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The electron- and hole-transport properties in cadmium zinc telluride selenide (CZTS) crystals are stud-
ied using a laser-induced transient-current technique with pulsed and dc bias. The internal electric field
profile and velocity of surface recombination are determined by Monte Carlo simulations of electron
and hole transient currents combined with a numerical solution of the drift-diffusion equation coupled
with Poisson’s equation. Electron and hole drift mobilities of μe = 830 cm2/Vs and μh = 40 cm2/Vs,
respectively, are determined. We also develop a simple technique for evaluating surface recombina-
tion directly from measured current waveforms without the need for numerical simulation. The good
quality of the prepared detector at pulsed bias, with electron- and hole-mobility-lifetime products of
(μτ)e = 1.9 × 10−3 cm2/V and (μτ)h = 1.4 × 10−4 cm2/V, respectively, are observed. The formation of
a positive space charge, originating from hole injection combined with a recombination level, is found.
We observe a significant position dependence of the lifetime of electrons and holes in dc bias due to hole
injection. The experiment is successfully fitted by a simple model dominated by a single deep recombi-
nation level with an energy of Et = EC − 0.73 eV; concentration of 7.3 × 1011 cm−3; and electron- and
hole-capture cross sections of 3.5 × 10−14 cm2 and 6.5 × 10−14 cm2, respectively.
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I. INTRODUCTION

Semiconductor radiation detectors are nowadays widely
used for the convenience of the direct conversion of
x-rays and gamma rays into electrical signals. The spatial
localization of generated electric charge within the detec-
tor’s bulk enhances their resolution compared with other
detectors, namely, scintillators. Semiconducting detec-
tors are important for applications in advanced medical
imaging systems using lower radiation doses and pro-
viding a higher spatial resolution of biological tissue.
Today, cadmium zinc telluride (CZT) is the most advanced
room-temperature semiconducting material for such detec-
tion [1]. While basic binary CdTe assures high radiation
absorption and sufficient band-gap energy, Zn is added to
the material to increase the band gap and the resistivity.
Despite recent progress in CZT technology [2], it suffers
from several inconvenient problems: nonunity segregation
coefficient of Zn in the range 1.05 to 1.6, depending on
the growth method and Zn content [3]; abundant emer-
gence of crystal defects and networks (such as subgrain
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boundaries); and high concentrations of Te inclusions or
precipitates [4,5]. These issues result in a low yield and
high cost of high-quality CZT radiation detectors, which
limit their applications. Researchers have tried to solve
these issues by improving the crystal-growth process and
by postgrowth annealing, but they have not yet mitigated
all of these disadvantages [6,7].

Selenium is found to be a very effective element in
reducing the complications mentioned above [8,9]. In addi-
tion, the Se segregation coefficient is near unity in the CdTe
matrix. The quaternary semiconductor Cd1-xZnxTe1-ySey
(CZTS) is expected to resolve long-standing problems
associated with CZT material. The role of selenium in
this semiconductor is [9,10] (a) a strong influence on
the Zn segregation coefficient, and thus, better compo-
sitional homogeneity; (b) effective solution hardening in
arresting subgrain boundaries and their networks; and (c)
decreased Te inclusion or precipitate concentration. Hence,
high-performance detector-grade CZTS material can be
potentially produced at a lower cost [11].

Here, we investigate charge transport in the CZTS
detector under pulsed and dc bias using a laser-induced
transient-current technique. We observe a positive space
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charge that can be eliminated using pulsed bias. Charge-
transport parameters are obtained by Monte Carlo (MC)
simulations of electron and hole transient currents.

II. EXPERIMENT

Here, a semi-insulating p-type CZTS sample with resis-
tivity of 1.1 × 1010 � cm; dimensions of 6.9 × 5 × 1.7 mm3;
and selenium and zinc concentrations of 4% and 10%,
respectively, is studied by the laser-induced transient-
current technique (LTCT) [12]. The CZTS single crystal is
grown by using the traveling heater method at Brookhaven
National Laboratory. The source CZT and CdSe mate-
rials of 99.9999% purity are used for CZTS synthesis
and growth. The band-gap energy at room temperature is
Eg ≈ 1.52 eV [13]. Two planar electrical contacts are pre-
pared by electroless deposition of gold from a 1% gold
chloride methanol-based solution [14]. It has been pre-
viously shown that gold forms a quasiohmic contact on
CZT material [15], and it is successfully applied for CZTS
detectors as well [16,17].

