representing 5% of the world market. ñCdTe thin-film 

solar cells can be manufactured quickly and inexpensively, providing a lower-cost 

alternative to conventional silicon-based 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 of 2015ò [6]. For 

comparison, the silicon solar cells are nowadays at 18% ï 22% of efficiency under 

standard test conditions. 

 

 

1.2. Detector preparation and characterization 
 

CdTe/CZT single crystals are usually grown by the TravellingïHeaterïMethod 

(THM) or High-Pressure-Bridgman (HPB) or by the VerticalïGradientïFreezeï
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Method (VGF). The intentional doping elements used to increase the resistivity are 

placed into the ampoule prior to melting. By itself as-grown material can contain 

various defects and impurities. These act as donors or acceptors and they create 

shallow or deep levels inside the bandgap which impede a higher resistivity of the 

samples. Impurities can be embedded from the crystal ampoule or doping and defects 

arise as a result of tension at the crystal surface, etc. Defects and impurities are 

described in chapter 2.3.2 ñOrigin of defect levelsò and their effect is described, for 

example, in chapter 2.4.3 ñCharge carriers trappingò. The deep energetic levels 

comparing to the shallow levels are interesting due to their participation in longer 

trapping and higher recombination of free photogenerated charge carriers. When 

charge carriers are trapped at the deep level, space charge is induced inside the detector 

and the effect of polarization can occur. Polarization causes that the inner electric field 

is concentrated under one of the biased electrodes and almost zero electric field is 

formed under the other electrode. Charge carriers are not accelerated in this part of the 

sample and can be transported only through diffusion. Therefore their probability of 

trapping and recombination is much higher. Thus polarization influences the final CCE 

of the detector. 

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 of the detector 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 metal-semiconductor contacts which are created 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 electronic readout 

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 
 

CdTe single crystals and its compounds have been studied several years at the 

Institute of Physics of Charles University (IoP 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 materials. There are many stages 

in development of high quality radiation detectors. One of the key-problem 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 which resulted in 

the suppression of the leakage current.  

The second one is polarization occurring at the high fluxes due to capturing of 

the high amount of charge carriers at the deep levels. The best detectors, in a meaning 

of homogeneity and small amount of impurities (thus small concentration of deep 

levels), which are currently commercially available costs hundreds to thousands 

dollars. Therefore it is also necessary to develop methods how to use less quality and 

cheaper material which is also subject of this thesis. 

As it is indicated, the preparation technology of CdTe/CZT detectors is still 

insufficiently effective and needs to be further optimized. But 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 the measuring of transient currents (TCT), where the current pulse shape is 

analysed. The current pulse is created by the charged carriers passing through the 

detector in the applied electric field. Electron-hole pairs (e-h pairs) are generated near 

one of the electrodes by the impact of alpha particles that penetrate only to a small 

depth under the irradiated electrode [7], [8], or by using an optical pulse of wavelength 

shorter than the value corresponding to the width of the band gap [9], [10], or by using 

an electron source [11], [12]. From the shape of the current pulse, it is possible to 

determine a number of transport parameters that characterize the quality of the 

detector. These are mainly charged carrier mobility, internal electric field profile, 

density of the spatial charge, thickness of the depleted layer in the detector, and 

trapping time of the charge carriers. Testing of transient-current-technique as a fast 

characterization method for planar and co-planar detectors is the third goal of this 

thesis.  
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2. Theory 
 

 

2.1. Radiation detection in semiconductor detectors 
 

If an ionizing radiation is wanted to 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 radiation is based on the interaction of 

radiation with matter. Only the corpuscular particles (Ŭ, ɓ) directly interact with the 

substance. Conversely, ɔ photons and X-ray photons propagate loosely in the material 

and ionize and release the charged particles as a result of photo-effect, Compton's 

phenomenon and the generation of an electron-positron pairs [13]. 

When using a spectrometric detector, it can be obtained not only the 

information about registration of the particle interaction and the time when the 

interaction occurred, but also the energy of that particle from which it is possible to 

re-determine what particle it is. The huge part of spectrometric detectors are photon 

detectors. Photon detectors operate on the principle of external or internal photo-effect 

[13]. The output signal of photon detectors depends on the energy of the incident 

radiation, the absorption coefficient of the material from which the detector is made, 

and the amount of the generated charge. This category includes, for example, 

photomultiplier (external photo-effect) and semiconductor detectors (internal photo-

effect). 

The simplest semiconductor detector design is a photoconductor [13]. It is a 

passive electronic component without a P-N transition whose electrical resistance is 

proportional to the photon flux. Incident photons generate (e - h) pairs and these 

contribute to the reduction of electrical resistance. If the external electric field is 

applied to the photo-resistor, carriers will be transported, resulting in a change in the 

electrical current in the circuit. The photoconductor measures either a directly 

increased current (photoconductivity) proportional to the photon flux (the more 

photons irradiates detector, the more (e - h) pairs are created) or the voltage drop on 

the load resistor RL. The basic diagram of the connection of the photoconductor is 

shown in Fig. 2.1. 

Important material parameters of a high-quality X-ray or gamma ray 

semiconductor detector include a high atomic number Z, whose value in power 

increases the absorption coefficient; high resistivity ɟ, increasing the sensitivity of the 
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Fig. 2.1 Schematic diagram of the photoconductor which consists of a slab of 

semiconductor and two ohmic contacts at the ends. 

 

 

detector; large width of band gap Eg, enabling high-energy radiation to be detected and 

reducing the thermal noise of the detector; and the high value of the ɛŰ product, 

characterizing the charge transport inside the detector. 

 

2.1.1. Coplanar-grid detectors (CPG) 

 

The negative property of CZT detectors is 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 is in principle a phenomenon, where after generating (e - h) pair, fast 

electrons are collected on the anode in a short time, whereas slow holes (mobility of 

holes is 10× smaller then electrons) have a great probability of trapping and travel long 

time through the sample to the cathode, which greatly affects CCE [13]. This 

phenomenon is generally observed in thicker detectors (> 5 mm in thickness). 

Compare to that, thin samples have a much lower detection efficiency of ɔ-radiation. 

The best way to deal with the capture of holes in the detector is to scan only 

one charge. Otherwise, neglect the influence of holes and only take into account the 

negative electrons. This can be done by hemispheric detectors or pixel detectors where 

the internal field is rectified on small collecting anode [14] or by CPG concept. The 

whole idea is based on the modification of gas ionization chambers, which was first 

introduced by Frisch in 1944 [15], who inserted a grid electrode, known as Frisch 
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grid - FG, near the anode [16], [17]. FG behaves as an electrostatic shield in the area 

between the cathode and the grid while the area between the grid and the anode 

becomes highly sensitive to the movement of the charge carriers. Thus, 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 electrons through the grid and the 

induction of their entire charge on the anode, while the slow cations travel in the 

opposite direction and do not induce any charge on the anode. 

In 1994 P.N. Luke discovered a similar method suitable for use on 

semiconductor detectors, which is called the coplanar grid [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 schematic diagram of such a coplanar-grid detector (CPG) 

connection. 

 

 

Fig. 2.2 First generation of Coplanar Grid construction [19]. 

 

 

 
Fig. 2.3 Schematic diagram of CPG connection. Full cathode and coplanar grid 

anode. 

d 
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Fig. 2.2 shows two anodes. Anode 1 is collecting grid ï CG, it is connected to 

external voltage which allows it to positively biased, whereas anode 2 is non-collecting 

grid ï NCG and is grounded. By the biasing of CG to tens to hundreds of volts, 

electrons at the distance d from anode side are rectified towards CG and by the 

calculation of the signal difference between the two grids it can be achieved a signal 

sensitive only to electron movement. A big advantage of CPG is the construction of 

coplanar grid on one surface of the semiconductor crystal. 

