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Abstract: 

Cadmium Telluride, Cadmium Zinc Telluride, and Cadmium Manganese Telluride 

are important semiconductors with applications in radiation detection, solar cells, and 

electro-optic modulators. Their electrical and optical properties are principally 

controlled by defects forming energy levels within the bandgap. Such defects create 

recombination and trapping centers capturing photo-created carriers and depreciating 

the performance of the detector. Simultaneously, the changed occupancy of levels 

leads to the charging of detector’s bulk, which results in the screening of applied bias 

and the loss of detector’s sensitivity. Detailed knowledge of crystal defect structure is 

thus necessary for the predictable detector work and also for the possibility to reduce 

the structural defects concentration.  

This thesis reports on the investigation of deep energy levels in CdTe-based 

high resistivity and detector-grade materials by photo-Hall effect spectroscopy. The 

existing approach is also extended by dual-wavelength and enhanced monochromatic 

excitations. Experimental results are completed by numerical simulations based on 

the Shockley-Read-Hall model. 

A method is presented for the determination of the carriers drift mobility, 

lifetime, electric field distribution, and the dynamics of space charge in polarizing 

semiconductor radiation detectors. The procedure stems from the laser-induced 

transient current measurements done at steady-state and pulsed biasing and at 

variable temperature. 
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1. Introduction 

 

Ionizing radiation, invisible to an eye, can be detected using only appropriate 

physical methods and instrumentation. Moreover, one can use the properties of this 

radiation for a number of scientific, technical, industrial and medical applications. 

Detectors of ionizing radiation play a central role in such applications. 

Detectors can be divided into groups using three main criteria: time of 

detection, the complexity of measured radiation information, and physical principle 

of detection. The first group consists of continuous and integral detectors. 

Continuous detectors detect each single radiation photon with high-resolution time 

(typically up to ns); meanwhile, integral detectors can detect only much larger energy 

portions in a large time intervals (typically seconds). The second group of detectors 

is determined by information which we get from the radiation such as intensity, 

photon energy, and spatial distribution of radiation. The last criterion, physical 

principle of detection, combines photo-chemical and electronic detectors. Photo-

chemical detectors use chemical reactions produced by radiation such as a change in 

a color, temperature, etc. 

Electronic detectors are based on electronic circuits which convert and amplify 

current pulses produced by incident radiation. Incident radiation is typically absorbed 

by an ionization chamber, scintillator detector, semiconductor detector, magnetic 

spectrometer, etc. Each type of detector has its advantages and disadvantages. The 

ionization chamber-based detector, for example, is not compact. Scintillator detector 

has a longer dead time and indirect radiation conversion. This work is mainly 

focused on physics of semiconductor materials used for radiation detection in 

electrical circuits. 

Semiconductor radiation detectors have experienced remarkable development 

in the last few years. They are now used in a large variety of fields, including nuclear 

physics, X-ray and gamma-ray astronomy and nuclear medicine. Their imaging 

capabilities, good energy resolution and the ability to fabricate compact systems are 

very attractive features, in comparison with other types of detectors, such as gas 

detectors and scintillators. In addition to mastered silicon and germanium technology 

[1]–[3], intensive research led to the progress of CdTe and CdZnTe to the quality 

convenient for the extensive detector applications [4], [5]. Multiple compound 
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semiconductors like GaAs, InP, HgI2, TlBr, PbI2, SiC also reached significant 

improvement [6]–[9]. The possibility to choose a specific material allows users to 

design their equipment optimally for a needed assignation. Despite a distinct 

progress in the detector technology, the industry still faces many challenges that 

stand in the way to multi-purpose cheap detectors. 

An engagement of semiconductors in electronic and optoelectronic 

applications is considerably controlled by deep levels (DLs) associated with 

crystallographic imperfections [10], [11]. Such defects are responsible for the 

recombination processes [12], space charge formation and polarization of biased 

sample [13], [14], and by an emergence of potential non-uniformities inside the 

device [10], [12]. The material quality strongly controls the price of the ingots [4] 

and further investigation and improvement of the materials are therefore needed. 

 

1.1. Basic properties of CdTe-based semiconductors used for 

radiation detection 

 

Binary compound semiconductor CdTe and its ternary modifications Cd1-xZnxTe and 

Cd1-xMnxTe have a lot of applications in X- and gamma-ray detection [4], [15], 

security [16], medicine [15], investigation of the universe [17], and in photovoltaics 

[18] due to a convenient tunable bandgap and good absorption properties [19], see 

Table 1. Despite these benefits as-grown materials often suffer from crystallographic 

defects that deteriorate the transport properties of devices [10]. The CdTe-based 

material resistivity homogeneity and detection properties can be enhanced by adding 

Se or Mn into the solution [20], [21] due to uniform segregation of these 

components. Moreover, the bandgap energy can be controlled by the compound 

composition [22]. Such compound materials have known limitations for the detector 

applications such as strong carrier recombination [23] and device polarization [24], 

[25] caused by deep levels inside the band gap. 
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Table 1. Several semiconductor material properties at 298 K [4], [26] 

Material Si Ge GaAs CdTe CdZnTe TlBr 

Crystal  

structure 
Cubic Cubic Cubic(ZB) Cubic(ZB) Cubic(ZB) Cubic 

Growth  

method 
C C CVD THM 

HPB, 

THM 
BM 

Atomic  

number 
14 32 31, 33 48, 52 48, 30, 52 81,35 

Density  

(g/cm
3
) 

2.33 5.33 5.32 6.20 5.78 7.56 

Band gap 

(eV) 
1.12 0.67 1.43 1.44 1.57 2.68 

Resistivity  

(Ωcm) 
10

4 
50 10

7
 10

9
 10

10
 10

12
 

μeτe  

(cm
2
/V) 

>1 >1 10
-5

 10
-3

 10
-3

-10
-2

 10
-5

 

μhτh  

(cm
2
/V) 

~1 >1 10
-6

 10
-5

 10
-5

 10
-6

 

a
 Growth methods: C - Czochralski, CVD - chemical vapor deposition, THM -

traveler heater method, BM - Bridgman method, and HPB - high-pressure Bridgman. 

 

1.2. Crystal defects and deep levels 

 

Inevitable crystallographic defects such as point, line, planar and bulk defects 

represent one of the most serious problems faced by a semiconductor manufacture 

technology so far. The presence of such defects in the ordered semiconductor lattice 

structure leads to a formation of the energy states inside the band gap. These states 

can be divided into two major groups. The first one, shallow levels, are the less 

localized states with activation energies Et typically less or similar to the thermal 

energy kT. Shallow states are produced by small lattice perturbations and generally 

act as dopants (donor or acceptor) without harmful influence on the material. The 

second group is called deep levels with Et significantly exceeding kT. The difference 
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from the previous case of shallow states consists in much larger perturbation brought 

by these defects to the lattice potential in the close vicinity of the defect. Thus, the 

wave function of the trapped electron (or hole) is much more localized. Deep levels 

have a harmful impact at the utilization of the semiconductor in optoelectronic 

applications acting as electron (hole) traps or recombination centers depending on 

their cross sections ratio σe/σh, where σe (σh) is the electron (hole) capture cross-

section.  

 

1.3. Deep level spectroscopy techniques and photo-Hall effect 

spectroscopy 

 

Multiple DLs forming energy states in the band gap have been detected using 

diverse techniques, each of them has advantages and disadvantages. The deep-level 

transient spectroscopy (DLTS) [27] has been used effectively for quantitative 

characterization of DLs involving defect density, activation energy, and carrier 

capture cross-section. In compensated high-resistivity materials with the free-carrier 

concentration less than the DLs densities, the straightforward application of DLTS is 

improper [28] due to the damped signal, which mostly disappears in the noise. 

Recently, improved DLTS-based techniques to study DLs in wide bandgap 

semiconductors – low rate DLTS (LRDLTS) [29] and discharge current 

measurements (DCM) [30] were developed to overcome this obstacle. Other methods 

based on photo-excitation, photo-DLTS (PDLTS) [27], photo-induced current 

transient spectroscopy (PICTS) [31] and photoconductivity (PhC) [32], are sensitive 

methods determining the properties of DLs either from the temperature dependence 

of the time constant of current transients following an optical excitation pulse in case 

of PDLTS and PICTS, or in a direct way by observing the characteristic increase of 

conductivity once the photon energy reaches the excitation energy of the level in case 

of PhC. The photoluminescence spectroscopy (PL) is also often used for 

determination of zero-phonon lines (ZPL) of DLs [33]. While PDLTS and PICTS 

were used for the determination of the DL positions relative to respective bands [27], 

this feature cannot be deduced by PhC or PL. The character of the trap may be 

recognized by the thermoelectric effect spectroscopy (TEES) [34], [35] based on the 
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measurement of electric current of thermally excited carriers emitted from previously 

optically excited DLs with temperature gradient used as a driving force. 

TEES, as well as other techniques based on thermally excited trapped carriers, 

PDLTS, PICTS, afford the trap energy EtT, which deviates from an actual trap energy 

Et(T) according to the formula [34] 

 

 𝐸𝑡𝑇 = 𝐸𝑡(𝑇) − 𝑇
𝑑𝐸𝑡(𝑇)

𝑑𝑇
  (1.1) 

 

Anticipating temperature dependent trap energy, the determined EtT may deviate 

from the room temperature trap energy by an amount of up to 0.1 eV. These methods 

also do not reveal very deep DLs with trapping energy well above the half of the 

band gap energy Eg/2. The signal of such DLs is exceeded by intrinsic carriers 

excited at the temperature necessary for such DLs visualization. The heating to a 

temperature above 400K, where principal DLs are detected, may also irreversibly 

disturb the quality and electrical properties of studied material [36]. A novel 

approach to investigate DLs by time-of-flight measurements excited by sub-bandgap 

light (SBTOF) was reported recently in [37]. The procedure allows researchers to 

directly identify the ionization energy as well as the character of DLs. 

Multiple achievements were attained by photo-Hall effect spectroscopy 

(PHES). It was used to prove the bipolar character of photo-conduction in high 

resistivity p-CdTe:Cl [38]. Low-temperature (10–40 K) PHES was successfully used 

for a characterization of impurities in p-HgCdTe [39]. A phenomenological model of 

deep donors in GaSb:S was developed and supported by PHES [40], [41]. The 

character of DLs was revealed in semi-insulating GaAs, where all identified traps 

were found as electron-type[42]. Another approach to measure the mobility of photo-

carriers by polarization-sensitive terahertz emission in the magnetic field was 

presented by Lin et al.[43]. It was found by Chen et al.[44], [45] that PHES can be 

used for hybrid organic-inorganic lead CH3NH3PbCl3(Br3 or I3) perovskites 

characterization. PHES measurements in materials with low carrier mobility or 

suppressed Hall signal[46] can be used with combination of the alternating magnetic 

field and lock-in amplifier[45]. In such a set-up the magnetic signal is chosen as the 

reference signal. The PHES measurements can be divided into two groups: the Hall 

signal measurements as a function of illumination intensity at various temperatures 
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and the Hall signal measurements with different illuminating photon energies. Some 

modifications of the experiment are possible inside the groups such as dual photon 

energy illumination [47]or time transient measurements [48]. 

 

Table 2. Overview of deep energy levels in (CdZn)Te 

Et (eV)
.
 Type

a 

Capture 

Cross section 

(cm
2
) 

Origin Method Ref.
 

0.26 acceptor - Au PL [49] 

0.35 acceptor - Fe EPR, PL [50] 

0.34 acceptor 10
-13 

In DLTS
 

[51] 

0.36 acceptor 10
-13 

Cu PICTS
 

[52] 

0.39-0.43 donor (2-5)×10
-13

 TeCd TEES [53] 

0.4, 

0.43 
acceptor 2×10

-16
 VCd 

DLTS,  

PICTS 

[27], 

[54] 

0.43-0.49 acceptor 10
-14

 TeCd-2VCd TEES [53] 

0.4, 

0.5 
donor 4×10

-16
 VTe Theory 

[19], 

[20] 

0.54, 

0.64 
donor 10

-12
 CdI 

PICTS, 

DLTS 

[52], 

[27],[57] 

0.69-0.71 acceptor 5×10
-14

 TeCd-2VCd TEES [53] 

0.73 acceptor - Ge PL [58] 

0.73 donor - Mn Hall [59] 

0.73-0.85 acceptor 2×10
-12

 TeCd-VCd TEES [53] 

0.74 donor - TeCd TEES [60] 

0.78 acceptor 4×10
-13

 VCd QTS
a 

[57] 

0.8, 

0.86 
acceptor 

5×10
-13

, 

2×10
-12

 
In 

QTS, 

DLTS 
[57] 

0.88 - 10
-12

 - DLTS [61] 

0.85-0.9 donor 5×10
-12

 Sn 
QTS, 

DLTS 

[50], 

[57],[62] 

0.95-1.0 donor 10
-10

 V DLTS [63] 

1.1 donor - VTe DLTS, [27] 
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PICTS 

1.1 donor - dislocation DLTS, PL [64] 

1.25 acceptor - Co 
EPR, PL 

ODMR 
[65] 

1.3 donor - VCd DLTS, PL [64] 

a
Type of the defect donor/acceptor 

 

1.4. Negative differential photoconductivity 

 

Negative differential photoconductivity (NDPC) is characterized by the decrease of 

the photoconductivity under illumination [66]. The effect is mathematically 

described by a negative derivative of photoconductivity PhC with respect to 

illumination intensity I. It can be induced both by a decrease of the electron (hole) 

concentration n (p) and by a decrease of the carrier mobility 𝜇𝑒 (𝜇ℎ) according to the 

formula 

 
𝑑𝑃ℎ𝐶 

𝑑𝐼
= 𝑞𝑒(𝜇𝑒

𝑑𝑛

𝑑𝐼
+ 𝜇ℎ

𝑑𝑝

𝑑𝐼
+ 𝑛

𝑑𝜇𝑒

𝑑𝐼
+ 𝑝

𝑑𝜇ℎ

𝑑𝐼
), (8) 

where 𝑞𝑒 is an elementary charge. 

The effect of the conductivity decrease under illumination below the dark 

equilibrium value is known as absolute negative photoconductivity (ANPC) [67]. 

According to known models, NDPC and ANPC can be induced by two mechanisms. 

The first one is associated with a decrease of the carrier mobility induced by light 

radiation. This effect can be reached by stimulation of scattering mechanisms as it 

was shown for graphene [43], [68], gold nanoparticles [69], Ge(Si) type-II quantum 

dots [70], and interacting quantum gas [71]. NDPC stimulated by potential non-

uniformity was observed by our group in CdZnTe [72] and by Shalish et al. [73] in 

GaAs films using Hall photo-voltage. The second mechanism producing NDPC is 

the decrease of the majority carrier concentration due to minority carriers 

recombination supported by a recombination-type crystallographic defect. This 

model was firstly proposed by Stockman et al. [74] and implemented for diamond 

photodetectors [67], thin films [75], MoS2 monolayers [76], p-type PbEuTe and 

other materials. Similar mechanism of enhanced radioactive capture of hot electrons 

was proposed by Ridley et al. [77] for III-V and II-VI semiconductors. Despite a 
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large number of experimental observations, the detailed theoretical study of NDPC 

(or ANPC) induced by defect levels was not presented. The simple model was given 

for inhomogeneous materials by Bube et al. [78]. Despite similar nature of two 

effects, the connection between NDPC and ANPC was not shown. The dependence 

of NDPC on DL parameters was also not specified. 

 

1.5.     Motivation and goals 

 

CdTe single crystals and its compounds have been studied for decades at the 

Institute of Physics of Charles University by classic Hall-effect measurements. As it 

was shown in previous sections 1.1-1.3 semiconductor materials are affected by 

crystallographic defects which depreciate material detection and transport properties. 