The sample is characterized using LTCT in combi-
nation with a pulsed bias, which allows us to suppress
the space-charge formation and to study charge-trapping
effects on the current waveforms, thus enabling easier
evaluation of the electron- (hole-) drift-mobility carrier-
trapping and -detrapping times [18,19]. Electron (hole)
current waveforms are measured by illuminating a semi-
transparent cathode (anode) using a laser pulse with an
above-band-gap wavelength at 660 nm, which is absorbed
in less than 1 µm under the illuminated electrode [20].
Illuminating the cathode (anode), the photogenerated holes
(electrons) are immediately collected on the exposed elec-
trode, while carriers with the opposite charge drift toward
the other electrode and induce a transient current described
by the Shockley-Ramo theorem [21]. The signal is ampli-
fied and recorded by a digital sampling oscilloscope (see
details in Ref. [12]). A neutral density filter is used to
assure that the photogenerated charge is small enough not
to affect the electric field inside the detector. Typically,
a transient charge of hundreds of fC is used. The laser
and bias pulse positions are synchronized as shown in
Fig. 1 and characterized by a laser-pulse delay (LPD), bias
pulse width (BPW), depolarization time (DT), and puls-
ing period (PP) [18]. The laser pulse width has a FWHM
of about 2 ns. Decreasing the LPD to the microsecond
timescale, the space-charge formation induced by carrier
injection or depletion induced by nonohmic contacts can
be suppressed. This option simplifies the MC simulations,
offering the possibility to directly determine the lifetime
of drifting carriers from the slope of the current waveform
(CWF) [18,22,23].

For the numerical simulation, we combine two
approaches routinely used by researchers to simulate
charge-transport phenomena in semiconductors, that is, the

FIG. 1. Scheme of the synchronization of the bias pulse and
laser excitation pulse.

solution of the drift-diffusion equation (DDE) coupled with
Poisson’s equation is combined with the Shockley-Read-
Hall model depicting carrier (de)trapping. We develop a
custom code [24,25], which allows us to conduct compre-
hensive simulations of all phenomena occurring in planar
samples. Nevertheless, the approach involves an extensive
inclusion of spatial derivatives, which are time-consuming
when called upon for calculating transient currents. We
thus combine our code with the MC method described else-
where [19]. Here, we embed the electric field profile and
recombination-level occupancy calculated at specific con-
ditions as defined by the bias, delay time after biasing, etc.
by DDE. MC is then used to calculate the current transient.
The combination of both techniques makes the numerical
treatment much more efficient and significantly reduces the
computation run time.

III. RESULTS

The bias dependence of the electron and hole CWFs,
using a pulsed bias with pulsing parameters LPD = 80 µs,
BPW = 200 ms, and DT = 800 ms, is shown in Figs. 2(a)
and 2(b), respectively. Insets in Fig. 2 show CWF normal-
ized by the respective bias. The LPD is chosen to be short
enough to eliminate space-charge formation, and the DT
is long enough to suppress the memory effects between
consecutive bias pulses. The detector is fully depolarized
after each pulse period. No visible changes to the CWF
shape are observed with a LPD from 80 to 500 µs. We thus
consider the detector to be unpolarized at each bias with
a constant electric field for LPD = 80 µs. Fast oscillations
apparent at the start of the electron waveforms in this and
in other figures in this paper are generated by the adjoint
electronics. We do not study this feature in detail here. A
relevant study may be found in Ref. [18]. The black dashed
lines in Figs. 2(a) and 2(b) and in all consecutive figures are
the Monte Carlo fits, which are discussed later in sec. IV.