The CPG construction itself is of great importance to the overall energy 

resolution of the detector. This is due to the unbalanced weighting potential for the 

collecting and non-collecting anode at a given depth of the detector. However, for the 

first CPG generation shown in Fig. 2.2, there was a difference between potentials on 

the left side and right side. Therefore, several improvements have been made to reduce 

this deficiency [18], [20]. Although the resolution of the most recent 3rd generation of 

CPG is close to 2% FWHM at 662 keV [18], a great influence on the detection 

properties of such a structure at higher voltages has the leakage current [21] discussed 

in chap. 2.2.1. 

 

 

2.2. Detector surface and electronic contacts 
 

The resulting quality of the detector is not only influenced by the material 

parameters (resistivity ɟ, ɛŰ product, sample width L, material homogeneity [13], ...), 

but also by the type of electronic contact which is prepared on the surface of the 

semiconductor detector [13], [22]ï[24]. Basically, there are two types of metal 

contacts, rectifying Schottky contact or linear Ohmic contact. In the ideal case, the 

difference between the work function of metal and the semiconductor defines what 

type of barrier (thus the type of contact) is created. 

The causes of barriers at metal-semiconductor (MS) contacts can be 

summarized in three categories [23]: 

(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 third material (such as an oxide ï MOS 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 direction of the applied 

field than for the reverse direction. When the barrier arises from the surface states, it 

pre-exists at the semiconductor surface even before a contact is established [24]. 

There are two mechanisms how charge carriers can cross this barrier [23]: 

a) By quantum mechanical tunnelling through the barrier. 

b) By passing over the barrier possessing sufficient energy. 

The barriers resulting from improper matching of work function between metal 

and semiconductor is shown in Fig. 2.4 representing energy level diagrams for an 

n-type semiconductor and metal. The energy levels for a metal with work function mʟ 

(from Fermi level Fm to vacuum energy level Evac) and for a semiconductor with 

electron affinity ɢs and work function ʟs ( sʟ < mʟ) are shown in Fig. 2.4 (a), when the 

metal and semiconductor are still separated. Ec, Fs and Ev are conducting band, 

semiconductor Fermi level and valence band, respectively. 

 

 

Fig. 2.4 Energy level representation between metal and n-type semiconductor contact. 

(a) before and (b) after connection with a metal of greater work function than that of 

semiconductor; (c) before and (d) after connection with a metal of smaller work 

function than that of semiconductor. 



 

12 

 

After the connection, the equilibrium state shown in Fig. 2.4 (b) occurs. Fermi 

levels of two materials come into coincidence by thermodynamic rules. Barrier is 

formed by negative charge at the contact and positive charge (ionized donors 

distributed in a volume) of semiconductor reaching a distance d from the contact 

(known as screening length [24]). The final barrier height is given by [23], [24] 

 

 ‰ ‰ …Ȣ (2.1) 

 

Fig. 2.4 (c) and (d) show the alternative case when the work function of the 

metal is smaller than that of the n-type semiconductor. In this case, no barrier is formed 

when contact is made. Such contact is called Ohmic contact because currents passing 

through the contact obey the Ohmôs law over a large range of applied bias. 

The ideal case of MS contact (discussed above) can be applied only to the 

endless crystal or to a part of the final crystal at a sufficient distance from the surface. 

Near the surface, the grid constant changes from the bulk one, and the material's 

physical properties change too. It can also be assumed that the contact materials are 

not chemically inert and the product of their chemical 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. Since it may be a 

monocrystalline, polycrystalline and amorphous layer, it is very difficult in such case 

to apply energy band theory. In most cases, this layer has semi-insulating properties. 

Therefore the establishment of an equilibrium between surface and the volume 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 eq. (2.1) is no longer valid. The real Schottky contact is 

shown in Fig. 2.5 where d 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 structure and which does not 

noticeably alter the equilibrium concentration of the current carriers in the 

semiconductor volume and thus does not change the nature of the device. 
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FM =  work function of metal 

FB  =  barrier height of MS barrier 

F0 = energy level at surface 

DF = image force barrier lowering 

D = potential across interfacial layer 

c = electron affinity of semiconductor 

VD  = built in potential 

d = thickness of interfacial layer 

w = width of space-charge region 

QSC = space-charge density in semiconductor 

QSS = surface-state density on semiconductor 

QM = surface-charge density on metal 

 

Fig. 2.5 Detailed energy level diagram of a metal and n-type semiconductor contact 

with an interface layer of the order of atomic distance [13]. 

 

 

2.2.1. Leakage current 

 

Not only the final contact is affected by the surface 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 oxidize [25] and these oxides most often give rise to a leakage current. 

Leakage current is an electrical current that flows unintentionally along the 

detector surface under normal conditions. Thus, it is necessary to provide more power 

to the detector to compensate for loss of the leakage current. At the same time, the 

leakage current generates heat, thus it becomes a source of noise and in time, it causes 

a degradation of the detector [26].  
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The leakage current on CdTe detectors can be reduced by creating Schottky 

contact on one side of the detector. Thus created detector has a lower leakage current 

than the detector with two ohmic contacts, however, the detector is polarized by the 

rectifying contact, thereby the detection properties degrade [27], [28]. Another 

possibility how to reduce the leakage current magnitude are the different methods of 

surface etching or the surface passivation, which eliminates conductive surface states. 

In addition, it has also been shown that the guard ring (GR) structure can be used for 

separating the leakage current from the current flowing through the sample [29], [30]. 

Essentially, the GR is a metal contact which fully surrounds the inner anode as seen in 

Fig. 2.6.  Both the GR and the inner anode are connected to the same potential, so there 

is no current passing between the two electrodes. Therefore, it is assumed that GR 

collects all the leakage current and the inner anode is used for measuring the signal. 

 

 

 

 

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

 

 

 

 

 

2.3. Electron processes in semiconductor 
 

Many photoelectric phenomena in semiconductors are connected with free 

carriersô activity. These include optical absorption by which free carriers are created, 

electrical transport by which free carriers contribute to the electrical conductivity of 

the material, and capture of free carriers leading either to recombination or trapping. 
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2.3.1. Electronic transitions 

 

Above mentioned effects are illustrated in Fig. 2.7. Intrinsic absorption in 

Fig 2.7 (a) corresponds to the excitation of electrons from valence band to the 

conduction band of semiconductor. Extrinsic absorption corresponds to the excitation 

of electron from defect level to the conduction band (Fig. 2.7 (b)) or the excitation of 

an electron from valence band to a defect level as in Fig. 2.7 (c). 

Optical absorption for the light with intensity of I0 in the sample with thickness 

of d is given by Beerôs Law: 

 

 Ὅ ὍÅØÐ ‌Ὠ (2.2) 

 

where Ŭ is the absorption constant [22]. There is a cutoff of absorption at the minimum 

energy required for transition; this minimum energy corresponds to the band gap 

energy for intrinsic transition (Fig. 2.7 (a)). For light with energy greater than the 

minimum required, absorption is continuous and fairly constant. The connection 

between light energy E and its wavelength ɚ is given by  

 

 ὉὩὠ
Ὤὧ

Ὡ‗

ρςσωȢψτ

‗ὲά
ȟ (2.3) 

 

where h is Planckôs constant, c is speed of light and e is elementary charge. For light 

with energy smaller than energy of the band gap, the transition occurs only at the 

energy of light corresponding to the energy of specific defect level (Fig. 2.7 (b), (c)). 

A free electron can be captured at a defect level as in Fig. 2.7 (d) or free hole can be 

captured at a defect level as in Fig. 2.7 (e). The capture process is described by a 

capture cross section of charge carriers Sc and thermal velocity of free carriers vth that 

the rate of capture R of species with density n by a species with density Nt is given by 

 

 

When capture of free charge carriers leads to recombination with opposite 

charge carriers, a recombination process has occurred. The lifetime of a free carrier Ű, 

 Ὑ Ὓὺ ὲὔȢ (2.4) 



 

16 

 

 

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 detrapping.  

 

 

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

 

 †
ρ

Ὓὺ ὔ
Ȣ (2.5) 

 

If the more than one type of recombination process is present, the individual 

recombination rates add. 