This thesis is focused on the development of deep level spectroscopy method based 

on Hall-effect measurements and upgraded by light illumination at different photon 

energies. This method represents the extension of classic Hall voltage measurements 

to samples brought out of equilibrium by optical excitation. The second goal of the 

project is to study deep levels in CdTe/CdZnTe samples used for fabrication of X-ray 

and gamma-ray detectors by PHES measurements. The data will be further used for 

comprehensive analysis of the defect structure and negative differential 

photoconductivity in CdTe based materials by Shockley-Reed-Hall theoretical 

simulations. Obtained results are important for improving the charge collection and 

characterization of CdTe/CdZnTe detectors as well as for the description of carrier 

trapping and understanding the mechanisms of space charge formation. 

Semiconductor detectors represent the promising group of devices designed 

for the direct conversion X-ray and gamma-ray spectroscopy. The third goal of this 

thesis is to develop a straightforward procedure enabling the determination of 

principal properties of radiation detectors via the laser-induced transient current 

technique (L-TCT). The approach is useful in detectors exhibiting polarization in the 

dark where the complex processes related to the space charge formation in the 

depletion region near the contact make the common analysis difficult [79], [80].  
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2. Theory 

2.1. Carrier transport phenomena 

The standard semi-classical transport theory is based on the Boltzmann equation 

𝜕𝑓

𝜕𝑡
+ 𝒗∇𝑟𝑓 −

𝑞𝑒𝑭

ℏ
∇𝑘𝑓 = (

𝜕𝑓

𝜕𝑡
)

𝐶𝑜𝑙
, (2.1) 

where r is the position, k is the momentum, f(k; t) is the distribution function (for 

instance, a Fermi-Dirac in equilibrium), v is the group velocity, 𝑭 = −𝑞𝑒[𝑬 +

(𝒗 × 𝑩)] is the force (electric and Lorentz force)  acting on an electron. The terms on 

the left hand side indicate, respectively, the dependence of the distribution function 

on time, space (explicitly related to velocity), and momentum (explicitly related to 

electric and magnetic fields). The term (
𝜕𝑓

𝜕𝑡
)

𝐶𝑜𝑙
 on the right hand side defines the 

collision term, which accounts for all the scattering events: 

(
𝜕𝑓

𝜕𝑡
)

𝐶𝑜𝑙
= ∑[𝑊(𝒌′, 𝒌)𝑓(𝒓, 𝒌′, 𝑡)(1 − 𝑓(𝒓, 𝒌′, 𝑡))

𝒌′

− 𝑊(𝒌, 𝒌′)𝑓(𝒓, 𝒌, 𝑡)(1 − 𝑓(𝒓, 𝒌′, 𝑡))], 

(2.2) 

where 𝑊(𝒌, 𝒌′) is the transition probability between the momentum states k and 𝒌′, 

and [1 − 𝑓(𝒓, 𝒌′, 𝑡)] is the probability of non-occupation for a momentum state 𝒌′. 

The Boltzmann equation is valid under assumptions of semi-classical transport: 

effective mass approximation (which incorporates the quantum effects due to 

periodicity of the crystal); Born approximation for the collisions, in the limit of small 

perturbation for the electron-phonon interaction and instantaneous collisions; no 

memory effects, i.e. no dependence on initial condition terms. Analytical solutions of 

the Boltzmann equation are possible only under very restrictive assumptions. Direct 

numerical methods for device simulation have been limited by the complexity of the 

equation, which in the complete 3-D time-dependent form requires seven 

independent variables for time, space and momentum. In the simplest approach, the 

collision term on the right hand side of Eq. 2.2) is substituted with a 

phenomenological term 

 (
𝜕𝑓

𝜕𝑡
)

𝐶𝑜𝑙
≈ −

𝑓 − 𝑓0

𝜏
, (2.3) 

where 𝑓0 indicates the (local) equilibrium distribution function, and 𝜏 is a 

microscopic relaxation time. The dominant scattering mechanisms are provided by 
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phonons or defects in the material. Both scattering mechanisms depend on the 

temperature. 

Relying on the effective mass and mobility approximation concept the current 

density in the case of only longitudinal current can be represented as follows: 

 𝑱 = 𝜎𝑬 = (
𝑞𝑒

2𝑛

𝑚𝑒
∗

〈𝜏𝑒〉 +
𝑞𝑒

2𝑝

𝑚𝑛
∗

〈𝜏ℎ〉) 𝑬 = 𝑞𝑒(𝑛𝜇𝑒 + 𝑝𝜇ℎ)𝑬, (2.4) 

where 〈𝜏𝑒〉(〈𝜏ℎ〉), and 𝑛(𝑝) are the electron (hole) average scattering time constant 

and carrier concentration. Carrier drift mobility 𝜇𝑒(𝜇ℎ) characterizes transport of 

electrons (holes) caused by electric field. Bimolecular conductivity 𝜎 can be founded 

according to the Ohm law from the resistivity 𝜌 

 𝜎 =
1

𝜌
=

𝐼𝑆

𝑈𝑙
, (2.5) 

where I, U, S, and l are the absolute current, longitudinal voltage drop, sample cross 

section and crystal length. 

Let’s now consider the semiconductor with longitudinal current in 

perpendicular magnetic field B. Lorenz force effects electrons, which create the 

transversal voltage drop across the sample. This voltage compensates the Lorenz 

force and steady state conditions are established: 

There the carrier velocity 𝑣 can be defined from the current 𝑗. Hall coefficient RH is 

defined by the following relation in n-type semiconductors. 

where d is a sample thickness. The Hall factor 𝑟𝐻 is a constant given for a specific 

material (the value can vary from 1 up to 3 [81]). For a CdTe-based materials 𝑟𝐻 = 1 

is chosen [38]. The Hall mobility 𝜇𝐻 is defined by 

 𝑞𝑒𝐸 = 𝑞𝑒𝑣𝐵 = 𝑞𝑒

𝑗

𝑞𝑒𝑛
𝐵 (2.6) 

 𝐸 =
𝑗

𝑞𝑒𝑛
𝐵. (2.7) 

 𝑅𝐻 = −𝑟𝐻

1

𝑞𝑒𝑛
=

𝑉𝐻𝑑

𝐼𝐵
, (2.8) 

 𝜇𝐻 = |𝜎𝑅𝐻| = |
𝜎𝑉𝐻𝑑

𝐼𝐵
| = {

𝜇𝑛,  𝑖𝑓 𝑛 ≫ 𝑝;

𝜇ℎ, 𝑖𝑓 𝑛 ≪ 𝑝.
 (2.9) 
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The drift mobility can be found when one type of carrier concentration dominates. 

For a p-type material only sign of the charge in Eq. 2.8 will change. 

The Hall coefficient in a low doped semiconductor (or intrinsic) where the 

minority carrier concentration cannot be neglected is given by the following relation 

and the Hall mobility is given by 

The bipolar photoconductivity PhC after illumination is related to the free electron n 

and hole p concentrations by relation:  

 𝑃ℎ𝐶 = 𝑞𝑒[𝜇ℎ(𝑝 − 𝑝0) + 𝜇𝑒(𝑛 − 𝑛0)], (2.12) 

where 𝑛0(𝑝0) represent carrier concentration in equilibrium. 

 

2.2. Photo-Hall deep level detection concept 

 

The transverse Hall voltage and longitudinal conductivity in the dark in p-type 

material depend on the dark minority (n0) and majority (p0) carrier concentrations 

and their mobilities. Dark carrier concentrations are further adjusted by photo-

generated holes p = p0 + Δp and electrons n = n0 + Δn after illumination of the 

sample. It is important to note that Δn ≠ Δp and corresponding values mainly depend 

on filling of DLs in the band gap, illumination photon energy, and intensity. In case 

of ANPC Δn or Δp may be even negative. Whenever the illumination photon energy 

(hv) reaches the trap energy counted relatively to the respective band, free electrons 

or holes are generated. This leads to a change of the spectral envelope and a rise in 

conductivity. An increase of μH can be provided by the free hole generation, see Eq. 

(2.11). On the contrary, photo-generated electrons provide a decrease of μH until the 

sign reversal of VH arises at 𝑛 = (
𝜇ℎ

𝜇𝑒
)

2

· 𝑝, which may be well approximated by 

𝑛 ≈ 0.01 · 𝑝 for studied CdTe-based compound materials. Let us mention that whilst 

positive VH proves the p-type character of the material, due to the higher electron 

mobility, in CdTe based materials, the negative VH does not directly testify to the n-

type. The comparison of μe and μH must be than included to solve this task. 

 𝑅𝐻 =
(𝑝𝜇ℎ

2 − 𝑛𝜇𝑛
2)

𝑞𝑒(𝑝𝜇ℎ + 𝑛𝜇𝑛)
 (2.10) 

 𝜇𝐻 =
|𝜇ℎ

2 ∙ 𝑝 − 𝜇𝑒
2 ∙ 𝑛|

𝜇ℎ ∙ 𝑝 + 𝜇𝑒 ∙ 𝑛
. (2.11) 
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Fig. 2.1. Competing deep level models No 1 and No 2 . Solid and dashed arrows 

show direct and secondary carrier generation processes correspondingly. EF shows 

Fermi level position in p-type material. 

 

Analyzing μH as a function of photon energy and light intensity enables us the 

determination of the position of the DLs inside the band gap correspondingly. Due to 

the higher electron mobility even smaller rise up of electron concentration caused by 

secondary electron emission from the DL with threshold energy Et>EF outlined by 

DL model No 2 in Fig. 2.1 might produce μH decrease. The secondary emission 

involves thermal detrapping and secondary photon induced transition (Eg – hv) to the 

conduction band. A smart treatment must be chosen for the resolution of this task. 

The solution of the problem stems from different mechanisms of free electrons 

generation. The photon-induced transition from the filled DL below EF to the 

conduction band satisfies the rule ∆𝑛 = ∆𝑛𝑡
𝑒𝑚𝑝𝑡

+ ∆𝑝 , where ∆𝑛𝑡
𝑒𝑚𝑝𝑡

 is a 

concentration of photo-induced empty states of the deep level (see Fig. 2.1). 

Therefore, such a transition is followed by prevailing photoelectron concentration Δn 

> Δp. The secondary electron emission produced by empty (or nearly empty) DL 

with the energy Et>EF is ruled by similar relation ∆𝑛 + ∆𝑛𝑡 = ∆𝑝, where ∆𝑛𝑡  is a 

concentration of trapped electrons on the deep level. As we can see, this alternative 

transition is followed by predominant hole generation and the photo-generated hole 

concentration must be higher Δp > Δn than the concentration of photo-generated 

electrons. The distinctions at the electron excitation mechanisms from DL localized 

below or above EF was used at the determination of DL position in the bandgap 
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using the dual wavelength excitation [72]. Similar concept can be used in a p-type 

material where µh > µe. 

 

2.3. Shockley-Read- Hall carrier generation-recombination model 

 

The Shockley-Read-Hall (SRH) theory [82] completed by illumination-mediated 

deep level - band transitions shown in Fig. 2.2 is used to analyze in details two 

alternative DL models (presented in section 2.2) and NDPC appearance. The 

evaluation of corresponding charge dynamics is performed in steady state 

illumination regime. Equations (2.13-2.15) represent the electron and hole dynamics 

correspondingly.  

 

Fig. 2.2. Shockley-Reed-Hall carrier generation-recombination model. Solid and 

dashed arrows show carrier generation and recombination processes correspondingly.  

 

 
𝜕𝑛

𝜕𝑡
= − ∑ 𝑈𝑖

𝑒

𝑖
+ ∑ 𝐼𝑐𝑖 + 𝐼𝑏𝑏

𝑖
− 𝑈𝑏𝑏 , (2.13) 

 
𝜕𝑝

𝜕𝑡
= − ∑ 𝑈𝑖

ℎ

𝑖
+ ∑ 𝐼𝑣𝑖

𝑖
+ 𝐼𝑏𝑏 − 𝑈𝑏𝑏 , (2.14) 

 
𝜕𝑛𝑡𝑖

𝜕𝑡
= 𝑈𝑖

𝑒 − 𝐼𝑐𝑖 − 𝑈𝑖
ℎ + 𝐼𝑣𝑖 , (2.15) 

 𝑈𝑖
𝑒 = 𝜎𝑒𝑖𝜈𝑒[(𝑁𝑡𝑖 − 𝑛𝑡𝑖)𝑛 − 𝑛𝑡𝑖𝑛1𝑖], (2.16) 

 𝑈𝑖
ℎ = 𝜎ℎ𝑖𝜈ℎ[𝑛𝑡𝑖𝑝 − (𝑁𝑡𝑖 − 𝑛𝑡𝑖)𝑝1𝑖], (2.17) 
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 𝐼𝑐𝑖 =  𝐼�̃�𝑒𝑖𝑛𝑡𝑖, (2.18) 

 𝐼𝑣𝑖 = 𝐼�̃�ℎ𝑖(𝑁𝑡𝑖 − 𝑛𝑡𝑖), (2.19) 

 𝐼𝑏𝑏 = 𝐺𝑏𝑏𝐼, (2.20) 

 𝑈𝑏𝑏 = 𝐶𝑏𝑏(𝑛𝑝 − 𝑛𝑖
2). (2.21) 

Here n, p, nti, 𝑈𝑖
𝑒 (𝑈𝑖

ℎ), 𝐼𝑏𝑏and 𝑈𝑏𝑏 are the densities of free electrons, free holes, 

electron trapped in the i-th level, electron (hole) net recombination rate at the i-th 

level, the interband light induced generation rate, and the band-to-band net 

recombination rate respectively. The quantities defining recombination rates ni, Nti, 

σei, σhi, e and h in Eqs. (2.16-2.21) are intrinsic carrier density, i-th DL density, 

electron and hole thermal capture cross sections, and electron (hole) thermal 

velocities, respectively. Symbols n1i and p1i stand for electron and hole densities in 

case of Fermi level EF being set equal to the DL ionization energy Eti [82]. The effect 

of the illumination on the i-th DL occupancy is defined by Ici (Ivi) generation rate 

from i-th level to the conduction (valence) band where I, �̃�ei, and �̃�hi are the photon 

flux and photon capture cross sections relevant to the conduction and valence band 

transition respectively. The interband light induced generation rate 𝐼𝑏𝑏 can be 

neglected for hv<Eg.. The band-to-band recombination constant Cbb = 10
-11

 cm
2
 can 

be estimated according to Ref. [83]. The band-to-band recombination rate is much 

lower in comparison with DL assisted recombination and can be neglected. The 

value of photon capture cross sections were chosen to fit the shape of PHES spectra 

and the order of magnitude was chosen according to Ref. [72]. Both photon energy 

and photon flux dependencies were fitted simultaneously by the same parameters. 

The charge neutrality is assured by the neutrality equation 

 𝑝 − 𝑛 − ∑ 𝑛𝑡𝑖 = 𝑝0 − 𝑛0

𝑖

− ∑ 𝑛𝑡0𝑖

𝑖

, (2.22) 

where the equilibrium zero-indexed quantities 𝑝0, 𝑛0,and 𝑛𝑡0𝑖 on the right-hand side 

are defined by the position of Fermi level EF. The solution of equations (2.13-2.15) 

and (2.22) significantly simplifies in the steady state regime, where the time 

derivatives are set to zero. The electron and hole lifetimes 𝜏𝑒 and 𝜏ℎ can be found by 

relations: 

 𝜏𝑒 =
1

∑ 𝑣𝑒𝑖𝜎𝑒𝑖(𝑁𝑡𝑖−𝑛𝑡𝑖)𝑖
, (2.23) 
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 𝜏ℎ =
1

∑ 𝑣ℎ𝑖𝜎ℎ𝑖𝑛𝑡𝑖𝑖
. (2.24) 

The occupation of DLs can be conveniently described by a dimensionless 

filling factor (FF) which is defined by us as the ratio of DL electron occupation and 

the total DL concentration fi = nti/Nti. The change of the DL occupation from the 

equilibrium under illumination intensity I can be presented by reduced filling factor 

Fi(I), -1 < Fi < 1: 

 𝐹𝑖(𝐼) = 𝑓𝑖(𝐼) − 𝑓𝑖(0). (2.25) 

The occupation and depletion of the deep level can be tracked by the positive or 

negative sign correspondingly. 