Figure 3(a) shows the bias dependence of the electron
CWFs for illumination of the cathode using a dc bias with
a laser pulsing period of 1 s. The dashed lines represent
the MC simulations. Before measuring CWFs, the detec-
tor becomes fully polarized in less than 1 s and retains
a stable space charge during measurements. The inset in
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(a) (b)

FIG. 2. (a) Pulsed-bias dependence of electron-current waveforms and (b) hole-current waveforms. Dashed lines represent the Monte
Carlo fit. Insets show the CWF normalized by respective bias.

Fig. 3(a) shows the bias dependence of the electric field
profile within the detector, which reveals a strong elec-
tric field dependence on the position inside the detector,
with a nearly zero electric field under the anode. Figure
3(b) shows the evolution of the electron CWFs under a
−400 V pulsed bias using a LPD ranging from 80 µs to
200 ms and PP = 1 s. The corresponding MC simulation
is shown by the dashed line. Current waveforms are also
measured in the range of laser pulse delays of 80–500 µs.
Since no visible change is observed using a LPD < 500 µs,
data are not shown in Figs. 3(b) and 3(d). We find that
the detector remains fully depolarized in the LPD inter-
val of 80–500 µs with no apparent space-charge formation,
and the CWFs are only slightly dampened due to charge
trapping. The CZTS material shows long-term stability
in the range of pulsed and dc biases used in our experi-
ments. No material change is observed after many hours
of applied dc bias, and repeatable results for the LTCT
experiments are measured. The main difference between
the dc and pulsed biases is the DT, which allows elim-
ination of the space charge. By using a short BPW and
long DT, detector polarization can be prevented. Mea-
surements with dc and pulsed biases are otherwise the
same. The space-charge formation is caused by the redis-
tribution of charge on the energy levels, and a repeatable
result of the LTCT experiment is measured after many
hours of applied dc bias. The detector reveals gradual
polarization for a LPD > 500 µs, which causes the corre-
sponding tilting of the CWF. The polarization saturates
around LPD = 200 ms, when the electric field reaches
almost zero value under the illuminated anode. The inset
in Fig. 3(b) shows the LPD dependence of the electric field
profile obtained by MC simulations, which correlates with
space-charge formation.

Analogous experiments illuminating the anode are
performed to measure the CWF for holes. Figure 3(c)
shows the dc bias dependence of the hole CWF with a
laser pulsing period of 1 s, and the inset in Fig. 3(c) shows
the electric field obtained from MC simulations. The hole
cloud generated under the illuminated anode drifts at the
beginning through the area with a relatively low electric
field, which amplifies surface recombination due to the low
drift velocity [see Eq. (1)]. The low electric field is also
responsible for the carrier cloud broadening, which creates
the wide tail of the CWF. Figure 3(d) shows the evolution
of the hole CWFs under a 400 V pulsed bias using a LPD
ranging from 80 µs to 200 ms and PP = 1 s. The dashed
lines represent MC simulations. The inset in Fig. 3(d)
shows the evolution of the electric field profile dependence
on the LPD, as obtained by MC simulations. We note that
the electric field profiles deduced both from the electron
and hole LTCT signals are identical within experimental
error. This observation verifies our model and affirms the
validity of the technique for the characterization of trans-
port properties for both carrier types. The nearly constant
depth at which the electric field profiles cross [see inset in
Figs. 3(b) and 3(d)] stems from the applied bias (−400 V),
which requires a fixed value of the electric field integral
over the sample thickness. Since the electric field profile
is an almost linear function, the profiles intersect at nearly
the same point.