A captured carrier at a defect level may (i) recombine with a carrier of opposite 

type, as just described, or (ii) be thermally re-excited 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 carrier are called trapping and detrapping. Fig. 2.7 (f) shows 

such a trapping and detrapping situation. Centre with energy level lying near one of 

the band edges (shallow levels) will be more probably a trap than a recombination 

centre and vice versa for centres with levels lying near the middle of the band gap 

(deep levels). The distinction between traps and recombination centres is a distinction 

drawn on the basis of the relative probability of thermal injection versus 

recombination, i.e., on kinetic conditions, and not on the basis of intrinsic nature of the 

centres themselves [23]. 
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2.3.2. Origin of defect levels 

 

Defect levels in CdTe semiconductor are formed mostly by native point defects 

or by extrinsic point dopants.  

In the case of native point defects in a binary compound AB, cation and anion 

vacancies VA, VB, interstitials Ai, Bi, antisite defects BA, AB, and complex defects like 

vacancy-antisite complex VABA can be created. This is due to crystal growth at nonzero 

temperature when the deviations from the ideal distribution of atoms inside the crystal 

occur and these native defects are formed. 

The extrinsic point defects originate from the present of impurities inside CdTe 

crystal. They can be divided into (i) impurities uncontrollable present in crystals and 

(ii) dopants specially introduced into the crystal to modify the physical and chemical 

properties of the 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 methods, e.g. zone 

refining. Typical uncontrollable impurities in CdTe are Cu, Li, Na, Ag, K and O. 

Contrary to impurities, dopantôs atoms are intentionally introduced to the material 

resulting in changing of its physical properties. The most important ones are indium 

and chlorine dopants. Both behave as shallow donors and together with a cadmium 

vacancy create also an acceptor-like complex defect called ñA-centreò. 

Other types of defects which can be found in CZT crystals are line defects, 

plane defects or second phase defects. More about defects, their origin and 

compensation is in [31]. 

 

 

2.4. Carrier transport phenomena 
 

The transport process in semiconductors, as usually described in terms of 

scattering effects or carrier mobility, determines how the change in free carrier density 

(e.g. due to illumination) affects the actual electrical conductivity. The total current 

density Jtot can be expressed as the sum of a drift current Jdr and a diffusion current 

Jdf as [22] 

 

 ἔἼἷἼἔἬἺ ἔἬἮȢ (2.6) 
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2.4.1. Mobility  and diffusion coefficient 

 

The drift current due to a free electrons is given by 

 

 ἔἬἺ „╔ (2.7) 

 

where E is the electric field strength and ůn is the electrical conductivity, „ ὲὩ‘ 

for free electrons with density n, e is the charge per electron and ɛn is the electron 

mobility. The electron drift current can also be written as 

 

 ἔἬἺ ὲὩ○  (2.8) 

 

where vdr is drift velocity of carriers. Comparing both equations (2.7) and (2.8), at low 

electric field the drift velocity of carriers is proportional to the field strength and the 

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

 

 ○ ‘╔Ȣ (2.9) 

 

The mobility is influenced mainly by scattering due to phonons and ionized impurities 

inside the crystal [23]. In general, as the impurity concentration increase, the mobility 

decreases and can be also written as 

 

 ‘
Ὡ

άᶻ
†  (2.10) 

 

where mn
* is the effective mass of the electron and Űsc is the scattering relaxation time 

for electrons, the average time between electron scattering events. 

 Another parameter associated with mobility is carrier diffusion coefficient. For 

non-degenerated semiconductor, the electron diffusion coefficient is given by 

 

 Ὀ
ὯὝ

Ὡ
‘ (2.11) 

 

where k is Boltzmann constant and kT is the thermal energy in eV. The electron 

diffusion current then can be expressed as 

 

 ἔἬἮ ὩὈ ὲȢ (2.12) 
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2.4.2. Lifetime 

 

The conductivity for both charge carriers in semiconductors in the dark is given 

by  

 „ Ὡὲ‘ ὴ‘  (2.13) 

 

where n0 and p0 are the densities of free electrons and holes, respectively, and ɛn0 and 

ɛp0 are the electron and hole mobilities. Again, letôs consider only the electrons. 

 In a homogenous material in which n0 is uniform throughout the material, 

conductivity increases by the photoconductivity ȹů when absorbed illumination 

increases the value of electron density by ȹn or the value of electron mobility by ȹɛ 

 

 „ „ ɝ„ ὲ ɝὲὩ‘ ɝ‘Ȣ (2.14) 

 

Then 

 ɝ„ Ὡ‘ɝὲ ὲ ɝὲὩɝ‘Ȣ (2.15) 

 

It is generally true that 

 ɝὲ Ὃ† (2.16) 

 

where G is the photoexcitation rate (m-3s-1) and Ű is the electron lifetime so that 

 

 ɝ„ Ὡ‘'ʐ ὲὩɝ‘ȟ (2.17) 

 

where n = n0 + ȹn. Letôs point out that the increase in carrier mobility ȹɛ in 

monocrystalline material can 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 section of such impurities [22]. 

In the case of semiconductors at a reasonably high photoexcitation rates, 

ȹn >> n0, it may be defined a ófigure of meritô for single-carrier photoconductor as 

 

 
ɝ„

ὋὩ
‘†Ȣ (2.18) 

 

Thus the ómobility-lifetimeô product is a quantity of the photoconductorôs sensitivity 

to photoexcitation.  
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 The Ű in eq. (2.18) is the free lifetime [23] of electrons. It is a time that the 

charge carriers are free to contribute to the conductivity. The 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 electrode. If the carrier is 

extracted from the crystal by the field at the same moment as an identical carrier is 

injected into the crystal from the opposite electrode, then the free lifetime is 

undisturbed. In addition, the lifetime can be interrupted by trapping of charge carriers 

and then be resumed after the detrapping.  

 

 

2.4.3. Charge carriers trapping 

 

If the semiconducting material exists without any trapping energetic levels 

inside the band gap then every excited carrier in the crystal would be a free carrier. 

However, in the case of real materials, the trapping centres and recombination centres 

are present inside the crystal and thus the number of free carriers n can be less than the 

number of excited carriers. 

In one way, this effect can be considered through a ódrift mobilityô ɛd by 

 

 ὲ ὲ ‘ ὲ‘ȟ (2.19) 

 

where nt is the density of trapped carriers. Thus the observed conductivity for the 

density of free electrons moving with the mobility of free electrons is equal to the 

conductivity which would be expected if all the excited electrons moved with the drift 

mobility. If there is no trapping inside the crystal, then the drift mobility will be the 

same as normal mobility. 

The drift mobility can be measured by directly timing the transit of charge 

carriers over a known distance. Such a measurement is generally called Time of Flight 

(ToF) method. ToF can be specified by the quantities that are measured: a) if the 

transient of charge is measured, then it is called transit charge technique (TChT), b) if 

the transient of current is measured, then ToF is called transient-current-technique 

(TCT).  
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3. General experiments used for  detector characterization 
 

3.1. Current -voltage characteristics 
 

The detailed current-voltage characteristics are measured in apparatus 

presented in Fig. 3.1. This apparatus allows to measure planar detectors and also 

detectors with guard-ring structure (see chap. 2.2.1). In both cases, full planar electrode 

is biased by Keithley 2410 sourcemeter. In the planar configuration, the current I1 is 

obtained on the opposite electrode and is derived from the measured voltage V1 by 

Keithley 2000 multimeter on load resistor RL1 with resistance of 100 Mɋ as  

 

 Ὅ
ὠ

Ὑ
 (3.1) 

 

while the jumper depicted in the  Fig. 3.1 is opened.  

In the case of guard ring structure, the values of bulk current (I1) and surface 

current (I2) are measured separately on two distinct load resistors RL1 and RL2 with the 

same resistance of 100 Mɋ. The example of measurement with guard ring structure is 

shown in Fig. 3.1 where the jumper component has to be closed.  

The sample is placed in non-transparency ferromagnetic shielding during the 

measurement to avoid interference with external sources, mainly with external light. 

  

 

 

 

 
 

Fig. 3.1 Setup for measuring of current-voltage characteristic for planar detectors and 

detectors with guard ring structure. 