 

2.4. Metal-Semiconductor contacts and detector polarization 

 

Metal-semiconductor contacts are obvious components of any semiconductor device. 

Depending on the material properties of the metal and the semiconductor, we usually 

distinguish two types of metal-semiconductor junctions: the rectifying contact 

(known as Schottky barrier) and non-rectifying, which is also called ohmic contact. 

Rectifying contact has nonlinear current–voltage characteristic and the resistance is 

orders of magnitude smaller at the forward bias than at reverse bias. The resistivity of 

the ohmic contact adheres to Ohm's law with a linear current–voltage characteristic. 

For a given semiconductor, the type of contact depends primarily on the difference 

between the values of the work functions of a semiconductor qϕs and metal qϕm 

materials. The work function ϕ is the minimum thermodynamic work (i.e. energy) 

needed to remove an electron from a solid to a point in the vacuum (i.e. vacuum level 

EVac) immediately outside the solid surface. The semiconductor is also characterized 

by the electron affinity χ, defined as the distance between the vacuum level and the 

lower edge of the conduction band EC. Note that χ is not affected by the doping of 

the semiconductor. In the further discussion we neglect surface states and oxide 

layers on a semiconductor surface for simplicity. In reality, surface states and 

additional oxide interlayer can significantly affect contact properties [84]. 
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Fig. 2.3. The band diagrams of a metal and n-type semiconductor. (a) before and (b) 

after the conjunction with a metal of a greater work function than that of 

semiconductor; (c) before and (d) after the conjunction with a metal of a smaller 

work function than that of semiconductor. 

 

Fig. 2.3 (a) shows the separated band diagrams of a metal and an n-type 

semiconductor in case of qϕm > qϕs. The Fermi level in the n-type semiconductor is 

shifted into the direction of the conductive band. If the metal and the semiconductor 

are brought together and form an ideal contact, two requirements must be fulfilled:  

a) at thermal equilibrium the Fermi level energy must be constant throughout the 

junction; 

b) the vacuum level must be continuous. 
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Due to higher Fermi level in semiconductor (EFs > EFm) electrons flow from 

semiconductor into the metal in dynamic state of the system until Fermi levels align 

in both materials. The passed electrons leave uncompensated positive space charge in 

semiconductor which is responsible for creation of the electric field E near the 

contact. As a result, a barrier is formed between the metal and the semiconductor, as 

depicted in Fig. 2.3(b). The electric field prevents prevailing electron transfer (due to 

thermal emission or tunneling through the barrier) from the semiconductor to metal 

and enhances electrons flow from metal to semiconductor. The total current through 

the junction is equal to zero. The energy difference between the level where the 

conduction band meets the metal and the Fermi level EF is called the Schottky 

barrier, qVBn. This barrier represents the energy required for electron injection from 

the metal into the semiconductor and it is a characteristic for this junction. For an n-

type semiconductor, the height of this barrier is given by  

 𝑞𝑉𝐵𝑛 = 𝑞(𝜙𝑚 − 𝜒). (2.26) 

In the quasi-neutral region the bands of the semiconductor are horizontal, reflecting 

the fact that there is no voltage drop across this region. We can see easily that the 

metal-semiconductor work function difference also forms a barrier (built-in potential 

barrier qVBi) for electrons to travel from the n-type semiconductor to the metal. This 

barrier obstructs the straightforward collection of electrons in the semiconductor by 

the metal [85], [86].  

The region between the metal and the quasi-neutral region is denoted as the 

depletion region and this region has a width W. The word “depletion” implies that 

region is depleted of free charge carriers; free electrons in the case of an n-type 

semiconductor. As a result the charge density in this region is formed by positively 

charged donor ions (or another non-compensated lattice defects) that are fixed in the 

semiconductor lattice. In the depletion region this charge density is constant as a 

function of position. Evidently, charge neutrality imposes that an equal amount of 

negative charge is present in the metal near the interface. In reality, it is surface 

charge right at the interface with the semiconductor. The charge distribution and 

electric field profile are schematically shown in Fig. 2.4. As the density of states in 

the metal is much larger than in semiconductor, the thickness of the charged region 

in the metal, blue region in Fig. 2.4, is much thinner than it is sketched in the figure. 
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Fig. 2.4. The charge distribution and the electric field profile in the metal-

semiconductor junction. 

 

We can now estimate the electric field distribution E(x) using the Poisson 

equation and Gauss’s law involving the electrostatic potential 𝜙(𝑥) and the space 

charge density ρ: 

 
𝑑2𝜙(𝑥)

𝑑𝑥2
= −

𝐸(𝑥)

𝑑𝑥
= −

𝜌

휀
. (2.27) 

The electric field strength is zero at the edge of the depletion region and it has linear 

profile 𝐸(𝑥) = 𝐸0 + 𝑎𝑥 in the depletion region. Applying the Poisson equation again 

we can see that 𝜙(𝑥) will vary parabolically with x in the depletion region and the 

bands in the semiconductor bend upwards. When the built-in voltage of the junction 

and the charge density in the depletion region are known, the depletion region width 

can be determined as 

 𝑊0 = √−
2휀𝑉𝐵𝑖

𝑞𝑁𝑑
. (2.28) 

Let’s now apply a bias voltage to the rectifying junction. We will first consider the 

case in which we apply a forward bias voltage, which means a negative voltage on 

the n-type semiconductor with respect to the metal. As a result, the quasi-neutral part 

of the n-type semiconductor will be at a higher potential energy and the barrier for 

electrons to travel from the semiconductor to the metal is reduced from 𝑉𝐵𝑖 to 
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𝑉𝐵𝑖 − 𝑉, where V is the applied voltage. The width of the depletion region W has 

reduced: 

 𝑊 = √−
2휀(𝑉𝐵𝑖 − 𝑉)

𝑞𝑁𝑑
. (2.29) 

The slope, a, of the electric field distribution has not changed, as this slope is 

determined by the charge density in the depletion region.  

 

Table 3. Work function of some metals and semiconductors [87]–[92] 

Material qϕ(eV)
 

Material qϕ(eV)
 

Ag 4.26 - 4.74 Se 5.9 

Al 4.06 - 4.26 Sn 4.42 

As 3.75 Te 4.95 

Au 5.10 - 5.47 W 4.2 

C ~5 Zn 3.63 - 4.9 

Cd 4.08 MAPbI3
a 

3.7 - 5.2 

Cs 1.95 GaAs 4.69 

Cu 4.53 - 5.10 CdTe 5.2 - 5.7 

Fe 4.67 - 4.81 CdZnTe 5.09 - 6.0 

In 4.09 InSb 4.57 

Mg 3.66 Ge 4.75 

Mn 4.1 Bi2Te3 5.3 

Ni 5.04 - 5.35 Si 4.85 

Pb 4.25 SiC 4.6-4.8 

Pt 5.12 - 5.93 ZnO 4.5 

a
 CH3NH3PbI3 

 

Now let’s consider reverse bias voltage. In that case, the Fermi level of the 

semiconductor is below that of the metal and the barrier for electrons to travel from 

the semiconductor to the metal has increased to 𝑉𝐵𝑖 + 𝑉. The applying of a reverse 

bias increases the depletion region width according to Eq. (2.29) where the sum of 
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voltages is used. The general current-voltage characteristic of a metal-semiconductor 

contact under thermionic emission is given by 

 𝐽(𝑉) = 𝐽𝑠(𝑒𝑞𝑒𝑉 𝑘𝑏𝑇⁄ − 1), (2.30) 

where the saturation current density 𝐽𝑠 is given by the following equation 

 𝐽𝑠 = �̃�𝑇2𝑒−𝑞𝑒𝑉𝐵𝑛 𝑘𝑏𝑇⁄ . (2.31) 

The constant �̃� is the Richardson constant for thermionic emission, which is given by 

 �̃� =
4𝜋𝑞𝑚𝑛

∗ 𝑘2

ℎ3
 (2.32) 

with the effective electron mass 𝑚𝑛
∗ . Also, transport of minority carriers occurs, but it 

is orders of magnitude smaller than the majority carrier transport.  

The contact resistivity RC can be simply defined from Eq. (2.31) 

 𝑅𝐶 = (
𝛿𝐽

𝛿𝑉
)

𝑉=0

−1

=
𝑘

𝑞𝑒�̃�𝑇
exp (

𝑞𝑒𝑉𝐵𝑛

𝑘𝑏𝑇
)  (2.33) 

or if the semiconductor has a high doping concentration 𝑁𝐷 and quantum-mechanic 

tunneling of the charge carriers through the barrier becomes more probable (due to 

the decrease of barrier width, see. Eq. (2.29)) we find  

 𝑅𝐶~ exp (
8𝜋√𝑚𝑛

∗ 휀𝑠𝑞𝑒𝑉𝐵𝑛

√𝑁𝐷ℎ
) .  (2.34) 

For reducing the contact resistance, the barrier height should be kept low and vice 

versa. 

Now look at the case in which the work function of the semiconductor is larger 

than of the metal, see Fig. 2.3 (c-d). Like we have seen for the Schottky barrier 

junction, the Fermi level in thermal equilibrium should line up but there is no barrier 

for electrons in the conduction band of the semiconductor to transfer to the metal. 

The absence of the barrier eases the current flow and the bands in the semiconductor 

bend downwards. There is no depletion region and due to the bending resulting from 

the differences in work function the electron density and negative space charge 

increase near the junction. In case of weak band bending the general current-voltage 

characteristic of a metal-semiconductor ohmic contact is given by simple linear 

relation. Large bend banding induces significant space charge formation under 

forward bias and a model of the space-charge-limited currents must be engaged [93], 

[94]. 

In case of a p-type semiconductor the rectifying contact is formed if qϕm < qϕs 

and respectively an ohmic contact is formed if qϕm > qϕs, see Fig. 2.5. 
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Fig. 2.5. The band diagrams of a metal and p-type semiconductor. (a) before and (b) 

after the conjunction with a metal of a smaller work function than that of 

semiconductor; (c) before and (d) after the conjunction with a metal of a greater 

work function than that of semiconductor. 

The height of the barrier for holes is given by  

 𝑞𝑉𝐵𝑝 = 𝐸𝐺 − 𝑞(𝜙𝑚 − 𝜒). (2.35) 
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2.5. Laser induced transient current technique 

 

2.5.1. Laser induced current waveforms 

 

In this chapter we present a procedure which enables to determine principal 

characteristics of radiation detectors via the laser-induced transient current technique 

(L-TCT). The approach is especially useful in detectors exhibiting polarization in the 

dark where the complex processes related to the space charge formation in the 

depletion region near the contact make the common analysis difficult [79], [80]. The 

theory is developed for the detector polarizing due to the carriers depletion induced 

by Schottky contact on the irradiated cathode as shown in Fig. 2.6. The space charge 

 

Fig. 2.6. Schematic view of the electric field profile in a detector with a positive 

space charge formed under the cathode. The laser illumination from the cathode side 

is used. The bias U > 0 marks the anode-cathode potential difference. 

 

is not electrically compensated by free carriers in the depletion region so that a linear 

drop of the electric field occurs. The validity of the theoretical concept is 

demonstrated on a fast polarizing n-CdTe detector in the dark, where all evaluation 

steps may be well tracked. The term ‘fast polarization’ is used to express the rate of 

the space charge buildup, which takes about 0.1s in contrast to multiple other 

measurements [95] where significantly slower space charge formation was reported. 

In our approach we demonstrated that, if the L-TCT synchronized with pulsed bias 
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was applied, even the fast polarization did not disable the use of the proposed 

treatment. 

Based on the model of detector polarization [34], a spatially constant space 

charge arising due to the electron detrapping from an electron trap and the positive 

space charge formation in the depleted region is assumed. The electric field profile 

E(x) may be then expressed in the form [79], [96] 

 −𝐸(𝑥) = 𝑚𝑎𝑥{0, −𝐸0 − 𝑎𝑥}, (2.36) 

where a=eN/(ε0εr). The values E0, e, ε0, εr, and N are the electric field at the cathode, 

elementary charge, vacuum and relative permittivity, and normalized space charge 

density expressed in cm
-3

 units, respectively. Note that the electric field is negative in 

the depleted region as the cathode is placed in x=0. Once N exceeds a certain value 

[79], the inactive region with a zero electric field appears near the anode ‘dead layer’. 

The space charge in the inactive region is reverted to zero as well. It was shown 

[97] that the current transient induced by moving electrons produced by the laser 

pulse may be expressed in a proportionality relation via a single exponent as 

 
𝑖(𝑡) ∝  𝑒

−(𝑎+
1

𝜇𝜏
)𝜇𝑡

= 𝑒−𝑐𝑡, (2.37) 

where µ is electron mobility, τ is electron lifetime and c (=aµ+1/τ) is a damping 

parameter characterizing current waveform (CWF) during the charge passing through 

the detector. Note that the exponential-shaped CWF may be used for the practical 

verification of the assumed constant N within the detector. We also point out that the 

detrimental effect of the surface recombination, which often hampers evaluation of 

the mobility-lifetime product by the fitting of the Hecht relation at L-TCT [98], does 

not affect the shape of Eq. ((2.37). 

Another feature characterizing the CWF termination is the transit time ttr 

defining the period of the electrons drifting to the anode. While in unpolarized 

detector ttr=L
2
/(µU), where L is the detector thickness and U is a bias, ttr in the 

polarized detector is obtained in the more complex form [97] 

 

𝑡𝑡𝑟 =
1

𝑎𝜇
𝑙𝑛 (

1 +
𝑎𝐿2

2𝑈

1 −
𝑎𝐿2

2𝑈

) (2.38) 

showing an effect of polarization on ttr. On inspecting Eq. (2.38), one may see that ttr 

is converging to infinity at aL
2
/(2U)→1. This effect is consistent with the full 

screening of the field near the anode and the appearance of the inactive region there. 
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It is apparent in Eq. ((2.37) that the CWF damping occurs for two principal 

reasons: (i) The damping due to the charge drift in the screened electric field 

represented by the parameter a and (ii) the charge trapping and recombination 

defined by 1/τ. Since both processes affect i(t) in Eq. ((2.37) in the same form, the 

effect of space charge and carrier trapping on CWF cannot be simply detached. A 

smart approach must be searched for the resolution of this task. Here we suggest two 

independent approaches for its solution. 

(A) The first method is based on an L-TCT monitoring of the space charge 

formation after the step-wise switch on the bias. This concept stems from the fact that 

the space charge is equal to zero in the detector in equilibrium at U=0 and grows only 

after the biasing [99]. Taking this fact into account, the damping parameter c may be 

measured as a function of the time delay after the biasing Δt, and τ is discovered 

according to the limit 

 𝜏 =
1

limΔ𝑡→0 𝑐(Δ𝑡)
. (2.39) 

Having τ, we may easily deduce the time dependence of a and N from known c. If the 

polarization is ruled by a single dominant trap, the dynamics of space charge density 

may be described by the simple exponential law  

 
𝑁(𝑡) = 𝑁𝑓 (1 − 𝑒

−
𝑡

𝜏𝐷) (2.40) 

with Nf defining the final N(t=∞) and the detrapping time τD correlating with the trap 

properties according to the Shockley-Reed-Hall model [100] 

 𝜏𝐷 =
1

𝑣𝑒𝜎𝑒𝑛1
, (2.41) 

where ve, σe, and n1 are the electron thermal velocity, thermal capture cross-section 

and electron density in case of Fermi energy EF being set to the deep level (DL) 

ionization energy, respectively. If measurements are done at variable temperature T, 

the obvious fit of the Arrhenius plot may be used for determining the trap energy ET 

and thermally determined capture cross-section σe(T): 

 
ln (𝜏𝐷 ∙ 𝑇2) = (

𝐸𝑇 − 𝐸𝐶

𝑘𝑏
)

1

𝑇
− ln (𝐴 ∙ 𝜎𝑒(𝑇)), (2.42) 

where A=2kb
2

 m
*
/(π

2
ħ

3
)=3×10

21
 (m

*
/m0) cm

-2
s

-1
K

-2
 with kb, m

*
, m0 and ħ are the 

Boltzmann constant, effective mass of free carriers, electron mass, and Planck 

constant, respectively. 
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(B) Another approach is based on the particular dependence of ttr on a in 

Eq. (2.38). Whenever a satisfies the condition 

 𝑎 =
2𝑈

𝐿2 , (2.43) 

ttr is converged to the infinity and CWF is turned into the single exponential shape. 