IV. MODEL

To describe the electron and hole charge-transport prop-
erties in the CZTS sample, the combination of a custom
Monte Carlo program based on Ref. [19] with a pro-
gram solving a one-dimensional coupled Poisson equation
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FIG. 3. (a) The dc bias dependence of electron-current waveforms, (b) evolution of electron-current waveforms at a pulsed bias of
−400 V (arrows show the direction of the electric field evolution) depending on LPD, (c) dc bias dependence of measured hole-current
waveforms, and (d) evolution of hole-current waveforms at a pulsed bias of 400 V depending on LPD. Dashed lines plot the Monte
Carlo fit. Insets in (a) and (c) show respective electric field profiles; insets in (b) and (d) represent evolution of the electric field profile
within the detector at several different values for the LPD.

and DDE [24,25] is used. The electric field profile and
level occupancies are calculated at specific conditions, as
defined by the bias, delay time after biasing, etc., by the
DDE and inserted into the MC simulation, which is then
used to calculate the current waveforms. Three defect lev-
els, which are sufficient to describe all observed effects,
are obtained by fits based on the Shockley-Read-Hall
model [26]. A schematic of the energy levels is shown in
Fig. 4. We evaluate one dominant recombination level with
an energy of Et = EC − 0.73 eV, with a concentration of
Nt = 7.3 × 1011 cm−3 and electron- and hole-capture
cross sections of σe = 3.5 × 10−14 cm2 and σh = 6.5 ×
10−14 cm2, respectively. The redistribution of charge

carriers at this deep level is responsible for space-charge
formation inside the detector. In addition, one shallow
electron trap and one shallow hole trap are added. Carrier
trapping and detrapping processes at shallow levels are
characterized by the trapping time, τ T, and detrapping
time, τD [19]. The shallow electron trap is character-
ized by trapping and detrapping times of τ eTS = 300 ns
and τ eDS = 10 ns, respectively, and the shallow hole
trap is characterized by trapping and detrapping times
of τ hTS = 4 µs and τ hDS = 1.2 µs, respectively. Compa-
rable parameters of shallow traps can be found for CdTe
and CZT in Ref. [19]. The shallow traps are respon-
sible for charge delay and widening of the CWF fall
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FIG. 4. Schematic of the obtained energy levels with their
parameters determined by numerical simulations of LTCT wave-
forms. Red, electron traps. Blue, hole traps. Red-blue, recombi-
nation level.

edge. The energy and concentration of these shallow lev-
els cannot be determined using MC simulations, since
there is not enough information conveyed from the LTCT
data, and only the trapping and detrapping times can
be determined. We use the Fermi-level position in the
bulk, EF = EC − 0.73 eV, corresponding to the measured
sample resistivity of 1.1 × 1010 � cm. The contact prop-
erties are defined within the drift-diffusion model [24] by
the fitted band bending, VB = 90 meV, evoking electron
(hole) depletion (injection). In our case, hole injection
is caused by the type of electrical contact. We take
advantage of hole injection to determine parameters for
the deep recombination level. By using different contact-
preparation techniques or contact materials, both hole
injection and space charge can be decreased. The search
for the ideal contact-preparation technology to optimize
the Schottky barrier is beyond the scope of this paper. The
Fermi level at the surface is then fixed on both sides at
EF0 = EC − 0.82 eV. The electron- and hole-drift mobil-
ity obtained from MC simulations is µe = 830 cm2/Vs
and µh = 40 cm2/Vs, respectively, and electron and hole
lifetimes connected with the recombination center are
τ e = 2.3 µs and τ h = 3.6 µs, respectively. These are similar
values of mobilities and lifetimes to those of CZT [19]. The
recombination center causes losses of free-drifting charge,
leading to decays in the CWF, which are visible in Fig. 2.
Thus, the mobility-lifetime products of electrons and
holes at pulsed bias are (µτ )e = µeτ e = 1.9 × 10−3 cm2/V
and (µτ )h = µhτ h = 1.4 × 10−4 cm2/V, respectively, which
are similar to values in Ref. [11]. The measured elec-
tron µτ product is relatively high and, together with the
high µτ product for holes, the material is ready for the
preparation of radiation detectors for different applica-
tions. Enhancement of the μτ product is a technological
challenge and depends on the improvement of the crys-
tal quality and reduction of native and extrinsic defects.
Lowering the concentration of the recombination level
found in this paper is expected to improve the detector
quality.