 

22 

 

3.2. Radiation spectroscopy 
 

 For radiation detector applications, there are three general modes of detectors 

operations. They are called pulse mode, current mode and mean square voltage mode 

[32]. Pulse mode has several inherent advantages over the two other modes [32]. In 

this mode, the measurement instrumentation is designed to record each individual 

quantum of radiation that interacts in the detector. It is usually represented by the time 

integral of each burst of current or the total charge Q, since the energy deposited in the 

detector is directly related to Q. The one benefit is the much higher sensitivity which 

can be achieved. It is usually many orders of magnitude higher than in current mode 

or mean square voltage mode because each individual quantum of radiation can be 

detected as separate pulse. But the more essential advantage is that each individual 

pulse amplitude contains some information. In the other two modes, this information 

on individual pulse amplitude is lost and all interactions, regardless of amplitude, 

contribute to the average measured current. Therefore in nuclear instrumentation the 

pulse mode is the most used pulse-processing technique. 

When radiation detector operates in pulse mode, the large number of pulses 

varies in amplitudes. These variations in amplitudes could be caused by differences in 

the radiation energy or by fluctuations in the inherent response of the detector to 

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 itself. The most common way to display pulse 

amplitude information is through the differential pulse height distribution [32]. 

In many application of radiation detectors, the objective is to measure the 

energy distribution of incident radiation ï radiation spectroscopy. Energy spectrum 

can be determined from differential pulse height spectra by pulsar calibration of used 

spectroscopic apparatus.  

The fundamental output of all pulse-type radiation detectors is a burst of charge 

Q created by a single incident radiation quantum in the detector. The charge Q is 

usually proportional to the deposited energy and is delivered as a transient current I(t), 

where Q 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 of IoP CU, the standard measuring apparatus for spectroscopy 

measurement consists of shielding vacuum chamber Canberra, home-made 

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 SHQ 122M. The schema of 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 per channel. The distinct channel corresponds to 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 source. The point source of radiation is placed on the cathode side. The 

incident radiation generates (eïh) 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, integrating the transient current pulse to produce a voltage step Vmax 

assass 

 

 

 

Fig. 3.2 Scheme of apparatus for measuring radiation spectra. 
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proportional to Q. 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 charge Q. This voltage pulse is readout in MCA as it is shown in 

Fig. 3.2. The output of the shaping amplifier returns rapidly to the baseline to prevent 

pulses from overlapping and resulting distortion of the measurement. Since the size of 

Q reflects the energy deposited by the incident quantum in the detector, recording the 

pulse height distribution is a good method to provide information about the energy 

distribution of the incident radiation. 

 

 

3.2.1. Pulse height spectrum analysis 

 

Individual types of energy emitters used in our laboratory are depicted in the 

Table 3.1. The table contains type of radiation, main line energy and activity of those 

emitters. The applied biases for pulse height spectrum analysis are usually in range 

from +800 V to -800 V.  

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

mt can be determined via Hecht equation [33]: 
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where CCE is charge collection efficiency, vh,e is velocity of holes/electrons, Űh,e is 

lifetime of holes/electrons, L is the width of the sample and xi is the position inside the 

sample where the incident radiation is absorbed. 

 If the radiation source is alpha-241Am and the incident particles are absorbed 

within a few micrometres inside the sample under irradiated cathode [34] then the 

value of xi can be set as zero. If it is also used of 

 

 ὺ ‘Ὁ         and         Ὁ ὠȾὒ, (3.3a,b) 

 

then it can be obtained the simple one carrier (electrons in this case) Hecht equation as  
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Source Type of radiation Main line energy Activity 
241Am Ŭ ï alpha 5.5 MeV 8,5 kBq 
241Am ɔ ï gamma 56.9 keV 89 kBq 
67Co ɔ ï gamma 132 keV 150 kBq 
137Cs ɔ ï gamma 662 keV 87 kBq 

 

Table 3.1 Types of radiation sources. 

 

 

 

4.6 4.8 5.0 5.2 5.4 5.6 5.8
0

100

200

300

400

500

600

700

800

900

 800 V

 550 V

 400 V

 300 V

 200 V

 150 V

 100 V

 

 

C
o
u
n
ts

 (
a
.u

.)

Energy (MeV)

     

 

Fig. 3.3 Common spectrum of Ŭ-241Am for selected applied biases in range of 100 V 

to 800 V obtained with CZT detector. 

 

 

 

The value of the fitted parameter ɛŰ can be determined by fitting of the CCE 

dependency on the applied bias V by the equation (3.4). 

 Common alpha spectrum for different applied biases is shown in Fig. 3.3. The 

graph shows that for higher applied bias the peak positions moves to the right, towards 

the higher energy. Otherwise, the charge collection of the generated charge carriers is 

higher with the strongest electric field inside the sample. The central position of the 

obtained peaks depending on applied bias is plotted in Fig. 3.4. For a given width of 

the sample, it is possible to determine the ɛŰ product value by fitting this dependency 

with the simple Hecht equation (3.4). The fitted value of ɛŰ product in Fig. 3.4 is equal 

to 9.4.10-3 cm2/V. The similar analysis can be done in gamma spectroscopy using 

gamma radiation emitters. Spectrum for ɔ-241Am for different applied biases is shown 

in Fig. 3.5.  
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One important property of the detector in radiation spectroscopy is its response 

to a monoenergetic source of radiation. Hence from the obtained spectrum it can be 

determined the energy resolution of the given detector which is defined as [41] 

 

 2ÅÓÏÌÕÔÉÏÎ Ὑ
ὊὡὌὓ

Ὁ
 Ϸ (3.5) 

 

where FWHM is the full width at the half maximum of photopeak obtained by an 

energy of the monoenergetic source of radiation Eɔ.  
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Fig. 3.5 Common spectrum of ɔ-241Am for selected applied biases in range of 100 V 

to 800 V obtained with CZT detector. 
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3.2.2. Transient charge technique 

 

 Transient charge technique (TChT) is a very useful tool to measure charge 

transport of semi-insulating radiation detectors, as it relies on the operation principle 

of these devices. From transients, carrier collection times can be accessed and therefore 

carrier mobility calculated [36].  

For this method 241Am alpha particle source is used to generate e-h pairs which 

create electronic input signal. The readout electronics of the TChT consists of a low 

noise input FET transistor and a very fast integration amplifier with a buffer (see 

Fig 3.6). The output pulse from the amplifier is directly recorded by the ultrafast digital 

sampling oscilloscope (LeCroy WaveRunner 640Zi, 40 Gs/s, vertical resolution up to 

11 bits, 4 GHz bandwidth) for further computer processing. Again Iseg SHQ 122M is 

used as a bias source. 

Combining the eq. (2.9) and (3.3b) the simple relation for homogenous sample 

without space charge is given as 

 ‘
ὒ

ὸὠ
 (3.6) 

 

gives the value of electron mobility for given bias V. The transit time tr is represented 

by the electrons drifting from irradiated cathode through the detector of width L to 

reach the anode. 

 

 

 

 
Fig. 3.6 Transient charge technique experimental setup with a typical transient 

charge output pulse in the inset graph. 

Amplifier 
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3.3. Transient-current -technique 
 

Transient-current-technique (TCT) is another ToF method. The basic ideas of 

the TCT technique for the study of transport phenomena in semiconductors was first 

presented by Haynes and Shockley [37]. The most important measured parameter is 

again transit time tr. It is a time taken by charge carriers to travel across a given region 

of the sample under the influence of a known electric field [38].  