Such transformation can be identified by the measurement of the CWF shape and a 

may be fixed. Defining c by the fit of CWF with the single exponential function ∝ e-

ct
, the lifetime τ may be straightforwardly determined according to the formula 

 
𝜏 =

1

𝑐 −
2𝑈𝜇

𝐿2

. (2.44) 

While method (A) conveniently describes the detector at a high bias, the latter 

approach (B) is applied well at low bias where the detector charging often leads to 

the formation of the inactive region. The comparison of τ discovered according to 

Eqs. (2.39) and (2.44) affords us a convenient tool for the verification of evaluated 

quantities. 

The detector properties evaluated according to the above scheme may be 

further refined by involving additional electron traps released by the electron 

detrapping from depleted level. These extra traps reduce τ in the polarized detector 

according to the formula 

 
𝜏 =

𝜇𝑒 + 𝜐𝑒𝜎𝑒휀0휀𝑠

𝜇𝑒
𝜏0

+ 𝑐𝜐𝑒𝜎𝑒휀0휀𝑠

, (2.45) 

where τ0 is the lifetime in the uncharged (neutral) detector. Corresponding modified a 

and N are given by  

 
𝑒𝑁

휀0휀𝑠
= 𝑎 =

𝑐 −
1
𝜏0

𝜇 +
𝜐𝑒𝜎𝑒휀0휀𝑠

𝑒  
. (2.46) 

The coupling of τ, c and σe in Eq. (2.45) may be moreover used for the direct 

determination of σe by means of model B, in which τ and c may be found. A simple 

rearrangement of Eq. (2.45) results in the formula 

 

𝜎𝑒 =
𝜇𝑒 (1 −

𝜏
𝜏0

)

𝜈𝑒휀0휀𝑟(𝜏𝑐 − 1)
. (2.47) 

This approach completely relies on transient measurements and may be used in 

experiments done at a constant temperature. 
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2.5.2. Charge collection process in semiconductor radiation 

detectors 

 

The mobility-lifetime product, µτ, of charge carriers in detector can be determined by 

the Hecht’s equation. For the single carrier charge transport, the Hecht’s equation 

can be written as 

 
CCE =

𝑄

𝑄0
=

𝜇𝜏𝑉

𝑑2
[1 − 𝑒

−
𝑑2

𝜇𝜏𝑉], (2.48) 

where CCE, Q, Q0, d, and V are charge collection efficiency, charge induced at the 

device contact, total charge produced by the radiation interaction, device thickness 

and applied bias respectively. In the Hecht formalism a uniform electric field is 

assumed as a function of depth. In the case of the non-uniform electric filed the 

modified Hecht relation[79] is used. 

 

3. Experimental 

3.1. Samples 

 

Basic characteristics of the samples are given in Table 4. Semi-insulating CdTe and 

CdZnTe single crystals No 1-8 with a zinc content of about 4% and 10% were grown 

at the Institute of Physics, Charles University by the Vertical-gradient freezing 

method. The CdTe crystals were doped either with indium or with chlorine, whereas 

CdZnTe crystals were undoped or doped with indium. The p-Cd1-xMnxTe sample No 

9 was grown at Chernivtsi National University by the vertical-gradient freezing 

method with Mn content of 10%. All samples were prepared by the same approach. 

Samples were cut from a wafer by diamond saw and polished on an alumina powder 

with 1 µm grain size. Afterward, each side was chemo-mechanically polished 30 s in 

3% bromine-ethylene glycol solution [101], [102]. Finally, the samples were etched 

in 2% bromine-methanol solution for 1 min. After each chemical treatment, the 

samples were rinsed in methanol and acetone. Gold contacts for measurements were 

electrolessly deposited [103] on a pre-masked surface in 1% aqueous AuCl3 solution. 

Obtained crystals were rinsed in water and cleaned with acetone. PL spectra were 

measured on the same samples used for PHES measurements. 
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Table 4. Samples' data: sample number, conductivity and material type, zinc content, 

dopant, room temperature conductivity, Fermi energy, DL energies determined by 

PHES and estimated ZPL in PL, and band gap energy at 300 K. 

No 

(Group)
.
 

Material
 

Zn/Mn 

Content 

(%) 

Dopant 
Conductivity 

(Ω
-1

cm
-1

) 

Ec - EF  

(eV) 

Band gap 

energy 

(eV)
 

1(I) n-CZT
 

4.5 - 3.7×10
-9 

0.61 1.549 

2(II) n-CZT 3.5 - 1.1×10
-9

 0.65 1.544 

3(II) n-CZT 10 In 1.6×10
-10

 0.70 1.599 

4(III) n-CT  In 1.1×10
-9

 0.65 1.526 

5(III) n-CT  In 9.1×10
-10

 0.65 1.526 

6(IV) p-CT  Cl 1.6×10
-6

 1.03 1.526 

7(IV) p-CT  Cl 2.4×10
-6

 1.04 1.526 

8(V) p-CT  Cl 3.1×10
-8

 0.93 1.526 

9(V) p-CMT 10 - 9.1×10
-10

 1.10 1.62 

 

3.2. Photoluminescence 

 

Samples were placed in the Optistat helium flow cryostat (Oxford Instruments). PL was 

excited by a tunable Ti:Saphire laser Millennia Pro 5sJ (Spectra Physics) measured by 

the Bruker IFS 66s FTIR spectrometer equipped with a CaF2 beam splitter and a cooled 

InSb detector. Excitation radiation was blocked in front of the spectrometer by Semrock 

808 nm edge low pass filter (1.53 eV). The strongest luminescence signal was obtained 

by using the excitation photon energy slightly below the region of exciton absorption, 

i.e. in the spectral region of the Urbach tail about 20 meV below EG, where the 

absorption coefficient is of the order of 10 cm
-1

. In this case, almost all exciting radiation 

penetrated inside the bulk of the sample (apart from reflectivity), and it was absorbed 

therein. Then a suppression of PL signal by surface non-radiative recombination was 

reduced and bulk transitions were revealed [19], [33]. The band gap energies relevant for 
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PL were determined using spectra of free and bound excitons recombination excited by 

1.946 eV radiation (Radius Coherent laser) and detected by silicon photodiode in the 

IFS66s. 

3.3. Galvanomagnetic measurements 

 

The principle of classical Hall-effect measurements and photo-Hall effect 

spectroscopy are depicted in Fig. 3.1 and Fig. 3.2, respectively. Bar-like samples 

with typical dimensions of 2x3x12 mm
3
 were used in the classical six-contact Hall-

bar shape convenient for galvanomagnetic measurements. Hall-bar shape 

approximates the ideal geometry for measuring the Hall effect, in which the constant 

current density flows along the long axis (5 and 6) of a rectangular solid, 

perpendicular to an applied external magnetic field B. The ideal six-contact Hall-bar 

geometry is symmetrical. Side contact pairs are placed symmetrically about the 

midpoint of the sample’s long axis and located oppositely one another.  

 

Fig. 3.1. Classical six-contact Hall-bar configuration.  

 

This geometry allows us two equivalent measurement sets to check for sample 

homogeneity in both resistivity and Hall coefficient. Hall voltage contacts must be 

put far enough from to the sample’s ends to avoid short circuit of the Hall voltage 

that could lead to an underestimated actual Hall coefficient. To calculate the 

resistivity at zero magnetic field, we first calculate the resistivity 𝜌𝐴 and 𝜌𝐵 

measured between side contacts {2-3} and {1-4} on each side of the sample as 

shown in Fig. 3.1. The average value also includes different orientations of the 

applied current 𝐼+ and 𝐼−   
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 𝜌𝐴 =
𝑉56,23

+ − 𝑉56,23
−

𝐼56
+ − 𝐼56

−

𝑤𝑑

𝑙
       [Ω ∙ cm] (3.1) 

 𝜌𝐵 =
𝑉56,14

+ − 𝑉56,14
−

𝐼56
+ − 𝐼56

−

𝑤𝑑

𝑙
       [Ω ∙ cm] (3.2) 

Then the average resistivity is given by 

 𝜌 =
𝜌𝐴 + 𝜌𝐵

2
        [Ω ∙ cm] (3.3) 

These two resistivities should typically agree to within ±10%. If they do not, then the 

sample is too inhomogeneous or anisotropic. 

 

Fig. 3.2. Experimental set-up for conventional Hall effect, photo-Hall and 

photoconductivity measurements: 1 sample, 2 gold contacts, 3 silver wires, 4 

monochromatic light, 5 switch system with Hall effect card (Keithley 7001), 6 

system multimeter (Keithley 2000), 7 source for the electromagnet (15 A), 8 current 

source (Keithley 220), 9 picoammeter (Keithley 485), 10 GaAlAs diode for the 

temperature detection, 11 PC. 
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Hall coefficient is calculated by the same manner as an average resistivity but 

now the transversal Hall voltage between contacts {1-2} and {3-4} measured at 

different directions 𝐵+ and 𝐵−of magnetic field is taken into account: 

𝑅𝐻
𝐴 =

𝑉56,34
+ (+𝐵) − 𝑉56,34

− (+𝐵) + 𝑉56,34
− (−𝐵) − 𝑉56,34

+ (−𝐵)

𝐼56
+ (+𝐵) − 𝐼56

− (−𝐵) + 𝐼56
− (−𝐵) − 𝐼56

+ (−𝐵)

𝑑

𝐵
 (3.4) 

𝑅𝐻
𝐵 =

𝑉56,21
+ (+𝐵) − 𝑉56,21

− (+𝐵) + 𝑉56,21
− (−𝐵) − 𝑉56,21

+ (−𝐵)

𝐼56
+ (+𝐵) − 𝐼56

− (−𝐵) + 𝐼56
− (−𝐵) − 𝐼56

+ (−𝐵)

𝑑

𝐵
  (3.5) 

and the average value of Hall coefficient is given by 

 

 𝑅𝐻 =
𝑅𝐻

𝐴 + 𝑅𝐻
𝐵

2
  [C−1 ∙ cm3] (3.6) 

Measurements were performed at room temperature with a constant magnetic field B 

of 1 T. The longitudinal voltage V, current I, and the transverse Hall voltage VH were 

measured directly at the experiment. 

 

3.4. Photo-Hall spectroscopy measurements 

 

Prior to illumination, each sample was maintained in the dark for an extended 

period, typically 12 hours, to eliminate persisting effects of previous light exposure. 

The sample was then illuminated using a 100 W halogen lamp filtered through Carl 

Zeiss Jena quartz glass prism monochromator. All spectra were measured with a 

constant maximum monochromator input slit width, which yielded the wavelength 

dependent photon flux and consecutively normalized by the light source radiation 

characteristics. This approach was chosen with the aim to reduce the noise in the 

PHES spectra introduced by the rearrangement of the slit width at the constant 

photon flux measurement and exploiting nearly linear dependence of PHES signal in 

most situations. To fix possible deficiencies of this procedure, distinct regions of 

spectra were measured also in the regime with constant photon flux. It appeared that 

the differences between the minimum photon flux (1.2×10
13

 cm
-2

s
-1

) and maximum 

photon flux (7.2×10
13

 cm
-2

s
-1

) did not lead to a change in the character of the spectra. 

DL energies defined from these measurements did not deviate markedly from those 

found by using normalized flux spectra. Likewise, other systematic errors, like the 

monochromator tuning accuracy, temperature fluctuations, etc., did not lead to a 

change in the character of the spectra. The spectral resolution of the monochromator 
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was measured using Ocean Optics spectrometer. The resolution (defined by FWHM) 

grows nearly linearly from 0.01 eV at 0.5 eV up to 0.11 eV at 1.3 eV. The deep level 

threshold energies were identified from DWPHES spectra by monitoring μH and 

photoconductivity (PhC) spectra. 

The photon flux from the conventional lamp source (halogen or Mercury) 

filtered by a monochromator (the common output flux < 10
14

 cm
-2

s
-1

) did not allow 

sufficient minority carrier generation in the energy region below the Urbach tail due 

to strong recombination. To overcome this obstacle we upgraded the equipment and 

used a more powerful white laser with a maximal filtered output photon flux of 

1.3×10
15

 cm
-2

s
-1

. The laser source provides nearly constant photon flux in the 0.6 -

1.4 eV energy region which is in the most interest for deep level spectroscopy. The 

enhanced illumination allows separate experimental observation of both minority and 

majority carrier concentrations in p-type material. 

 

Fig. 3.3. Basic principles of DWPHES measurements. 

 

In addition to the low-intensity excitation with the monochromator we used 0.8 

eV, 0.95 eV, 1.26 eV, and 1.46 eV Thorlabs Laser Diodes with resolution 4 meV and 

the photon flux up to 2.5×10
17

 cm
-2

s
-1

. Fiber wavelength mixer was used to combine 

the two illumination sources and to provide homogeneous illumination of the sample 

by dual-wavelength illumination. The second source (laser diode) had the fixed 

photon energy and PHES spectra were measured with different monochromator 
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wavelengths. Basic principles of photo-Hall effect spectroscopy with dual-

wavelength illumination are shown in Fig. 3.3. 

The influence of the illumination on Au contacts was checked and maximal 

photo-voltage did not exceed one-tenth of the Hall voltage measured in PHES. DL 

threshold energies were identified from PHES spectra by monitoring the change of 

the slope of the considered curve representing the activation of generation channel. 

 

3.5. Laser induced transient current technique 

 

To illustrate the validity of the theoretical concepts outlined above in section 

2.5, n-type sample, No 4 in Table 4, was chosen for investigation. The detector was 

equipped with gold contacts and the temperature dependent L-TCT measurements 

were performed in the steady-state and in pulsed bias. The material and detector 

characteristics were as follows: the detector thickness L=1.7 mm, and resistivity ρ = 

10
9
 Ωcm. 

 

Fig. 3.4. The diagram of L-TCT setup for a transient current measurement 

 

To generate current waveform the detector was irradiated by a laser pulse (660 

nm wavelength, 2 ns pulse width as FWHM, and 3 mm
2
 focal spot area) of the laser 

diode powered by an ultrafast pulse generator. The detailed scheme of the L-TCT 

apparatus is shown in Fig. 3.4. To study the space charge formation dynamics, the L-

TCT setup was supplemented by an in-house constructed negative bias switching unit 

(5 ms rise time) driven by an arbitrary waveform generator as a master. The 
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generator was precisely synchronized with the laser diode pulse generator in order to 

enable the adjustment of a variable laser pulse time delay position within the 

switched-on bias interval. Pulse generator also triggers ultrafast digital sampling 

oscilloscope (40 Gs/s, resolution up to 11 bits, 4 GHz bandwidth) which measures 

the current. Arbitrarily adjustable pulse repetition rate and the bias on/off ratio were 

used to control the detector depolarization. In this setup, CWFs were recorded 

depending on the delay time Δt defined as the time interval between the bias pulse 

rising edge and the laser pulse occurrence.  