V. DISCUSSION

The positive space-charge formation in this sample
comes from a weak injection of holes from the anode,
which creates a positive space charge by trapping at
the hole recombination center distributed throughout the
whole sample. Subsequently, the positive space charge
starts to shield the electric field and dampens hole injec-
tion, forming a feedback loop that keeps the electric field
almost zero near the anode. Steady state is assured by
balancing hole injection, which boosts space-charge for-
mation, and screening of the electric field at the anode,
which dampens the process of charging. The principle of
electric field screening is independent of the applied bias,
so that the space charge is implicitly adjusted to a value
sufficient to nearly screen the bias. The model consistently
describes all data collected in the range of bias, 50–600 V,
used in our experiments. The process of positive space-
charge formation stabilizes anode screening at a timescale
of 10–100 ms when hole injection is attenuated. This is
observed as a saturation in electric field evolution [see the
insets of Figs. 3(b) and 3(d)].

The presence of the space charge at dc bias prevents the
standard evaluation of the mobility-lifetime product, µτ ,
using fitting of the Hecht equation [27]. Likewise, a more
advanced procedure [27], incorporating the electric field
profile inside the sample, cannot be used, since it builds
on charge transport mediated by purely drift current. In the
hole-injection regime, the electric field changes sign and
is almost zero at the anode under the dc bias due to band
bending combined with the positive space charge. Subse-
quently, integrals defining the charge-collection efficiency
in respective formulas diverge. A significant contribution
of diffusion current is demonstrated in Fig. 5, where the
decomposition of electron and hole currents into drift and
diffusion components for a detector under −200 V dc bias
is shown. The diffusion current prevails at the anode and
decreases into the bulk, where the drift component domi-
nates. We note that both total electron and total hole current
densities are not constant in the bulk due to electron-hole
recombination through the recombination level.

Monte Carlo simulations can be used for any electric
field profile to obtain transport parameters from the LTCT
experiments. When combined with the pulsed bias, the
mobilities and lifetimes of electrons and holes can be deter-
mined separately. The electric field profile can also be
obtained, which is not accessible using the Hecht equation.
The evaluation of transport parameters in a depolarized
sample allows us to obtain material properties without
interference from space-charge effects, which complicate
the evaluation and affect the lifetime. In the case of a pos-
itive space charge, the lifetime of the holes is increased
because of the filling of hole-trap states by hole injection.
Oppositely, the lifetime of the electrons decreases because
of the depletion of electron-trap states. In the case of the
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FIG. 5. Decomposition of electron and hole currents into drift
and diffusion components for the detector under dc bias at
−200 V. Anode is on the right-hand side.

recombination level considered in our model, both fea-
tures occur in parallel. This phenomenon is demonstrated
in Fig. 6, where the profiles of the lifetimes of electrons
and holes under pulsed and dc bias −400 V are shown.
Under pulsed bias, the lifetime is constant in the bulk and
decreases for electrons and increases for holes near the
electrodes due to band bending. Under dc bias, a signifi-
cant redistribution of charge carriers at the recombination
level causes a large increase of the lifetime of holes caused
by saturation of the recombination level by injected holes,
and thus, increases the hole lifetime by an order of magni-
tude compared with that under pulsed bias. In other words,
at the anode, there is a decrease in the lifetime of electrons
caused by electron depletion from the recombination level.
Since the depletion of electrons is not strong enough to
completely negate the effects of the recombination level,
the decrease in the electron lifetime is relatively small
compared with the increase of the hole lifetime. Lifetime
depends on the location in the sample and on the applied
bias. In the case of a negative space charge incurred by
electron injection from the cathode, the effect would be the
opposite.

Significant surface recombination (SR) is found using
MC simulations for both electrons and holes. Surface
recombination is caused by the presence of surface traps
and recombination centers, which are difficult to evalu-
ate through the LTCT technique due to the short time
that charge carriers spend in the thin layer under the sur-
face. Here, the corresponding contribution to the current
waveform is not visible. Thus, the effective parameter used
to describe surface imperfections collectively is the sur-
face recombination velocity, s, which defines the charge-
carrier losses before moving from the surface layer into the

FIG. 6. Profile of lifetimes of electrons and holes under pulsed
and dc biases of −400 V.

bulk [19]. In our case, the surface recombination veloc-
ity is independent of the laser intensity for all ranges
used in this paper. It is, however, dependent on the sur-
face treatment, aging, handling, and other surface-related
conditions.