 

 

3.3.1. Principle of transient-current-technique  

 

The schematic principle of TCT is illustrated in Fig. 3.7. For a very short 

period, an ionizing radiation with small penetration depth (alpha particles in this case) 

creates electron-hole pairs under the contact of ideal semiconductor detector. Letôs 

consider the radiation intensity small enough and all additional space-charge effects 

letôs be avoided. Due to the applied bias on the sample, an electric field is presented 

inside the sample and enables one type of charge carriers (electrons in case of Fig. 3.7) 

to travel across the sample. The other carriers ï holes are almost immediately swept 

towards the cathode. Electrons travelling across the whole region L will induce a 

current transient signal (Fig. 3.8 red curve) in an external circuit which is connected 

with the sample. The duration of the signal tr is exactly the same as the time carriers 

need to move through the region L. The current transient signal induced by the motion 

charge carriers can 

 

 

 

Fig. 3.7 Schematic of the TCT. An ionizing radiation creates charge pairs in a narrow 

region close to one contact. Red, green and blue lines represent the linear profile of 

the electric fields in a detector; green and blue lines are profiles with positive 

accumulated charge. 
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Fig. 3.8 Current signal induced by the carriers drifting across the sample. 

 

 

of charge carriers can be calculated under the following conditions:  

 

 †Ḻὸȟ†ḻὸ ÁÎÄ †ḻὸ (3.7) 

 

where Űg is time of electron-hole pair generation, Ű is a lifetime of the mobile carriers 

and Ű᷾ = ɟ᷾0 r᷾ is dielectric relaxation time of given material (ɟ is resistivity, ᷾ 0 is 

vacuum permittivity and ᷾ r is relative permittivity of the material). The amplitude of 

the current pulse I(t) induced by number n of carriers drifting across the sample is 

given as [38] 
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(3.8) 

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

carriers to drift across the whole L region and the drift velocity vd is simply given by 

 

 ὺ
ὒ

ὸ
Ȣ (3.9) 

 

 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 polarity V or by irradiating the 

opposite contact. 

 The current waveforms (CWFs) observed in experiments can be different from 

the ideal ones predicted by eq. (3.8) and represented in Fig. 3.8 by the red curve. The 

following events can occur and disturb the ideal CWFs [38]: 

a) a non-uniform electric field is presented in the sample, particularly when the 

examined device is Schottky or p-n junction; 

b) space-charge effects are presented 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 curve in Fig. 3.8. At the beginning of 

CWF the Plasma effect takes place. The plasma effect was discussed in detail in [8], 

[39] and its main manifestation is the expansion of the leading edge of the pulse. 

Supposing that 5.5 MeV alpha particle is absorbed at 10-20 ɛm under the irradiated 

contact then charge cloud over 106 e-h pairs (plasma) is created in this area (the 

creating energy for one e-h pair in CZT is 4.7 eV). These carriers are subject to an 

electric field in a detector, hence, this high conductivity plasma disturbs for some time 

(plasma time or plasma-decay time) the internal electric field and therefore retards the 

charge collection. As it was proven in [8] drift dominates over diffusion in a direction 

perpendicular to the detectorôs contacts and thus, the initial acceleration of carriers and 

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 the screening 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 decay from 20 ns to 58 ns 

in Fig. 3.8 is given by current induced inside the detector by electrons drifting towards 

the anode. At the time of tr the major part of electrons is collected at the anode. A 

gradual decrease of CWF after tr represents the collecting of trapped and subsequently 

detrapped carriers from 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 in [8] or [40], therefore, there is 

only a brief summary.  

Several measurements [8], [41], [42] approved that a constant space-charge 

density ɟSC (positive or negative) anticipates in both CdTe and CZT radiation detectors. 

 

 ” ÃÏÎÓÔȢ (3.10) 

 

Under the condition (3.10) and by the involving of free carriers losses due to trapping 

in deep defects, the electric field strength, E(x), at the distance x from the irradiated 

electrode can be expressed as 

 

 Ὁὼ Ὁ ὥὼ (3.11) 

 

where a is the linear slope of the electric field and the constant term E0 is an electric 

field under the irradiated electrode. The slope of the electric field is induced by the 

space-charge density N via 
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where 0᷾, r᷾ = 10.3 are the vacuum- and relative-permittivity for CdTe/CZT, 

respectively, and e is the elementary charge. If the positive space charge is assumed, 

then a > 0. The current induced inside the detector  

 

 Ὥὸ Ὡ  (3.13) 

 

can be fitted from the experimental data as it is seen in Fig. 3.8 ï black curve represents 

the real CWF and the blue dash curve is exponential decay fit. The parameter c is then 

given as 
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 By a theory of p-n junction, the depletion width DW of the detectorôs volume 

with space-charge density N can be calculated as 
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where V is the applied bias. It is clear that two situations can occur: 

i) For DW < L, the electric field is screened completely near the anode, 

wherein an inactive region with a zero electric field appears (see Fig. 3.7 ï 

blue curve). 

ii)  For DW = L, the electric field is nonzero within the entire volume of the 

detector and the inactive region does not exist. 

In the second case, the arrival of drifting electrons to the anode is identified by 

a clear drop of current transient (see Fig. 3.8 ï black line) which allows to determine 

the transit time tr. Such a drop is not visible in case when the inactive region is formed 

inside the sample. 

For parameters obtained by experiments (c, tr and ɛŰ), the parameter a can be 

numerically solved from transcendental equation [8]: 
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Consequently, all the modelôs parameters a, E0 and ɛ can be determined for all 

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 

insufficient to the determination of all modelôs parameters. It may be, however, taken 

the advantage of the bias-independent value of ɛ determined from the analysis of 

current pulses at high bias and insert it into eq. (3.14) to calculate the linear slope a of 

the electric field. 
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3.3.3. Alpha-induced transient-current-technique setup 

 

One part of the Result section is about modification of TCT apparatus as well 

as representation of obtained results by this method. Therefore here is given an 

example of simple setup using the alpha particle source for electron-hole pairs 

generation. The modification and comparison to other methods is written in chapter 6 

ñTransient-Current-Technique as a powerful tool for detail detectors characterizationò. 

The TCT setup (see Fig. 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 stage (input impedance internally) of the very high frequency bipolar 

amplifier (Miteq AM1607ï3000R, 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 are used for protection. The 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 

sa 

 
 

 

 

Fig. 3.9 Alpha-induced transient-current-technique experimental setup with a typical 

transient current output pulse in the inset graph. 



 

34 

 

further computer processing. 

 For this methods 241Am alpha particles are used to generate electron-hole pairs. 

Low noise high voltage power supply Iseg SHQ 122M is used for the detector biasing 

usually from 0 V to -800 V. As one could expect, the detected pulse amplitude is 

substantially weak and much noisy. Data accumulation (several thousands of pulses) 

with computer filtering, precise oscilloscope trigger setup and efficient high frequency 

noise double shielding are inevitable prerequisites to obtain plausible results. 

 

 

3.4. Ellipsometry  
 

Ellipsometry is an optical technique allowing to derivate optical properties of 

given material as well as the surface layer thickness [43]. By commercial Mueller 

matrix ellipsometer J.A.Woollam RC2 it is possible to measure changes in light 

polarization after reflection on the sample. The light energy of given ellipsometer 

ranged from 1.2 eV (~ 1050 nm) to 4 eV (~ 300 nm). The change in polarization is 

represented by ellipsometric angles Ɋ and ȹ which are related to the Fresnel reflection 

coefficients for pï and sïpolarization as 

 

‏ 
ὶ

ὶ
ÔÁÎ  ϽὩȢ (3.17) 

 

Parameters Ɋ and ȹ are influenced by surface conditions, layers thickness and 

dielectric function of specific material. With the theoretical model of Effective 

Medium Approximation (EMA) which is described in [44] or [45] it is possible to 

derive spectrally dependent optical properties of studied material and the thickness of 

the surface oxide layer. 

 

 

3.5. Pockels effect measurement 
 

Experimental apparatus for Pockels effect measurement (Fig. 3.10) uses as its 

name suggests the Pockels effect. 

It is a standard and widely-used method [41], [46]ï[51], which allows to study 

samples under various excitation conditions. Pockels effect is a linear electro-optical 

effect, when after attaching the electric field ╔ᴆ on the semiconductor, a change in the  
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Fig. 3.10 Pockels effect apparatus for steady state measurements. 