 

4. Photo-Hall effect spectroscopy and Photoluminescence in n-

type samples  

 

 Photo-Hall effect spectroscopy is used to study electrical properties of 

CdTe-based detector materials. As a result of much higher electron mobility, 

typically 𝜇𝑒 ≈ 10𝜇ℎ, low hole concentration can be hardly measured by PHES in the 

material with dominant electron concentration[38], see 2.10 where the electron 

impact is proportional to the second power of the electron mobility. Therefore, 

results for n-type and p-type materials are discussed in chapter 4 and chapter 5 

separately due to a different deep level detection approach. To enhance DL detection 

capabilities, PHES was further upgraded with dual-wavelength illumination for n-

type samples (Chapter 4.2) and with enhanced illumination for p-type samples 

(Chapter 5.2). 

 

4.1. PHES with single wavelength illumination 

 

High resistive CdTe and CdZnTe single crystals were measured by PHES and 

Photoluminescence spectroscopy PL with the aim to discover the position of deep  
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Fig. 4.1. Spectral dependence of the free carrier concentration determined by PHES 

for n-type samples No. 1 (red) and No. 4 (blue). Vertical arrows indicate DL 

threshold energies. The dashed lines mark corresponding dark carrier concentration. 

Spectra normalized to constant photon flux are shown by empty symbols. 

 

levels in the band gap. Illumination in the range of 0.65 – 1.77 eV, room 

temperature, and DC electrical measurements were used in case of PHES. Low 

temperature (4 K) photoluminescence spectra were recorded in the spectral range 

above 0.47 eV. Among all n-type samples, groups (I) and (II) were distinguished by 

the set of 0.8, 0.9, 1.1 eV or by 0.8, 0.9, 1.15 eV DLs and group (III) by the 0.9 and 

1.15 eV DLs absorption. Characteristic examples of PHES of samples No. 1 and 4 

are shown in Fig. 4.1. The sample No. 1 with the most distinct PHES showed a 

strong hysteresis in the PHES measured in the loop with continuously increasing and 

decreasing photon energy and constant measurement rate with a delay of Δt = 90 s 

between single measurements. Three hysteresis loops for three different slit widths 

representing an incident photon flux 5.0×10
13

, 2.6×10
13

 and 7.5×10
12

 cm
-2

s
-1

 at the 

central 1.13 eV photon energy are shown in Fig. 4.2. The characteristic time of the 

electron density relaxation e  60 s was deduced from the light ON/OFF 

photoconductivity measurement shown in Fig. 4.3 The long lifetime of photo-

induced electrons is assigned to the electron recombination on the 0.9 eV DL situated 

below EF, analogous to the level Et1 in Fig. 2.1  with a rather low electron capture 

cross-section e. The relaxation of  
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Fig. 4.2. Hysteresis loops of photoconductivity for the CdZnTe n-type sample No. 1. 

Full and open symbols show the spectra measured from low-to-high and high-to-low 

photon energies, respectively. The inset shows the PhC dependencies versus photon 

flux at 0.73, 0.83 and 1.03 eV photon energies. Curves for 0.73 eV and 0.83 eV were 

multiplied by a factor of 5. 

 

the photoconductivity can be used for the determination of e of the excited DL. The 

kinetic equation describing the electron relaxation after the switch of the excitation 

can be expressed as 

 ∂n

∂t
= −σeνen(Nt − nt) (4.1) 

where e, Nt, and nt are the thermal velocity of electrons, total DL density and the 

electron density on the level, respectively. Assuming electrons previously excited 

exclusively from the single DL, which was completely filled by electrons in the dark, 

the charge neutrality requests to fulfill the clause 

 n − n00 = Nt − nt (4.2) 

where n00 is the electron density in the dark. Substituting Eq. 4.2 into  

Eq. 4.1 we may obtain the solution of Eq. 4.1 in the form 

 n =
n0n00

n0 + (n00 − n0)e−σeνen00t
 (4.3) 

with n0 being the initial electron density at t=0. Inasmuch as electron density 

parameters n0 and n00 are defined by the experiment and e is given by well-known 
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formula [34], e remains the only parameter to be optimized in the fit of the PhC 

relaxation. The single parameter fit shown in Fig. 4.3 revealed e = 1.7 × 10
-17

 cm
2
. 

The fact that the fit resulted in 

 

Fig. 4.3. The PhC relaxation after illumination at 0.89 eV for 500 seconds measured 

in sample No 1. The dashed line is the fit according to the presented model. 

 

such a good agreement with experiment endorses the high validity of the model. The 

possibility to study transitions between this or similar DLs and the conduction band 

by PHES brings an important piece of knowledge on their properties. 

The DLs energies EC  0.9 eV and EC 0.8 eV accord with the energy of a hole 

trap with the trapping energy Eth = Eg  Ete ≈ 0.7 eV, which is close to often detected 

hole trap in radiation detectors, 0.64 eV [95] and 0.76 eV [104], identified as a 

principal DL responsible for polarization phenomena [25], [30]. Determination of e 

of hole trap levels localized below the middle of the band gap is unfeasible in 

thermal excitation techniques where the strong interaction of hole trap with the 

valence band disables an effective exchange of electron between DL and conduction 

band. An analogous statement may be formulated for the electron traps as well. In 

contrast to 0.8 eV and 0.9 eV DLs the third level characterized by the energy of 1.1 

eV did not reveal the hysteresis in the discerned time scale. 

The DLs placed near the middle of the band gap may be definitely assigned to 

the defect model No 1 shown in Fig. 2.1. The description with an alternative model 

No 2 fails due to the proximity of pertinent DL to EF, and its significant electron 
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occupancy. Such DL would cause a principal growth of the photoconductivity even 

at the lowest photon energies below Eg/2. Though the slight increase of the PhC at 

0.65 eV apparent in Fig. 4.1 indicates an existence of another less distinctive DL near 

EF at the energy Ec - 0.65 eV, the magnitude of the PhC increase is too low to 

support the validity of defect model No 2. Similar arguments were used in the 

interpretation of DLs in the samples of group (II). 

 

Fig. 4.4. PL spectra representing DLs transitions in CdZnTe and CdTe n-type 

samples. Affiliation of each curve is labeled by a number from the Table 4.  

 

In agreement with PHES, the measurement of PL shown in Fig. 4.4 for sample 

No. 1 confirms the presence of several deep levels in the 0.6 – 0.9 eV region [105]. 

Zero-phonon lines (ZPL) approximately corresponding to the difference of energies 

of excited and ground states without atomic rearrangement are placed in PL spectra 

well above the PL band maximum in the high-energy tail of the PL band [33], [106]. 

Estimated ZPL positions of the most pronounced bands are indicated in Attachments 

Table A where all DL data are summarized. The peak DLs energies deduced from PL 

spectra can deviate from the real value due to phonon replica structures at low 

temperatures (see Fig. 4.5) , the dependence of band gap [106] and DL energies per 

se on temperature, and nature of the defect. The estimated value of these deviations 

is ~ 0.1 eV [33], [107]. 
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Fig. 4.5. The basic defect model with pondered transitions. Blue upward arrows 

delineate principal optical excitation, dashed black arrows show thermally activated 

transition (or supplementary optical transitions) in the PHES and carrier capture with 

lattice relaxation in the PL measurement. The red downward arrows represent the 

radiative recombination detected by PL.  

 

In case of absent information on holes, PHES does not allow us to simply 

determine the type of the level significantly deviating from the midgap region. The 

level position either below EF inducing direct electron transitions to the conduction 

band or above EF with electron excitation from the valence band to the level and 

consecutively combined thermal and optical excitation to the conduction band 

outlined in Fig. 2.1 should be considered. We interpret all dominant transitions in n-

type samples characterized by an energy ≈ 1.1 eV by the defect model No 1 with DL 

energy at EC - 1.1 eV. Such result concerts with experimental data [27] while no 

pertinent level was found in the antipodal part of the band gap EV + 1.1 eV (see 

Table 2). 

 

4.2. PHES with dual-wavelength illumination 

 

4.2.1. Unusual Hall mobility and Photoconductivity decrease 

 

A single sample No 1 (Table 4) characterized by multiple unusual features like 

negative differential photoconductivity and anomalous depression of electron 
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mobility, see Fig. 4.6, was chosen for the detailed study involving measurements at 

both the steady and dynamic regimes. The electron lifetime, τe ≈ 120 ns was  

 

Fig. 4.6. Hall mobility spectra (a) and Hall mobility versus photon flux (b) at 0.8eV 

photon energy measured in samples No 1 (unusual behavior) and No 4 (common 

behavior). 

 

measured by L-TCT [99] in a pulsed bias regime where 5 ms voltage pulse allowed 

us to overcome the polarization of the device. Rather low electron mobility-lifetime 

product µeτe ≈ 10
-4

 cm
2
V

-1
 was determined by the Hecht equation fit according to 

Uxa et al. [108]. 
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Fig. 4.7. Hall mobility versus laser-induced photon flux at 0.8, 0.95 and 1.27 eV 

photon energy.  

 

In contrast to common high resistive detector grade CdZnTe and CdTe 

samples, where the illumination habitually induces an enhancement of the Hall 

mobility [109], chosen CdZnTe sample subjected to an extensive illumination 

showed an anomalous decrease of μH, see Fig. 4.6 and Fig. 4.7. Further investigation 

of the sample showed that PhC intensity dependencies (PhC  I
α
) reveal both 

superlinear regions [110] with α > 1 at low photon flux < 10
13

 cm
-2

s
-1

 at 1.0 eV 

photon energy and sublinear regions [111] with α < 1 at energies of 0.7, 0.8, 0.95, 

and 1.27 eV, see Fig. 4.8. Negative differential photoconductivity [69] was observed 

at 1.27 eV LD illumination with the photon flux above 5x10
14

 cm
-2

s
-1

. 

Simultaneously, an increasing noise of the signal represented by error bars in Fig. 4.8 

(a) appeared. 
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Fig. 4.8. PhC as a function of the high (a) and low (b) photon flux at 0.73, 0.8, 0.95, 

1.0 and 1.27 eV photon energies (hυ). The dashed curves show the fit with the SRH 

model discussed in the text with parameters in Table 5. The error bars appear only if 

standard deviation exceeds a symbol size. Roman numerals designate respective 

transitions defined in the deep levels model responsible for photoconductivity rise 

produced by free carriers generation. 

 

4.2.2. Deep level detection 

 

To discover the reasons of the above-mentioned effects (shown in section 4.2.1) as 

well as low µeτe and fast detector polarization [25], we have performed extensive 

DWPHES measurements in various regimes of simultaneous single and two-photon 
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illumination. Fig. 4.9 shows μH without and with an additional laser diode 

illumination. One can see threshold points near 0.75, 0.9, 1.0 and 1.2 eV in the 

spectra for all illumination regimes. In case of single wavelength illumination shown 

in Fig. 4.9(a), μH increases at 0.75 eV, 0.9 eV, and 1.27 eV photon energies. A 

significant decrease in μH can be observed after hυ >1.0 eV, region IV
a,b

+III. 

 

Fig. 4.9. Hall mobility spectra. Upper panel (a) shows PHES obtained without laser 

diode illumination. Bottom panel (b) gives plots of μH obtained by simultaneous 

illumination with monochromator and 0.8 eV laser light of different intensity. 

Vertical arrows indicate deep level threshold energies. The vertical and horizontal 

error bars represent standard deviation and monochromator experimental error, 

respectively. Roman numerals indicate energy regions representing different 

generation-recombination processes discussed later on. The inset picture shows a 

screening coefficient. 
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Similar effects are also seen after additional laser diode 0.8 eV illuminations, where 

in addition μH is suppressed below 0.9 eV. The spectrum without laser diode 

illumination appeared noisier than that with a laser diode, as denoted by vertical error 

bars in Fig. 4.9(a). Stabilization of the Hall voltage by additional laser illumination 

can be the keystone of this method, which can allow the Hall signal measurements 

not only in detector grade samples but also in the poorer quality ones. 

 

Fig. 4.10. Reduced photoconductivity spectra with the additional LD illumination at 

(a) 0.95 eV, 1.27 eV and (b) 0.8 eV. Black dashed curves with full bullets show 

spectra without additional illumination. Corresponding LD intensities were chosen to 

show best the effect of reduced PhC enhancement and suppression. 

 

A comparison of conventional PhC, 𝜎M, and PhC with additional laser diode 

illumination may be used for the identification of DLs position relatively to 

respective bands. With this aim, we define a reduced photoconductivity  𝜎𝑅 =

 𝜎𝑀+𝐿𝐷 −  𝜎𝐿𝐷 , where σM+LD, and σLD are the photoconductivities under simultaneous 

monochromator and laser illumination, and PhC produced by purely laser 

illumination, respectively. In this way  𝜎𝑅 and 𝜎M can be compared on the same 
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scale. Respective results are summarized in Fig. 4.10. While a suppression of R is 

observed in case of PhC after additional 0.8 eV or 1.27 eV laser diode illumination as 

an obvious consequence of the depletion of related DLs labeled ET2, ET3, and ET5 in 

the defect model, the 0.95 eV laser diode illumination gives an enhancement of R. 

We interpret this fact by a synergism of the excitation processes involving EV to ET4 

level transition at the energy of 1.0 eV and the ET4 to EC transition. Consequently, 

while DLs energies ET2, ET3, and ET5 are counted relatively to the conduction band, 

ET4 is expressed relative to the valence band. It is important to note here that another 

 

 

Fig. 4.11. The defect model of sample No 1 with outlined transitions. Full upward 

arrows delineate principal optical excitation, dashed arrows show thermally activated 

transitions (or supplementary optical transitions). The photon energies represent 

threshold energies defined by experiment. In case of upward arrows, Roman 

numerals show electron (hole) generation process activated by the photon energy 

hv>ET. A downward arrow with IV
a
 numeral represents electron capture process on 

the ET4 level associated with potential non-uniformities. Same Roman numerals are 

used in the discussion to indicate processes involved in generation (recombination) 

of free carriers.  

 

possibility of deep level positions in the band gap fails. The superlinear behavior, the 

same as the enhancement of the reduced photoconductivity at 0.95 eV, can't be 

reached by the level below Fermi energy. Such level must create positive charged 
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potential non-uniformities but in the n-type material the concentration of the minority 

holes is negligible. Hence this possibility is unlikely. Less impact from these DLs 

transitions is also observed in Fig. 4.9, where the value of μH in the region II+IV
a
 is 

suppressed and maximum rises of μH in the regions III+IV
a
 and V+IV

a,b
 are smaller 

in comparison with the spectra without laser diode illumination. The impact of DL 

ET1 on PhC remains untouched, mainly because of the nearly linear character of PhC 

vs photon flux apparent in Fig. 4.8(b) at 0.73 eV. The position of this level may be 

uniquely allocated relatively to EC as it is observed below the middle of the band gap 

excitation, where an opposite transition could not influence the electron density [48]. 

 

4.2.3. Theoretical simulations and negative differential 

photoconductivity 

 

Experimental results presented in Figs. 4.7-4.10 completed by given µeτe were 

incorporated into the simulations within the five-level scheme outlined in Fig. 4.11. 

Parameters σe2 = 2×10
-17

 cm
2
, σe3 = 1.7×10

-17
 cm

2
, σe5 < 10

-16
 cm

2 
were estimated 

from PhC transients measured on this sample [48]. For simplicity, deep level ET4 was 

considered as the level of an effective density NT4. The fit of PhC is shown by 

dashed lines in Fig. 4.12 where PhC was defined as PhC = eμH(n-n0). We treated the 

Hall mobility, concentration, and photoconductivity as effectively representing mean 

values through the sample. The electron mobility shown in Fig. 4.7 was used in the 

fit. First of all we found superlinear and sublinear behaviors of PhC that delimitated 

parameters of the deep levels ET3 and ET4, Fig 4.8(b) curves LD 0.95 and 1.0 eV. 

Secondly, the shape of NDPC shoulder was obtained at high flux 1.27 eV 

illumination, which defined the parameters of level ET5. The σe·NT1 product could be 

estimated from the electron lifetime obtained from pulsed L-TCT. The last step was 

the variation of the parameters to obtain a qualitative fit with all of the curves 

simultaneously. The parameters resulting from the fit are given in Table 5. Due to the 

lack of information about the levels ET1 and ET2 some parameters can vary over a 

wide range without an influence on the fit. Those values are not presented in the 

table. 
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Table 5. Parameters of the DLs model (sample No 1). 

DL ET1 ET2 ET3 ET4 ET5 

Position in 

the bandgap, 

eV 

Ec – 0.66 Ec – 0.75 Ec – 0.9 EV + 1.0 Ec – 1.2 

Nt, cm
-3

 10
14

 10
12 

10
14

 3×10
13

 10
15

 

σe, cm
2
 3×10

-15
 2×10

-17
 1.7×10

-17
 4×10

-20
 10

-14
 

σh, cm
2
 10

-15
 -

a 
10

-17
 10

-18
 8×10

-15
 

�̃�ei, 10
-17

cm
2 

470
b 

5 2.9 16 30 

�̃�hi, 10
-17

cm
2
 - 7 22 2.4 10 

PhC 

character 
Sub.

c 
Sub. Sub. Sup. Sub. 

a
The values can vary over a wide range without an influence on the fit. 

b
The values of �̃�ei and �̃�hi are given correspondingly at the 0.73, 0.8, 0.95, 1.0, and 

1.27 eV illumination energy. 

c
Sub./Sup.=Sublinear/Superlinear. 

 

SRH model simulations of the photoconductivity spectra with single and dual 

illumination regimes with parameters from the Table 5 are presented in Fig. 4.12. 

The suppressed and enhanced curves obtained by additional illumination follow a 

similar course as the experimental spectra in Fig. 4.10. Despite a good correlation, 

theoretical curves have a slightly different shape in the region hv > 1.0 eV. This can 

be explained by increased absorption in the region near the Urbach tail which is 

commonly observed in CdZnTe [19]. 

The prominent achievement was reached at the identification of deep level 

responsible for the drop of μH presented in Fig. 4.9. This effect is explicitly joined 

with the excitation of the deep level EV+1.0 eV labeled by IV in Fig. 4.11. Deep 

level ET4 is assumed to be acceptor so that it charges negatively with the electron 

filling. 
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Fig. 4.12. Reduced photoconductivity spectra with the additional laser diode 

illumination at (a) 0.95 eV, 1.27 eV and (b) 0.8 eV obtained by SRH theoretical 

simulation with parameters from Table 5. Black dashed curves show theoretical 

spectra without additional illumination.  

 

Electrons occupying the deep level ET4 produce negatively ionized charge 

(Fig. 4.11 IV
a
 and IV

b
) and create Coulomb potential non-uniformities [112] 

(CPNUs). We explain such correlation by a nonhomogeneous spatial distribution of 

defects on this level. Its charging entails a formation of CPNUs [113], which 

consequently influence the carriers transport [114]. We assume that the bulk of the 

sample may be divided into two regions as outlined in Fig. 4.13. Region 1 contains 

the level ET4 with abundant density, in contrast to region 2 with ET4 level suppressed 

density. While the level ET4 is nearly empty in the dark and related CPNUs and 

bands warping are small, the optical excitation results in the level ET4 filling and due 

to its nonhomogeneous distribution the CPNUs increase entailing observed μH 

reduction. Relevant model of the Hall and photo-hall effects in inhomogeneous 

materials was theoretically elaborated in Ref [78] and our findings agree well with 

that concept, see Fig. 3 in Ref [78]. Let us note that the explanation of the μH 
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depression by other contingent models fails. The μH limitation caused by the 

enhanced ionized impurity scattering is irrelevant at room temperature and ionized 

defect density significantly below 10
17

 cm
-3

, where μH is dominantly limited by the 

optical phonon scattering [115]. Similarly, the effect of holes on the μH reduction 

may be excluded due to the character of DWPHES signal, where an indication of 

sign conversion was never detected. 

 

 

Fig. 4.13. Schematic diagram of nonhomogeneous conductivity distribution in the 

sample at different illumination regimes. Region 1 and Region 2 present parts of the 

sample with and without deep level ET4. Electrons and empty circles show a relative 

change of carrier concentration in the conduction band and on the DL ET4. Roman 

numerals indicate processes in Fig. 4.11, which lead to the occupation of the level 

ET4. Dashed line outlines the scheme of NDPC induced by relative electron depletion 

in Region 1 at high excitation intensity. 

 

The enhancement of the Hall mobility occurs as a result of the compensation or 

screening of CPNU [112] by producing compensating charge on other DLs: ET1, ET2, 

ET3 and ET5. The mechanism may be visualized by defining a screening coefficient 
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fSCREEN=n
*
/nt4, which weighs the screening of the Coulomb interaction expressed by 

an effective concentration of the screening charge [116] 𝑛∗ = 𝑛 + 𝑝 + ∑ 𝑛𝑡𝑖(1 −5
1

𝑛𝑡𝑖/𝑁𝑡𝑖) and by the charge density nt4 on the Et4 DL responsible for CPNUs. 

Increased n
*
 enhances μH, which is damped by the population of Et4 DL. The shape 

of fSCREEN follows well the course of μH, see the inset in Fig. 4.9(a). The mobility 

enhancement in regions II+IV
a
, III+IV

a
 and V+IV

a,b 
points to the presence of the DLs 

with threshold energies EC - ET2= 0.75 eV, EC - ET3 = 0.9 eV, and EC - ET5 = 1.2 eV. 

The μH depression at the high intensity LD of 0.8 eV illumination apparent in Fig. 

4.9(b) is explained by the ET4 population via a transfer of electrons from ET1 or ET2 

DLs according to the scheme ET(1)2  EC  ET4 and by absorption of two photons 

by an excitation from the valence band through ET1 or ET2 DLs EV  ET1(2)  EC  

ET4. Let us note that weak depletion of DLs localized below EF results in an enlarged 

screening while a significant depletion of these levels with nti<Nti/2 damps the 

screening oppositely. 

As it was shown in Ref [78], the distinction of variations of n or µ is 

distinguishable in inhomogeneous materials and an attempt to derive right n or µ 

spatial distribution based on Hall data is not accessible. The appearance of NDPC 

points to the abnormality in the sample’s defect structure leading to redundant carrier 

recombination and deterioration of the detection properties of CdZnTe. The negative 

differential photoconductivity has not yet been reported in CdZnTe. In our 

measurement the NDPC was not observed at the energies hv < ET4-EC, see Fig. 4.8. 

At the same time the Hall mobility decreases monotonically at all enhanced fluxes, 

see Fig. 4.7. This effect can be explained by two different processes, which lead to 

filling of the level ET4.  The process IV
a
, see Fig. 4.11, dominates at the hv < ET4-EC 

and the increase of the free carrier concentration has a stronger influence on the 

photoconductivity than the decrease of mobility. The second generation channel is 

activated at hv > ET4-EC photon energies, which results in the increased DL ET4 

filling. Meanwhile, deep levels below Fermi energy are largely depleted from 

electrons due to intensive photo-excitation and the electron density decreases in 

Region 1, see Fig. 4.13. These two simultaneous events are described schematically 

in Fig. 4.13 by the transition labels (IV
a
 + IV

b
) defined in Fig. 4.11. Interestingly, the 

photon capture probability of process IV
a
 is higher than of IV

b
 channel, �̃�e4 > �̃�h4 see 
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Table 5. It results in the increase of PhC at relatively low photon fluxes (Iph < 8×10
14

 

cm
-2

s
-1

) at 1.27 eV illumination changing to NDPC at the high enough intensity.  

 

4.3. Chapter summary 

 

We have detected by PHES four DLs in n-type samples: (a) Ec – 0.65 eV (b) Ec – 0.8 

eV, (c) Ec – 0.9 eV, (d) Ec – (1.10-1.15) eV. All energies agree well with those 

identified by PL. The 1.30 and 1.35 eV DLs discovered by PL could not be identified 

by PHES due to the strong absorption by A-centres and by Urbach-type states [19]. 

Energies (b), (c), and (d) are also in agreement with [105]. For the placement of 

levels (a), (b), (c), and (d) the most effective approach appeared the comparison of 

detected transition energies with EF, which allowed us unique assignment of the 

transition to the defect model No 1 or No 2 in Fig. 2.1. It is important to note that 

DLs located in close proximity to the Fermi level can change recombination channels 

by pinning EF under high photon fluxes. The activation of additional recombination 

channels inevitably leads to the improper operation of the optoelectronic device [38]. 

The DL structure was further refined for sample No 1 by DWPHES using the 

monochromator excitation in the photon energy range 0.65–1.77 eV complemented 

by a laser diode high-intensity excitation at selected photon energies. We revealed 

that the Hall mobility and photoconductivity can be both enhanced and suppressed 

by an additional illumination at certain photon energies. The anomalous mobility 

decrease was explained by an excitation of the inhomogeneously distributed deep 

level at the energy Ev+1.0 eV enhancing thus potential non-uniformities. The 

appearance of negative differential photoconductivity was interpreted by the 

intensified electron occupancy of that level by a direct valence band-to-level 

excitation. Modified Shockley-Read-Hall theory was used for fitting experimental 

results by a model comprising five deep levels. Properties of the deep levels and their 

impact on the device performance were deduced. The DL EC-0.66 eV is responsible 

for low τe ≈ 120 ns of the free electron. It participates in the high-intensity excitation 

at 0.8 eV causing the population of ET4 (EV+1.0 eV). Electron traps ET3 and ET1 are 

responsible for the polarization of the detector. DL ET3 (EC-0.9 eV) is populated at 

similar energy as the hole trap ET4 and both DLs have similar concentrations. The 

DL ET4 is nearly unoccupied by electrons in the equilibrium and it becomes 
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negatively charged after the electron filling. Electron occupancy of this DL yields in 

the μH decrease. On the contrary, DLs ET2 (EC-0.75 eV), ET3 (EC-0.9 eV), and ET5 

(EC-1.2 eV) are nearly completely occupied in the equilibrium. They induce 

sublinear behavior of PhC. These DLs induce the μH restoration. Both suppression 

and enhancement of μH in the regions II+IV
a
 and III+IV

a,b 
are caused by the charge 

redistribution. The effects were successfully fitted by the developed DLs model. 

DWPHES allows us to clarify and reinterpret DLs detected by conventional PHES 

measurements, where DLs with threshold energies 0.66 and 0.75 eV, 1.0 and 1.2 eV 

were interpreted as two DLs with respective energy 0.8 eV and 1.15. NDPC was 

explained by the decrease of electron mobility caused by CPNUs, which dominates 

above the increasing electron concentration. Due to the saturation tendency of n at 

high illumination fluxes and the photon flux-induced CPNUs resulting in the 

decrease of effective electron mobility, a sharp suppression of PhC was seen at the 

photon flux 8×10
14

 cm
-2

s
-1

. The fitted shoulder to NDPC coincides with experimental 

data. 

 

5. Photo-Hall effect spectroscopy and Photoluminescence in p-

type samples 

 

P-type semiconductor samples were studied by PHES measurements to reveal their 

DL structure. Chapter 5.1 shows limitations of PHES with a conventional 

illumination source (typically < 10
14

 cm
-2

s
-1

). In Chapter 5.2 PHES with enhanced 

illumination is presented which allows extending PHES DL detection capabilities.  

 

5.1. PHES with conventional illumination sources in p-CdTe 

 

Typical PHES spectra of measured p-types excited with monochtomator at low 

photon flux, I = 7x10
13

 cm
-2

s
-1

, are plotted in Fig. 5.1. The group (IV) samples were 

characterized by higher conductivity and they did not revert to the n-type even at the 

highest accessible optical excitation; the group (V) sample changed the sign of RH at 

the monochromator excitation above 1.35 eV. The PHES spectra of group (IV) and 

(V) samples are shown correspondingly in the top and bottom panels in Fig. 5.1. For 

all p-type samples very weak hysteresis effects were observed. 
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Fig. 5.1. Spectral dependence of RH (empty bullets) and PhC (full bullets) of p-type 

samples No. 7 and 8, plotted in the upper part (i) and the bottom part (ii), 

respectively. The dashed lines mark RH in the dark. For better visualization, the stars 

show the parts of PhC curves 10× or 100× enhanced. Vertical arrows indicate DL 

threshold energies.  

 

The analysis of PhC with respect to the defect models in Fig. 2.1 allowed us the 

direct assignment of model No 2 with DLs localized above Fermi energy Ev + 0.7 eV 

and Ev + 0.85 eV to the transitions in both groups. Model No 1 is excluded because 

EF is situated below the midgap region and concerned DLs are nearly electron-free in 

the dark. More detailed inspection, however, raises doubts on a straightforward 

interpretation of transitions with energies well above Eg/2 by model No 2. The reason 

stems from pretty unconvincing properties of pertinent DLs, which impeach this 

model. At first, the DL would have to be characterized by very low thermal and 

optical electron excitation to the conduction band inhibiting the sign reversal in 

group (IV) samples. Secondly, the positive sign of RH even above the bandgap 

excitation with significant enhancement of PhC testifies to an existence of a 

recombination level suppressing photo-excited electrons in these samples. Such level 
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captures photo-excited electrons regardless of the nature of the excitation process and 

enhances carrier’s recombination. Consequently, the direct identification of DLs 

cannot be simply deduced from the sign of RH. Furthermore, levels at the 1.25 eV 

energy were rarely observed near the conduction band [31] in contrast to the 

proximity of the valence band where relatively shallow levels at the energy Eg1.25 

eV ≈ 0.25 eV are routinely reported [27], [31]. 

PL spectra measured for samples No 7 and No 8 are shown in Fig. 5.2. DL 

bands with threshold energies at 0.85, 1.05, 1.2 and 1.25 eV can be found. 

 

Fig. 5.2. PL spectra representing DLs transitions in CdTe p-type samples. Affiliation 

of each curve is labeled by a number from the Table 4.  

 

The most realistic model of DLs involving recombination level disables the 

unique interpretation of transitions at energies well above Eg/2 by using PHES either 

as a single technique or supplemented by PL. On the other hand, the possibility to 

explore the recombination levels by PHES represents a considerable advancement in 

the research of properties of DLs. The importance of recombination levels for the 

understanding of charge dynamics in radiation detectors was highlighted in several 

recent papers [117]–[119]. 

With the aim to probe the DLs structure in p-type samples more deeply, we 

completed the excitation sources and used 0.95 eV and 1.26 eV Laser Diodes, which 

allowed us a significant enhancement of the excitation intensity. The most important 

results obtained on sample No 8 are shown in Fig. 5.3. The possibility to reach 

negative RH in the group (V) sample attests to the damped activity of recombination 
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level compared to the group (IV) samples. Analyzing comprehensively PHES as 

plotted in Figs. 5.1(ii) and 5.3, we may identify a tendency of this sample to conserve 

RH>0 at given hole density fixed at the lower photon energy excitation. For example, 

while in Fig. 5.1(ii) the RH<0 appears at the photon energy above 1.35 eV and the 

PhC less than 1.5×10
-8

 Ω
-1

cm
-1

, the excitation at 1.26 eV yields the RH sign change at 

the PhC above 3×10
-8

 Ω
-1

cm
-1

. In addition, the excitation at 0.95 eV did not produce 

RH<0 even at the highest photon flux where PhC exceeded 1.5×10
-8

 Ω
-1

cm
-1

. On 

extrapolating PHES performed at 0.95 eV excitation to a higher photon flux, the PhC 

corresponding to the RH sign change results similar to the case of 1.26 eV excitation. 

As PhC is dominantly mediated by holes in p-type samples, we may conclude that 

the excitation well below Eg enhances the holes against electrons. This finding 

indicates the validity of model No 2 in Fig. 2.1 putting the level observed at 1.0 eV 

in sample No. 8 to the energy Ev + 1.0 eV. The RH sign change above 1.35 eV at the 

low-intensity monochromator excitation accords with model No1 and setting of the 

1.25 eV DL to the energy Ec–1.25 eV. 