 

 

 

electrical components of the impertivity tensor ɖ occurs. Therefore, the refraction 

index n is changed as well. From the symmetry of ɖ, from the mutual dependencies of 

its individual elements, and from the crystal symmetry of CdTe/CZT it results that 

there is only one non zero element in the impertivity tensor ɖ [52]. Therefore after the 

electric field attachment the isotropic material becomes birefringent and the refraction 

index is linearly dependent on the attached field as 
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where n0 is refraction index of isotropic material and r41 is Pockels coefficient for 

CdTe/CZT material. 

In our setup on Fig. 3.10 the collimated monochromatic low intensity light 

beam (1550 nm, Ḑ0.8 eV), called Pockels light, passes through the biased sample (by 

high voltage supply Iseg SHQ 122M) placed between two orthogonal linear polarizers. 

In this configuration, the spatial distribution of the transmittance T (x, y) of the above-

described system (monitored by an InGaAs camera) depends on the electric field 

distribution E (x, y) in the sample as 

 

 Ὕ ḐÓÉÎὉȢ (3.20) 

 

 

 
 



 

36 

 

3.6. Infrared microscopy 
 

Since the defects in the CdTe/CZT samples absorb the near IR radiation and 

form the dark entities in the images, IR microscopy is very suitable for characterization 

of defects with the size above 1 ɛm. 

Optical inverted microscope OLYMPUS IX70 is 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 is 

detected by CCD camera with low signal to noise ratio at 50 dB. The microscope 

imaging works with the near IR radiation at wavelength ɚ ~ 900 nm. The picture can 

be magnified by 3 objectives OLYMPUS RMS 4x, 10x and 20x. The highest 

resolution of this optical system (for 20x objective) is ~ 1.4 ɛm [31]. 
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Results 
 

 

 

The emphasis of this dissertation thesis has been focused on the 

characterization and description of CdTe/CdZnTe based detectors through 

experimental techniques. The focus of Results chapter is to report the experimental 

results that were obtained on several detectors and to provide explanations for these 

results. The chapter 4 analyses the surface treatments and their influence on the final 

detector (e.g. energy resolution). The chapter 5 reports of infrared LED enhanced 

spectroscopic CdZnTe detector working under high fluxes of X-rays. The chapter 6 

displays the adaptation of TCT measurements on characterization of CdTe/CZT 

detectors and shows the advantages of this method (e.g. electron mobility 

determination) compared to the other experimental techniques. The chapter 6 have 

more or less character of basic research. On the contrary, the other two mentioned 

chapters show the direction of possible application use. For example, the results from 

the 5th chapter have a high application potential in modern medicine as it was reported 

in [53]. 

 

4. Surface treatments on CdTe/CdZnTe radiation detectors 
 

 Surface treatments are one of the main problems in the development of high 

performance detector. In this chapter, the focus lies on study of different surface 

treatments and their influence on final detector performance. 

During the cutting of the detector samples from the crystal ingot, the surface of 

CdTe/CdZnTe 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 rise to the leakage current that negatively disturbs 

the detector spectral resolution and CCE [1]. Different surface treatments of the 

CdTe/CdZnTe detectors can lead to a different surface leakage currents [26], [56], 

[57]. It has been previously published that the surface treatments on the lateral sides 

may significantly affect the detector performance [57]ï[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 preparation. It has to be point out, that the 
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leakage current also affects electronic components of the measuring apparatus and 

contributes to the noise of used electronics (e.g. amplifier) [60]. It has been previously 

reported that during measurements with the bias applied to the sample, only a minor 

part of the current passes through the bulk (about 1 ï 5 %) [26] and the rest of the 

current flows over the surface as the surface leakage current. 

Additional factor limiting the CCE is the detector polarization due to the space 

charge formation on deep level traps in the detectorôs volume [8]. In this case the 

screening of an applied bias can occur which cause a creation of an ñinactiveò region 

with zero electric field close to the contact [8], [61]. The formation of deep level traps 

is again influenced by the metal contact preparation [62], [63]. Therefore it is 

necessary to create long-term stable contacts without the presence of the detector 

polarization. In an ideal case, the type of contact is determined by the difference 

between metal and semiconductor work functions (see chapter 2.2). Ohmic contacts 

exhibit lower polarization of detectors, 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 interlayer (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 been previously reported in [26], [64], [60], [65]ï[67]. Chemical 

etching produces dangling bonds and non-stoichiometric surface species [68], [69] that 

are responsible for high values of surface leakage current. To prevent this effect, 

passivation of the semiconductor is usually 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 NH4F/H2O2 [65], [70] and KOH [66] were identified in 

several studies. Those two solutions create different oxides on the crystal surface 

which passivate it. The X-ray photoelectron spectroscopy (XPS) used for chemical 

analysis of the surface passivation by NH4F/H2O2 is reported in [65] and [66]. The 

conclusion is that this passivation creates surface layer primarily of TeO2. On the other 

hand the KOH passivation should create Cd-rich surface 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 viewpoint. In this 
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chapter we 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, gamma-ray pulse height spectrum 

analysis, the internal electric field profiles and ellipsometry are used to characterize 

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

 

4.1. Samples preparation 
 

 For this study, five samples were used. It were used two neighbouring samples 

from the indium doped CdTe wafer grown in our laboratory at Charles University by 

the vertical gradient freeze method [71]. The other three samples comes from 

commercial indium doped Cd0.85Zn0.15Te material provided for academic research also 

grown by the vertical gradient freeze method. The samples were not crystallography 

oriented and the dimensions were 5 × 5 × 2 mm3. Sampleôs labels and their resistivity 

is shown in Table 4.1. Resistivity was measured by modified contactless resistivity 

measurement (COREMA) setup, described in detail in [44], [72]. 

As the initial surface treatment, samples were mechanically grinded using SiC 

abrasive of different sizes of the abrasive grains, in sequence SiC 600, 1000 and 1200. 

The higher the number of abrasive is, the finer grain size it has. After the mechanical 

grinding the samples were chemically etched by immersion into 3% bromine-methanol 

solution for 2 minutes ï (BM ) method. (BM ) etching was followed by sample rinsing 

ï twice in methanol and once in isopropyl alcohol, and all samples were dried with 

purified air. It is a standard approach usually used in our laboratory which is also 

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

 

 
 

Sample label 
 

Resistivity [ɋĿcm] 
 

CdTe-I 
 

9.1·109 
 

CdTe-II  
 

7.8·108 
 

CZT-I 
 

1.3·1010 
 

CZT-II  
 

8.2·1010 

CZT ï Sample C 1.0·1010 

Table 4.1 Labelling of samples for surface treatment study and their resistivity 

obtained by contactless resistivity measurement (COREMA) 
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Subsequently the following surface treatment procedures were used: 

¶ Chemo-mechanical polishing in 3% bromine-ethylene glycol solution (BE) made 

on a polishing kit on a silk pad. To achieve the same quality on each side of the 

sample, polishing takes 30 seconds per side. Additional sample rinsing was done 

twice in methanol and once in isopropyl alcohol and it was dried with purified air. 

¶ After (BE) treatment, the sample was further etched for about 30 seconds in a 3% 

bromine-methanol solution - (BEBM ) treatment. The rinsing of the sample was 

same as for (BM ) treatment. 

¶ Passivation with 25 ml of 10%wt NH4F 10%wt H2O2 aqueous solution. CZT 

sample was immersed in the solution for 5 min (NHF). After the immersion the 

sample was bathed three time in distilled water and was dried with purified air. 

¶ Passivation in 50% potassium hydroxide (KOH ) solution for 1 min. When 

passivated, the sample was rinsed three times in distilled water and dried with 

purified air. 

As it was previously reported, electroless contact deposition creates strong 

chemical bonds between metal and semiconductor [62], [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% AuCl3 aqueous 

solution to the both largest sides of the detector.  

Samples were mechanically polished before each individual treatments listed 

above in order to remove the previous surface layer and to prepare the same starting 

surface quality. The surface treatments were performed on all samples in random order 

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

 

 

4.2. Surface effect on current -voltage characteristics and pulse 

height spectrum analyses 
 

Spectra of 241Am gamma source were measured by standard spectroscopic 

apparatus described in chapter 3.2. CdTe/CZT detector was placed inside a Canberra 

shielding box with a 59.6 keV 241Am gamma-ray source at the distance of 2 cm. The 

Iseg SHQ 122M voltage supply is used for detector biasing in the range of +800 V to 

-800 V. The current voltage characteristics which in particular show the leakage 

current values [26] were recorded by apparatus described in chapter 3.1. 
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Fig. 4.1 Current-voltage characteristic of CdTe-II sample with the guard ring 

structure before (BEBM) and after (BEBM+NHF ) surface passivation in NH4F/H2O2. 