 

 

Fig. 5.3. Photo-Hall coefficient and PhC of sample No. 8 as a function of the photon 

flux at 0.95 eV (blue, triangles) and 1.26 eV (red, bullets) photon energy. 
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The drop of PHES spectra in all n-type and p-type samples at the photon energy 

above 1.45 eV occurs as a result of the enhanced interband light absorption followed 

by strong surface recombination reducing the free carrier concentration in the sample 

[19], [120], [121]. 

 

5.2. PHES with enhanced white laser illumination in p-Cd1-

xMnxTe 

 

It was shown in the previous chapter that enhanced monochromatic illumination 

brings detectable minority carrier signal at PHES measurements. A single sample No 

9 (group V, Table 4) was chosen for the detailed study involving PHES 

measurements with enhanced illumination. 

 

5.2.1. Deep levels, carrier mobility, and negative differential 

photoconductivity 

 

Photoconductivity and Hall mobility spectra measured in the energy range 0.6-1.8 eV 

under three different photon fluxes are presented in Fig. 5.4. One can see rises and 

the change of the PhC slope at 0.63, 0.9, 1.0 and 1.3 eV photon energies related to 

the presence of DLs near these threshold energies. It is important to note here that 

PhC starts to saturate and change the sign of the derivative in the energy region 0.96 

-1.3 eV, Fig. 5.4(a). This effect is known as the negative differential 

photoconductivity. The Hall mobility 𝜇𝐻 starts to increase from 0.62 eV up to 0.96 

eV where it starts to saturate, Fig. 5.4(b) Region I. The increase of μH in the p-type 

sample is reached by the free holes  
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Fig. 5.4. Photoconductivity (a) and Hall mobility (b) spectra at different photon 

fluxes. Vertical arrows show the deep level threshold energy. Full/empty symbols 

correspond to positive/negative VH. The same notation is used throughout in this 

section. 

 

generation according to Eq. (2.11) associated with the transitions to DLs from the 

valence band in this energy region as it was mentioned in section 2.2. The μH 

decrease can be observed at hv >0.96 eV, Region II, and the negative sign of VH  is 

reached near 1.3 eV for a maximal photon flux of 1.3×10
15

 cm
-2

s
-1

. The decrease of 

μH is caused by free electrons generated in this region. One can see that the sign 

change of μH depends on the illumination intensity being shifted to higher photon 

energy at decreasing photon flux 9×10
14

 cm
-2

s
-1

 and 4×10
14

 cm
-2

s
-1

. In contrast to the 

abrupt change of μH induced by photo-electrons, PhC remains stable in the energy 

region 1.0-1.4 eV, which proves the stable hole density dominating in σ and PhC. 

Once a negative sign of VH is reached, μH increases with the further increase of the 

photon energy in agreement with Eq. (2.10-2.11). 
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To find the position of DLs relatively to Ec and Ev, i.e. to distinguish the level 

model 1 and 2 outlined in Fig. 2.1, free carriers concentrations spectra are needed. 

For evaluation of n and p from Eq. (2.10), and Eq. (2.12) in the mixed conductivity 

regime corresponding mobilities µe and µh must be known. The theoretically 

predicted values were often chosen in the photo-Hall measurements in CdTe [6] and 

perovskites [12]. However, such choice is not convenient for this analysis and it can 

lead to incorrect conclusions. 

 

Fig. 5.5. Hall mobility measurements at high photon flux with photon energies 1.46 

eV (a) and 0.95 eV (b). Horizontal arrows and the dashed lines show saturation 

values of the Hall mobility associated with electron and hole mobility. The solid and 

empty symbols represent data with the positive and negative sign of VH, respectively. 

 

The real value of mobility affected by actual free carrier density must be measured 

directly. According to Eq. (2.11) electron or hole mobility can be found in the 

conditions where only one type of carriers is dominating. As we already found 

energy regions I and II, where photoexcited holes (with maximal hole mobility at 

~0.96 eV), and electrons (with maximal electron effect at ~1.45 eV) dominate, μH 
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was measured as a function of photon flux at these energies using laser diodes as an 

enhanced illumination source. We show in Fig. 5.5 the rapid increase of μH both for 

electrons in Fig. 5.5(a), where the μH saturates at 925±11 cm
2
s

-1
V

-1
, and for holes in 

Fig. 5.5(b) with saturation at 59.6±0.4 cm
2
s

-1
V

-1
. Saturated values of the Hall 

mobility observed in Fig. 5.5 (a)-(b) are further associated with free carriers mobility 

in the homogenous material. 

 

Fig. 5.6. Hole (a) and electron (b) concentration spectra at different photon fluxes. 

The vertical arrows show DL threshold energies. Vertical dash lines separate the 

region of negative differential photoconductivity. 

 

Free electron and hole concentration spectra in the energy range 0.6-1.8 eV 

calculated from Eq. (2.10-2.12) and data from Fig. 5.4 using saturation values of the 

Hall mobility are presented in Fig. 5.6. One can see the rise of the hole concentration 
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at energies 0.63 and 0.9 eV. These changes of the spectra are associated with a 

photon induced transitions from the valence band to DLs with threshold energies Et1 

= EV + 0.63 eV, and Et2 = EV + 0.9 eV. No free electron generation is detected in the 

energy region hv < 0.96 eV as can be seen from Fig. 5.6(b). Therefore, free electrons 

are neglected in region I. Corresponding transitions and DLs threshold energies are 

schematically shown in Fig. 5.7. The rise of the electrons concentration can be 

observed at 0.96 eV and 1.25 eV photon energies and it is associated with electron 

transitions from the DLs localized below or close to the Fermi level with threshold 

energies Et3 = Ec – 1.0 eV and Et4 = Ec – 1.3 eV (taking into account the resolution of 

the output light), which are the subject of model 1 discussed further, or secondary 

transitions from alternative DLs Et3 = EV + 1.0 eV and Et4 = EV + 1.3 eV related to 

model 2. The rise of the electron concentration n is followed by saturation and 

decrease of the hole concentration p. In view of the fact that NDPC appears at similar 

photon energy where electrons start to operate, we deduce that principal 

recombination level responsible for electron-hole recombination rules the process.  

 

 

Fig. 5.7. The defect model 1 with marked transitions. Full upward black arrows 

delineate principal optical excitation. Bold and dashed red arrows show the 

generation-recombination traffic which leads to electron-hole fast annihilation and 

decrease (saturation) of holes concentration under illumination. 
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The PhC decrease in this region is damped by the free-electron rise in NDPC region. 

It is important to note that DLs threshold energies can be mistakenly shifted at lower 

illumination photon fluxes and such tendency can be seen in Fig. 5.6(b) near photon 

energy 1.0 eV. The conventional light sources [48] often used with monochromator 

has the maximal output photon flux of 10
14

 cm
-2

s
-1

. The electron concentration at 

photon fluxes less than 4×10
14

 cm
-2

s
-1

 was undetectable. 

 

5.2.2. Deep level detection and charge carrier Shockley-Reed-Hall 

simulations 

 

In this section we introduce results of SRH simulation representing the fit of all 

experimental data according to Eqs. (2.13)-(2.15) with parameters summarized in 

Table 6, denoted as model 1(a). Models 1(b) and 1(c) depict simulations where the 

variation of DL parameters take place to see the influence of DL properties on the 

studied effects, see Table 7. The model 2 is a simulation with alternative DLs 

position above EF mentioned in section 2.2. 

 

Table 6. Deep level parameters of the model 1(a), sample No 9. 

DL Et1 Et2 Et3 Et4 

Position in 

the bandgap, eV 
EV + 0.63 EV + 0.9 EC - 1.0 Ec – 1.3 

Nt, cm
-3

 10
13

 6.5×10
12

 3.5×10
12

 8×10
12

 

σe, cm
2
 3×10

-17
 9×10

-13
 5×10

-14
 2×10

-14
 

σh, cm
2
 4×10

-16
 5×10

-14
 5×10

-13
 3×10

-19
 

nti/Nti
* 

0.35 10
-5 

0.49 1 

*The relative deep level occupation at the equilibrium. 

 

Holes and electrons concentrations calculated according to Shockley-Reed-

Hall model simulations completed by four DLs from the model 1 and model 2 are 

shown in the Fig. 5.8 by dash and dash-dot lines, respectively. DL threshold energies 

Et1 and Et2 are fixed in both models as these energies appear safe. The variation of 

the model parameters over a wide range according to the DL parameters found in the 

literature [64], [122] showed that competing model 2 fails to obtain electron 
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concentration Δn > Δp in the region hv > 1.0 eV, because an emission-like electron 

generation is followed by a strong hole generation. Moreover, p decrease and NDPC 

are unreached by the same reason. Free holes and electrons behavior in this region 

exclude the possibility of another DL localization in the band gap (with Et > EF), 

where electron rise is produced by secondary electron generation. On the contrary, 

model 1 shows good results in simulation of the PHES spectra, see curve model 1(a) 

in Fig. 5.8. This proves the validity of the proposed PHES deep level detection 

concept. Note that DLs Et1, Et2, and Et3 have similar activation energies which can be 

hardly resolved by photoluminescence or thermal activation methods where DL band 

overlapping occurs [34], [48]. According to model 1(a) and Table 6 the electron 

lifetime τe = 5 ×10
-9

 s is controlled by electron trap DL Et2 due to strong 

recombination. DL Et3 plays a minor role in the electron trapping due to lower 

concentration and electron capture cross section. The majority hole lifetime τh = 10
-7

 

s is controlled mainly by the hole trap Et3. 

 

Table 7. Variation of deep level parameters of the model 1(a). 

Model No: Changed parameters: 

model 1 (b) σh2, 1(b)  = 10×σh2  = 5×10
-13

 cm
2 

model 1 (c) Nt2, 1(c) = 10×Nt2, 1(c) = 6.5×10
13

 cm
-3 

model 2 Et3, (2) = EV + 1.0 eV; Et4, (2) = EV + 1.3 eV 

 



64 

 

 

Fig. 5.8. The dashed (dash-dot) curves show SRH model simulations for two 

possible models (model 1(a) and model 2). Models 1(b) and 1(c) show SRH 

simulation in case of increased capture cross section and defect concentration of the 

recombination DL correspondingly. Theoretical curves are calculated for the 

maximum photon flux. Model 2 and model 1c curves are slightly shifted 

upwards/downwards for better visualization. The solid line with squares shows 

experimental data from Fig. 5.6 the maximum photon flux. 
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5.2.3. Negative differential photoconductivity characterization and 

charge carrier transport simulations under high illumination 

flux 

 

Following to experimental results and SRH simulations, the electron generation in 

the region II is provided by DLs Et3 and Et4 localized below EF (model 1) and the 

hole concentration rises are induced by Et1, and Et2. According to model 1(a) the 

effect of NDPC detected in Fig. 5.4 (a) is produced by the decrease of the holes 

concentration confirmed in the experiment, Fig. 5.6(a). The decrease of the majority 

carrier’s concentration under sub-bandgap illumination is reached by minority 

carrier’s fast recombination supported mainly by DL Et2 and as result of electron-

hole annihilation, as it shown in Fig. 5.7 by bold and dashed red arrows (processes 

A-D). DL Et2 is empty enough to provide strong recombination channel for free 

electrons. The decrease of hole and increase of electron concentrations match the 

experimental points in NDPC region and confirm the reliability of the proposed deep 

level assisted NDPC model. 

For further calculation, we chose trap Et2 as the most important recombination 

channel to show the dependence of the main NDPC effects on DL parameters. 

Another DLs are occupied and have insufficiently low carrier capture cross sections. 

Therefore, they can hardly serve as strong recombination channel. The effect of holes 

concentration decrease associated with NDPC depends on the capture cross section 

σh2 which represents the hole recombination rate of the DL, see Eq. (2.17). The curve 

of model 1(a), in Fig. 5.8 shows results for σh2 =5×10
-14 

cm
2
 and the model 1(b) 

represents simulation where σh2, 1(b) =5×10
-13 

cm
2
. The hole concentration decrease 

can be stimulated even more expressively and the concentration p < p0 can be 

reached by the σh2 increase. A similar effect can be produced by electron photo-

generation (~ 𝐼�̃�ei in Eq. (2.18) increase from the DLs Et1, Et3, or Et4. The effect of the 

carrier decrease under illumination below the dark equilibrium values is known as 

absolute negative photoconductivity. We found that decrease in the hole 

concentration in NDPC region is not observed for capture cross sections σh2 < 2×10
-

14 
cm

2
.  

To show the effect of the recombination DL concentration on p decrease we 

developed the model 1(c) where the concentration of the recombination channel DL 
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Et2 (2×10
13

 cm
-3

) is higher by the order of magnitude than in model 1(a) (6.5×10
12

 

cm
-3

), see spectra in Fig. 5.8 (dotted purple line). Despite the fact that the electron 

lifetime is dropped from the value 5 ×10
-9

 s to 5×10
-10

 s the decrease of p in the 

NDPC region is completely suppressed. The main reason of this result is comprised 

in the increase of DL Et2 concentration, which also implies the increase of the terms 

𝜎ℎ𝑖𝜈ℎ(𝑁𝑡𝑖 − 𝑛𝑡𝑖)𝑝1𝑖 and 𝐼�̃�ℎ𝑖(𝑁𝑡𝑖 − 𝑛𝑡𝑖) responsible for free holes thermal and 

optical generation, see Eqs. (2.14), (2.17) and (2.19). Meanwhile, the recombination 

term 𝜎ℎ𝑖𝜈ℎ𝑛𝑡𝑖𝑝 and electron generation term 𝐼𝑐𝑖 =  𝐼�̃�𝑒𝑖𝑛𝑡𝑖 are increasing slowly due 

to emptiness of the DL above EF. That’s why free holes concentration increases in 

NDPC region and does not decrease when DL concentration increases. It is important 

to remind that the deep level Et3 acts as an alternative recombination channel in case 

of the absence of the deep level Et2. Therefore, to define the lower concentration of 

the recombination channel at which NDPC is observed, DL Et3 must be included for 

analysis. We have found that the decrease of the holes concentration under 

illumination was observed when DL concentrations met the following relation 

 1010𝑐𝑚−3 <
𝑁𝑡2 + 𝑁𝑡3

2
< 2 × 1013𝑐𝑚−3. (5.1) 

As one can see, even in the material with relatively low defect concentration [104] 

NDPC can be stimulated. Multiplying left part on the limit value for capture cross 

section we get NDPC lower limit rule for CdMnTe material. 

 𝑁𝑡𝜎ℎ > 2 × 10−4𝑐𝑚−1. (5.21) 

It should be noted that in case of absence of the electron generation channels (DLs 

Et3 and Et4 localized below EF) the NDPC effect vanishes, see Fig. 5.8(a) model 2. 

This illustrates an important fact that both recombination and minority carrier 

generation channels must be present in the material showing the negative differential 

photoconductivity effect. 

The sub-bandgap illumination is often used to study the detector’s performance 

instead of X- and gamma-ray or alpha particle radiation sources [123], [124]. The 

carrier concentrations of Cd1-xMnxTe and detector grade CdTe (CdTe sample without 

NDPC effect) were studied under extensive 1.46 eV laser illuminations, to show the 

influence of discovered DLs and NDPC on the material absorption properties. One 

can see in Fig. 5.9 that the hole concentration starts to saturate and reaches the 

saturation value of 1.8×10
9
 cm

-3
 at photon flux 7×10

16
 s

-1
cm

-2
 in Cd1-xMnxTe sample. 

The further increase of the photon flux does not yield in the free holes concentration 
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enhancement. The suppression of p is followed by a slow superlinear increase of n. 

The proposed NDPC deep level model 1(a) presented by a solid curve is in a good 

agreement with experimental data. Experimental data and SHR simulations with DLs 

positions in the bandgap discovered by PHES show that such holes suppression and 

superlinear electron raise are the consequence of the recombination through half 

empty DL Et2 (and partially DL Et3) and further electron-hole annihilation. Numerical 

simulations also show that in the absence of the electron generation channel depicted 

in model 2 no NDPC can be observed and the same as for PHES spectra electron 

generation is followed by the higher hole concentration. In case of accentuated 

recombination channel, model 1(b), the appearance of NDPC effect is followed by 

ANPC at higher flux as it was predicted by the PHES spectra simulation Fig. 5.8(a) 

NDPC region. 

 

Fig. 5.9. (a) Electron and (b) hole concentration as a function of photon flux at 1.46 

eV high-flux illumination in Cd1-xMnxTe. Dashed curves show SRH simulations with 

DLs from Fig. 5.7 (model a). 

 

The occupancy of deep levels of model 1(a) as a function of photon flux is 

shown in Fig. 5.10 by means of reduced filling factor Fi(I). The electron generation 

at 1.46 eV photon energy is supported by DLs Et1, Et3 and Et4 as it can be seen from 

the depletion of the corresponding DLs. The recombination of minority electrons is 

driven by DLs Et2 and Et3 where the increased occupation of DLs is observed. Note 

nontrivial occupation shape of DL Et3. According to Eq. (2.13) the generation rate 𝐼𝑐𝑖  

is connected to recombination rate 𝑈𝑖
𝑒. With increasing illumination intensity both 
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terms are increasing, see Eqs. (2.13) and (2.18). Due to initial depletion tendency of 

DL Et3, the electron thermal emission part of the net recombination rate 𝜎𝑒𝑖𝜈𝑒𝑛𝑡𝑖𝑛1𝑖 

is decreasing in comparison to equilibrium state. On the contrary, the electron 

capture rate 𝜎𝑒𝑖𝜈𝑒(𝑁𝑡𝑖 − 𝑛𝑡𝑖)𝑛 is increasing and predominates the thermal emission 

part.  

 

Fig. 5.10. Deep level reduced filling factor calculated by SRH theory for model 1(a) 

with deep levels from Fig. 5.7. 

 

Similar tendencies are observed for the hole associated processes 𝑈𝑖
ℎ and 𝐼𝑣𝑖 . The 

steady state conditions for trapped electrons (holes) are preserved in Eq. (2.22). Note 

that the electron generation rate 𝐼𝑐𝑖  is proportional to 𝑛𝑡𝑖 and hole generation rate 𝐼𝑣𝑖  

is proportional to 𝑁𝑡𝑖 − 𝑛𝑡𝑖. Due to the initial tendency of electron depletion of partly 

filled DL, hole generation rate is increasing faster than the electron one. This synergy 

of facts leads to nontrivial DL Et3 occupation. To emphasize the influence of the 

electron recombination trough DL ET3 on non-trivial occupation behavior (process A, 

Fig. 5.7), we present occupancy profiles for enlarged and reduced electron capture 

cross section 𝜎𝑒𝑖 in Fig. 5.10(c). The understanding of complicated dynamics of the 
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space charge in radiation detectors utilized at high flux was a serious problem so far 

[24], [80], [125]–[127]. 

 

5.2.4. Chapter summary 

 

We have detected by PHES four DLs in p-type samples listed below: Ev + 0.70 eV, 

Ev + 0.85 eV, Ec – 1.25 eV, Ev + 1.0 eV. All energies agree well with those identified 

by PL. In the case of DLs Ec – 1.25 eV the recombination level participating in the 

charge dynamics disabled our unique localization of levels. DL threshold energy was 

interpreted by means of additional measurement of photon flux dependence. 

The DL structure was further studied for CdMnTe sample No 9 (group V) by 

PHES with enhanced illumination. We showed that values of minority (925±11 cm
2
s

-

1
V

-1
) and majority (59.7±1 cm

2
s

-1
V

-1
) carriers mobility can be measured directly 

using proper illumination energy and information about the relative DL position in 

the bandgap obtained from photo-Hall effect spectra. Four deep levels with 

ionization energies Et1 = EV + 0.63 eV, eV, Et2 = EV + 0.9 eV, Et3 = Ec – 1.0 eV and 

Et4 = EC – 1.3 eV were detected in p-type CdMnTe and relative positions in the 

bandgap were verified by comparison of photogenerated electron and hole 

concentrations. The proposed concepts were analyzed and alternative DL models 

were rejected by Shockley-Reed-Hall charge generation-recombination simulations. 

We showed that the extended operation photon fluxes (I > 4×10
14

 cm
-2

s
-1

) used in the 

spectra acquisition is a keystone of the PHES method.  

We explained the appearance of negative differential photoconductivity by fast 

minority carrier recombination through the nearly empty DLs and subsequent 

electron-hole annihilation, which leads to a decrease or saturation of majority carrier 

concentration. We also presented the comprehensive analysis of NDPC effect by 

means of SRH simulations. We showed that both recombination and generation 

channels are necessary to obtain NDPC. The dependence of the effect on DL 

parameters such as carrier capture cross sections and DL concentration as well as the 

connection between negative differential photoconductivity and absolute negative 

photoconductivity was discussed. The influence of such effect on the material 

performance was studied in the regime of enhanced laser illumination at hv = 1.46 

eV. The effect can be observed even in a material with relatively low defect 
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concentration and it can be suppressed by the decrease in deep level concentration. 

The occupation of DLs was studied by means of SRH simulations. Nontrivial 

occupation shape of a hole trap with activation energy EC – 1.0 eV was detected and 

explained by a synergy of enhanced electron recombination and hole generation. 

All DLs detected by PHES in samples from Table 4 are summarized in Attachments, 

Table A.  

 

6. Characterization of polarizing semiconductor radiation 

detector by laser-induced transient currents 

 

 

Fig. 6.1. (a) L-TCT CWFs measured at 40V, 100 V, 250 V and 550 V bias in the 

pulse with Δt=10ms and steady-state (DC) regimes corresponding to the flat/tilted 

CWFs. (b) L-TCT CWFs measured at 250 V bias in the pulse mode. Each waveform 

was obtained with given delay time Δt. Dashed lines plot the exponential fit of 

transients. The inset shows the space-charge density as a function of the delay time 

according to Eq. (2.40). 
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In previous chapters we showed DL structure of multiple samples detected by 

PHES measurements. In this chapter we study the polarization of CdTe detector 

produced by the space charge associated with mentioned charged DL states. The 

influence of the space charge on main detector properties is presented based on L-

TCT measurements at pulsed and DC regimes. Sample No 4 presented in Table 4 

was chosen. The electron mobility, µ=1050 cm
2
/Vs, was determined from the bias 

dependence of the drift velocity fit according to Suzuki et. al [99]. 

Examples of CWFs after the Δt=10ms pulsed and steady-state biasing by 40 V, 

100 V, 250 V, and 550 V are plotted in Fig. 6.1(a). One can see the influence of the 

positive space charge formation on the CWFs represented by the gradual tilting of 

the CWF in time. The space charge also leads to the disappearance of the visible 

bending of CWF at 40 V and 100 V, which correspond to the growth of transit time 

to the infinity and the formation of inactive region near anode as it was predicted in 

model (B) in Chapter 2.5 above. 

Fig. 6.1(b) shows CWFs measured with different time delay Δt after biasing at 

250V. The slope c of CWF increases monotonically with the increase of Δt. The 

space charge density obtained using Eq. (2.37) is plotted in the inset of Fig. 6.1(b) 

and it was used for the fitting of detrapping time τD, Eq. (2.41). The detrapping time 

τD = 142 ms of DL associated with the space charge formation was found using the 

fit by Eq. (2.40). The lifetime for uncharged detector determined according to Eq. 

(2.39) resulted in τ0=800 ns. The corresponding µτ0=8.4×10
-4

 cm
2
/V represents the 

mobility-lifetime product of the uncharged detector. It exceeds µτHe determined with 

the Hecht equation 2.48. 
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Fig. 6.2. (a) Space-charge density as a function of the delay time measured at 

different temperatures at 550 V bias. The full lines show the single exponential fit. 

(b) Arrhenius plot according to the detrapping time obtained from Fig. 6.2(a). 

 

The time evolution of the space charge density measured at distinct 

temperatures is plotted in Fig. 6.2(a) together with the fit according to Eq. (2.40). 

The DL ionization energy and electron capture cross section can be obtained from 

the τD temperature dependence. The DL ionization energy ET=Ec-0.74 eV and the 

electron capture cross-section σe(T)=6×10
-13 

cm
2
 were determined according to the fit 

of Arrhenius plot (Eq. 2.42) in Fig. 6.2(b). 

The lifetime τ was determined using model (B) by searching for the voltage at 

which the CWF is transformed to the single-exponential shape. Results are presented 

in Fig. 6.3 where the steady-state CWFs are plotted in the logarithmic scale. We 

clearly see the transformation of the bent curve obtained at 100V to the single 

exponential linear shape at 80V. Taking U=80V as the limiting voltage defined by 

Eq. (2.43), the space charge density N(80V)=3.1×10
10

 cm
-3

 and the lifetime 

τ(80V)=460 ns were obtained. On recalling the iterative Hecht fit above, N(80V) as 
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well as µτ(80V)= 4.8×10
-4

 cm
2
/V are in a very good agreement with fitted N and 

µτHe. 

 

Fig. 6.3. L-TCT waveforms measured in DC regime at 300K at different biasing. The 

process of the disappearance of CWF bending can be seen with decreasing voltage. 

The dashed curves represent the exponential fit of the transient. 

 

Substituting parameters c and τ obtained in model B into equation (2.47) 

resulted in σe = 9×10
-13

 cm
2
, which is similar to σe(T) found by the thermal 

spectroscopy. The deviation of σe(T) and σe can be explained by considering the well-

known drawback of thermal emission spectroscopy techniques, which provide σe(T) 

associated with σe by the formula [34]  

 
𝜎𝑒(𝑇) =

𝑔0

𝑔1
𝜎𝑒𝑒

𝛼

𝑘𝑏, (6.1) 

where α= -dEt/dT and g0/g1 is the ratio of degeneracy factors. Let us note that α, g0, 

and g1 are hardly accessible experimentally and they are usually omitted at the DLs 

characterization. Making use of the parallel discovery of both σe(T) and σe; σe(T)/σe = 

e
α/kb

g0/g1=0.7 could be assigned. Though the difference of capture cross-sections 

obtained in this sample by means of the Arrhenius fit and the fit of transient currents 

is small, the suggested technique represents a general scheme that may be applied in 

materials where the distinction of σe(T) and σe could reach a significant degree. 

Determining the properties of the electron trap, its effect on evaluated 

parameters may be accounted as outlined by Eqs. (2.45-2.46). Taking the data of the 

polarized sample biased at 250V in the DC regime at 293 K shown in Fig. 6.1(b), 

where space charge density N=4.2×10
10

 cm
-3

 was determined, the improved approach 
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yields N=3.8×10
10

 cm
-3

. The lifetime decreased markedly from τ0=800 ns down to 

τ=430 ns. Subsequently, µτ dropped down to µτ=4.5×10
-4

 cm
2
/V, which is close to 

µτHe determined using the Hecht equation. The proximity of µτs established by 

independent approaches proves the validity of the proposed concept. 

Summarizing, we developed two independent techniques based on L-TCT and 

supported by Hecht equation fit, which may be used for the comprehensive 

characterization of radiation detector materials without extensive numerical 

calculations. The utility of the theoretical model was demonstrated on the fast 

polarizing n-CdTe where the electron mobility 1050 cm
2
V

-1
s

-1
, initial lifetime 800 ns 

falling down to 430 ns in the polarized detector, deep level energy ET(eV)=Ec-0.74 

and electron capture cross-section σe=9×10
-13 

cm
2
 were found.  

We may conclude that the combination of thermal spectroscopy and transient 

techniques opens a possibility of how to recognize parameters of DLs, which have so 

far been hardly accessible in experiments. 
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7. Conclusions  

 

The first goal of this thesis was to reintroduce Photo-Hall effect spectroscopy and to 

represent the PHES modifications, such as PHES with dual-wavelength and 

enhanced illumination, to the research of deep levels in semi-insulating 

semiconductors. The set of n-type and p-type CdTe and CdZnTe samples was 

measured and advantages consisting in the possibility to identify the type of the level 

and hidden characteristics, as well as drawbacks of the method, were discussed. It 

was concluded that PHES is a useful tool for the study of properties of deep levels 

which are hardly accessible in other methods, including the properties of 

recombination levels. The data obtained from PHES can be further used for 

developing of a charge generation-recombination theoretical model. It was shown 

that such model is very useful for the detailed analysis and understanding of effects 

like negative photoconductivity and superlinear/sublinear dependence of 

photoconductivity on illumination intensity. 

Negative differential photoconductivity was observed in samples No 1 (n-type 

CdZnTe) and No 9 (p-type CdMnTe). In the case of n-type CdZnTe, NDPC is 

explained by mobility decrease induced by the potential non-uniformities enhanced 

by extensive illumination at particular photon energy. In the case of p-type CdMnTe, 

a second model was developed which consists in the majority carrier’s concentration 

decrease under sub-bandgap illumination reached by fast recombination of minority 

carriers. The second model was established due to the positive Hall voltage 

conversion into negative one which is the evidence of free electron impact in 

photoconductivity. Meanwhile, no signal conversion was observed for n-type 

CdZnTe.  

The final goal of this thesis was to develop a procedure enabling the radiation 

detector characterization via the laser-induced transient current technique. It was 

shown that the combination of thermal spectroscopy and transient techniques opens a 

possibility of how to recognize parameters of DLs, which have been hardly 

accessible in experiments so far. The guideline for determination of the carrier drift 

mobility, lifetime, electric field distribution, and the dynamics of space charge 

formation including the detrapping energy and capture cross-section of dominant trap 

level in polarizing semiconductor radiation detectors was developed. The procedure 
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stems from the laser-induced transient current measurements done at a steady-state 

and pulsed biasing and at variable temperature. 
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Attachments 

Table A. DL energies determined by PHES, PL, L-TCT and DWPHES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
The position relatively to EC was deduced from data in the literature. 

b
 DLs with threshold energies EC-0.66 eV, EC-0.75 eV, EC-0.9 eV, EV+1.0 eV and 

EC-1.2 eV were founded by DWPHES  

c
 DL EC- 0.75 eV responsible for sample polarization was founded by L-TCT 

by L-TCT. 

d
 DLs were founded by PHES with enhanced illumination. 

 

 

No 

(Group)
.
 

Conduct. 

type
a 

Ec - EF  

(eV) 

Detected DLs  

by PHES (eV) 

DLs by PL 

 (eV) 

1(I) n-CZT 0.61 
Ec  0.65; Ec  0.8; 

Ec  0.9; Ec  1.1
a 

0.7  1.05 
b
; 

1.25 

2(II) n-CZT 0.65 
Ec  0.8;  Ec  0.9; 

Ec  1.1
a 

0.65; 0.75; 

0.9; 1.25 

3(II) n-CZT 0.70 
Ec  0.8; Ec  0.9; 

 Ec  1.15
a 

0.65; 0.75; 

0.9; 1.25 

4(III)
c
 n-CT 0.65 Ec  0.9; Ec  1.15

b 1.05; 1.2 

5(III) n-CT 0.65 Ec  0.9; Ec  1.15
a 1.05; 1.2 

6(IV) p-CT 1.03 
Ev + 0.7; Ev + 0.85; 

Ec  1.25
 

0.85; 1.05 

1.2; 1.25 

7(IV) p-CT 1.04 
Ev + 0.7; Ev + 0.85; 

Ec  1.25
 

0.85; 1.05 

1.2; 1.25 

8(V) p-CT 0.93 
Ev + 0.7; Ev + 0.85 

Ev + 1.0, Ec  1.25
 

0.9; 1.05; 

1.2; 1.25 

9(V)
d 

p-CMT 1.1 
Ev + 0.63; Ev + 0.9 

Ec - 1.0, Ec  1.3 
- 