 

The influence of NH4F/H2O2 passivation on the sample CdTe-II 

(r = 7.8·108 ɋĿcm) with a guard ring structure (see Fig. 2.6) was investigated. The 

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. Current-voltage characteristics for the 

guarding and the internal electrode of the CdTe-II sample with (BEBM ) treatment 

before and after surface passivation (BEBM+NHF ) are shown in Fig. 4.1. After the 

surface passivation in NH4F/H2O2 the reduction of the surface leakage current was 

about 99.7 %, while 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 ring or one electrode are very similar. 

Therefore other measurements of current voltage characteristics were performed with 

planar electrodes on both contact sides without the guard ring structure. 

After the surface treatments with various chemical etchants and passivators on 

CdTe/CZT detectors, the current-voltage characteristics and gamma spectrum of 

241Am gamma source were measured. The obtained results were similar for all four 

samples despite on the surface treatments order. Fig. 4.2 shows absolute values of 

current-voltage characteristic for six different surface treatments on CZT-I sample. 

Small asymmetry of the current-voltage curves is most probably done by different wall 

side leakage current at opposite polarities or different quality of the native surface 

oxide formed during contact preparation [44]. Hence it is possible that on the one side 

the contact was slightly more injecting. Corresponding normalized spectrums of 241Am 
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gamma source obtained at the bias of -800 V are shown in Fig. 4.3. The spectral 

resolution of the gamma peak at 59.6 keV, CCE and the current at -800 V are presented 

in Table 4.2 for these different surface treatments. Calculated percentage reduction of 

the leakage current compared with the (BM ) method is shown in Table 4.2. Evidently 

(BE) surface treatment does not lead to lower leakage current values and higher 

gamma peak resolution than initial (BM ) treatment. On the other hand the surface 

passivation by NH4F/H2O2 after chemo-mechanical polishing (BE+NHF) resulted in 

the lowest value of the leakage current from all treatments. The leakage current 

reduction was approximately 96%. 
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Fig. 4.2 Current-voltage characteristic for various surface treatments on CZT-I 

sample.  
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Fig. 4.3 Normalized spectrum of gamma 241Am obtained with CZT I detector for 

different surface treatments at -800 V bias 
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Surface treatment 
Rg 

[%] 

CCEg  

[%] 

I 

[nA]  

% Reduction of leakage 

current compared to (BM ) 

BM 31.4 91.1 -327.9 - 

BE 49.4 87.5 -303.2 8 

BEBM 12.1 96.3 -59.0 82 

BEBM+NHF 9.9 96.5 -43.5 87 

BE+NHF 9.4 96.5 -17.6 95 

BEBM+KOH 8.8 96.1 -36.0 89 

Table 4.2 Resolution (Rg), CCEg and current (I) for various surface treatments on the 

CZT-I sample at bias of -800 V 

 

 

Even though (BEBM ) surface treatment shows lower leakage current values 

and better energy resolution than individual methods (BE) 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 surface states, respectively, the passivation in NH4F/H2O2 or KOH led to 

better detector parameter values than (BEBM ) treatment itself (see Table 4.2).  

 

4.3. Surface effect on the internal electric field 
 

 Using the 5.5 MeV 241Am alpha particle source, the internal electric field 

profile was determined by TCT apparatus described in the chapter 3.3.3. ñAlpha-

induced transient-current-technique setupò.  

The linear internal electric field profile in the sample CZT-I obtained by TCT 

method after the different surface treatments is presented in Fig. 4.4. Treatments (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 measured only for (BE) treatment. It shows 

that this surface treatment influences the profile of the internal electric field. This again 

can be caused by different oxide structure formation on the detector body prior to the 

gold contacts fabrication on the sample. The formation of this oxide layers was often 

presented in the literature [26], [44], [65], [66]. The amount and the type of this oxide 

(TeO2, CdO, ZnOé) are dependent on the used surface treatment as our group 

obtained 



 

44 

 

0 200 400 600 800 1000 1200 1400

4.4

4.6

4.8

5.0

5.2

5.4

5.6

5.8

6.0

6.2

6.4

6.6

anode

E
le

c
tr

ic
 f

ie
ld

 s
tr

e
n

g
th

 (
k
V

/c
m

)

Position (mm)

 BEBM+KOH

 BEBM+NHF

 BEBM

 BE+NHF

 BE

 BM

cathode

 

Fig. 4.4 Calculated linear profile of the internal electric field in CZT-I detector for 

various surface treatments at -800 V bias. 

 

 

has reported in [45], [76] on different CdTe/CZT samples, where XPS was used for 

chemical analysis of the surfaces. The conclusion of XPS experiment is that the (NHF) 

passivation creates surface layer primarily of TeO2. Going deeper to the sample, there 

is an increasing appearance of CdO with a corresponding decreasing appearance of 

TeO2. It can be assumed that similar oxides are created after (BEBM ) treatment. 

Because the surface is etched mostly by bromine-methanol solution as in (BM ) 

method, therefore it should react with (NHF) in a similar way. 

  

 

4.4. Surface effect on time stability 
 

 The surface passivation after chemo-mechanical polishing (BE+NHF) gave 

the best detector parameters ï the highest achieved spectral resolution, the lowest 

leakage current values and similar internal electric field profile as other treatments. 

However, the detector properties are not long term stable. Fig. 4.5 and 4.6a show 

surface degradation within seven days after surface passivation in NH4F/H2O2. 

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 stability of (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). Reduction of the leakage current is approximately 90 % which 

is only about 4 ï 5 % lower than in the case of (BE+NHF) treatment as stated in 

Table 4.2. Nevertheless, it is obvious that such prepared detectors show long-term 

stabile performance which is seen in Fig. 4.5 and 4.6b and 4.6c. 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 CZT-II sample was studied for 

one year. Fig. 4.7 and Fig. 4.8 shows current-voltage characteristics and obtained 

gamma spectrum before and one year after performing this treatment on CZT-II 

sample 
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Fig. 4.5 Current-voltage time dependency for various surface treatments on CZT-I 

sample. 
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Fig. 4.6 Time dependency of gamma 241Am spectrum obtained with CZT-I detector at 

-800 V bias for (BE+NHF ) treatment (a), (BEBM+NHF ) treatment (b) and 

(BEBM+KOH) treatment (c). 

 

 

 

sample, respectively. In Fig. 4.7 there is visible relaxation to lower values of current 

as well as on sample CZT-I within 7 days (see Fig. 4.5). And also there is no 

deterioration in obtained spectrum as shown in Fig. 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 results of surface 

oxide layers dynamics and properties study on Sample C. The surface was created by 

passivation with (NHF) solutions. The study was made by optical ellipsometry 

(chap. 3.4) and the leakage currents were measured simultaneously with the 

ellipsometry for up to 40 days. After the surface passivation the oxide thickness was 

sa 
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Fig. 4.7 Current-voltage time dependency for BEBM+NHF  treatment on CZT-II 

sample. 
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Fig. 4.8 Time dependency of gamma 241Am spectrum obtained with CZT-II detector 

for BEBM+NHF treatment at -800 V bias. 

 

 

large, indicating a high oxidization ability of the (NHF) solution. This can be seen in 

Fig. 4.9 which shows a time evolution of the effective surface layer thickness 

determined by ellipsometry. In this figure it can be also seen that during the following 

several days there was a visible increase of the layer thickness followed by a slightly 

saturated growth with dependence on time. The leakage current shown in Fig. 4.10 

was very low after the passivation, and decreased even more during the following 40 

days. This passivation resulted in the growth of a thicker oxide surface 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 to highlight the oxide growth trend. Sample C was 

passivated for 2 min in NH4F/H2O2 solution. 

 

 

 

Fig. 4.10 Time evolution of the current of Sample C at 400 V bias within 40 days. 

Dashed line is depicted to highlight current evolution connected to the oxide growth 

trend. Sample C was passivated for 2 min in NH4F/H2O2 solution. 

 

 

 

Thus it confirms that passivation produces higher leakage current reduction 

comparing to simple (BEBM ) 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 in [26] 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 were characterized by current-voltage 

characteristics, spectrum pulse high analysis and the internal electric field profile. 

First, the comparison of various surface treatments was done in order to lower the 

value of the surface leakage current. After that, the time stability of such prepared 

detectors was studied. 

One of the findings was that the internal electric field was only affected by the 

chemo mechanical polishing treatment (BE). Moreover this treatment is giving the 

worst spectral resolution of all used methods. Other methods maintained the similar 

profile of the internal electric field. 

Detector samples with surface passivation by NH4F/H2O2 give the best leakage 

current values (resulting in a better spectrum with higher resolution) compared to 

chemically etched detectors. However, the results of this work indicates that the 

passivation after chemo-mechanical polishing (BE+NHF) is not stable in time. Within 

seven days after the surface passivation increased values of leakage current and 

increased noise were observed.  

Comparing to this, chemo-mechanical polishing with additional chemical 

etching and consequent passivation in 50% potassium hydroxide (BEBM+KOH ) or 

in NH4F/H2O2 aqueous solution (BEBM+NHF ) gives only about 5 % lower leakage 

current reduction. But the highest advantage of these treatments is long-term stability 

(measured within seven, 21 days and one year, respectively) and are overall optimal 

in spectral resolution aspect compared to the other used surface treatments. 
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5. Infrared depolarization  of detectors under high flux of 

X-ray radiation  
 

 High-resistivity CdZnTe is a material of choice for high energy X-ray and 

gamma ray detectors working at room temperature due to the high average atomic 

number and wide bandgap. Nowadays, CZT is used in several high radiation flux 

applications, such as computed tomography, gamma cameras, mammography and 

astrophysics [4]. The main factor usually limiting the CCE of CZT detectors under 

high radiation fluxes is the polarization phenomenon. This chapter deals with high flux 

polarization and its possible compensation. 

 In this case, the polarization results in a deformation of the internal electric 

field caused by an accumulation of positive space charge at deep levels due to the 

trapping of photogenerated holes [77], [78]. The internal electric field in the detector 

strongly increases towards the cathode and decreases towards the anode. An inactive 

region with a very low electric field is formed, which results in a reduction of CCE. 

 The motivation of the infrared (IR) depolarization of the detector is based on 

several studies of the high flux optical manipulation of deep level occupations in the 

bandgap, which were performed on 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 electrons from 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 nm (~1.03 eV) [83] reduces the 

originally positive space charge accumulation. 

 The first part of this chapter describes an application of IR light-induced 

depolarization on a polarized CZT detector working under high radiation fluxes. The 

second part presents the utilization of simultaneous IR illumination on the 

spectroscopic properties of a CZT detector operating under high radiation flux. The 

internal electric field study by Pockels effect measurements and the pulse height 

spectrum analysis using a standard spectroscopic setup were used for the 

characterization of the IR depolarization phenomena. In some measurements, the LED 

at 940 nm (~1.32 eV) instead of X-rays was used, because it was previously shown 

[84] that the IR light with a slightly below the bandgap wavelength (around 900-950 

nm in the case of CZT) produces electrons and holes in the CZT detectors and may 

cause their radiation-induced polarization at high fluxes similar to X-rays. Similar flux 
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influences on electric field profiles and detector currents were observed for X-ray and 

910 nm LED types of excitations in [85]. In the context of this chapter, óhigh fluxô 

means a sufficient intensity of the radiation under which the distribution of the internal 

electric field in the detector changes, while under ólow fluxô, it does not. High flux is 

represented by X-rays or high intensity light and low flux by a low activity 241Am 

gamma source (89 kBq) or low intensity light. 

 

 

5.1. Sample preparation and experimental section 
 

 For this study, it was used two neighbouring detector-grade samples cut from 

the <111>-oriented single-crystal wafer of In-doped Cd0.9Zn0.1Te. The electron 

mobility-lifetime product was set by alpha spectrum pulse height analysis as 

mete = 3.10-3 cm2.V-1. The resistivity was determined by COREMA setup 

of ~ 1010 W·cm. 

Sample 1 with dimensions of 5 × 4.3 × 1.5 mm3 was used for the Pockels effect 

measurements to demonstrate the radiation-induced polarization and to find an 

optimum wavelength for the depolarization of the given material. The surface of the 

sample was optically polished in 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 planar gold cathode and indium anode on large opposite surfaces by evaporation,. 

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

For a study of the polarization and depolarization processes in detectors, the 

method of infrared spectral scanning (IRSS) exploiting the Pockels effect was 

developed in our laboratory and was tested on several CZT and CdTe samples [84]ï

[86]. The IRSS is based on measurements of the electric field profiles in the biased 

sample, which is excited by the light with a fixed wavelength causing the polarization 

(represented by an LED at 940 nm in this paper). Then, it is simultaneously illuminated 

by a tunable IR light with wavelengths ranging between 0.9 and 1.7 µm 

(Ḑ1.38 ï 0.73 eV). The experimental setup for IRSS is shown in Fig. 5.1. Tunable light 

is coming from a Carl Zeiss SPM2 monochromator equipped with a 50 W halogen 

lamp and a LiF prism. This tunable light from the monochromator with a constant 

photon flux is convenient for studying the change of the occupations of deep levels 

aSA 
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Fig. 5.1 Experimental setup for depolarization Pockels effect measurements 

performed on Sample 1. During standard electric field measurements, the cathode of 

the sample was irradiated by X-rays and simultaneously illuminated from the side by 

a 1200 nm LED during depolarization mode. During the infrared spectral scanning 

(IRSS) measurements, the cathode was illuminated by a 940 nm LED and by tunable 

light from the monochromator from the side.  

 

 

caused by the optical manipulation. By this method, it is possible to find an optimal 

depolarizing wavelength. 

Sample 2 with dimensions of 5 × 4 × 0.9 mm3 was used for X-ray and 

gamma-ray 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% Br-methanol solution for 1 min in order to reduce the 

leakage current. When the leakage current was reduced by chemical etching, there was 

no need to use indium anode. Therefore after the etching, the sample was equipped 

with evaporated gold contacts covering both larger sides because gold creates quasi-

ohmic contact 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 approximately 0.5 mm wide gap, as is schematically shown in Fig. 5.2.  

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 spectroscopic measurements, the detector Sample 2 was placed 

inside a 3 mm thick aluminium shielding box as it is seen in Fig. 5.2. In all 

spectroscopic measurements the sample was irradiated on the cathode side. The 
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Fig. 5.2 The experimental setup used for X-rays measurements on Sample 2 (b). The 

planar cathode (top) was irradiated by X-rays. The pixel with a 0.5-mm diameter was 

surrounded by a guard ring covering the rest of the anode side (bottom). 

 

 

cathode was 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 560 µs 

decay time. The multichannel analyser Canberra DSA1000 with the lowest rise time 

of 0.4 µs and zero flat top was used for spectral analysis. For ultra-high count rates, a 

lower rise time/flat top is useful, as the pile-up probability and the necessary 

processing ability decrease with decreasing rise time/flat top. The 1200 nm LED was 

used to illuminate the side of the detector from the distance of 1.5 cm. The IR 

depolarization using the LED of the specific wavelength of 1200 nm was motivated 

by the results of the influence of deep levels on the polarization and depolarization 

related processes in detectors (see chapter 5.2). As the below bandgap light absorption 

of CZT is very low, it is expected an 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 Ge detector was 2 × 1014 mm-2·s-1 during all of the measurements.  

For the X-ray measurements (either Pockels or spectroscopic measurements) 

samples were placed 1840 mm from a tungsten target X-ray tube MXR160 made by 














































































































