The initially photogenerated charge, Q00, in the surface
layer partially recombines. The remaining charge entering
the bulk, Q0, is

Q0 = Q00
v

v + s
, (1)

where v is the charge-carrier drift velocity in the surface
layer. In our case of a depolarized detector, the electric field
is constant over the whole detector, thus the drift velocity
is given by v = μE0 = μU/L, where E0 is the electric
field in the surface layer, U is the applied bias, L is the
sample thickness, and μ is either the electron- or hole-drift
mobility depending on the type of drifting carriers. Using
constant drift velocity v, from Eq. (1) we obtain

Q0 = Q00
1

1 + (sL/μU)
. (2)

The current waveform for electrons (and respectively for
holes) shortly after carrier generation before any sig-
nificant trapping in the bulk is given according to the
Shockley-Ramo theorem [21]:

I(t) = Q0v

L
= Q00μU

L2

μU
sL + μU

. (3)

As it is apparent from Eq. (3), in the case of negligible
surface recombination, where s � μU/L, the onset of the
CWFs divided by respective bias, I(t = 0)/U, should start
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FIG. 7. Bias dependence of initial values of current waveforms
of electrons and holes under pulsed bias. Solid lines represent fits
using Eq. (3); red, electrons; blue, holes.

from the same bias-independent value. Alternatively, in the
case of distinct surface recombination, I(t = 0)/U depends
on the bias. This feature is seen in the insets of Figs. 2(a)
and 2(b), where the CWFs of electrons and holes nor-
malized by respective bias are shown. Distinct starts of
the normalized CWFs are clearly seen, proving the pres-
ence of significant surface recombination at both contacts.
Bias dependence of the initial values of electron- and hole-
current waveforms divided by the respective bias taken
from insets of Fig. 2 are shown in Fig. 7. Fitting using
Eq. (3) is shown with a red line for electrons and a blue
line for holes. The surface recombination velocity for elec-
trons, se = 3.3 × 106 cm/s, and holes, sh = 9.8 × 104 cm/s,
are evaluated. This represents an easy method to calcu-
late surface recombination directly from measured current
waveforms without the need for Monte Carlo simulation.
This method serves as a simple way to detect the presence
of surface recombination in the detector and helps with the
MC simulations of the CWF.

It should be noted that positive space-charge formation
caused by the injecting anode shows distinct characteristics
from the more frequently used model describing posi-
tive space-charge formation induced by electron depletion
affected by the blocking cathode [22,23]. There appears to
be an extensive inactive region, essentially a dead layer,
near the anode, which appears due to electric field screen-
ing by the excessive positive space charge localized under
the cathode. Consequently, the LTCT signal of holes can-
not be measured, unlike in our case, where the hole signal
is detected. The nature of the defect responsible for charg-
ing is different in the case of electron depletion. While
the model presented in this paper considers hole trapping,
where injected holes are stored, depleted electrons induce

positive space charge by the electron trap detrapping pre-
viously deposited electrons. While hole injection and the
rate of polarization are ruled by the Schottky barrier at
the anode, polarization induced by electron depletion is
defined by the electron-trap energy, which is expressed
relative to the conduction band.

VI. CONCLUSION

We measure the electron- and hole-current transients
in a CZTS detector using LTCT for pulsed and dc
biases. A theoretical model of space-charge formation
based on the Shockley-Read-Hall model is developed
and successfully applied, assuming positive space-charge
formation due to hole injection combined with the exis-
tence of the recombination level. We identify one dom-
inant recombination level with an energy of Et = EC −
0.73 eV; concentration of 7.3 × 1011 cm−3; and electron-
and hole-capture cross sections of 3.5 × 10−14 cm2 and
6.5 × 10−14 cm2, respectively, together with one shallow
electron trap characterized by trapping and detrapping
times of τ eTS = 300 ns and τ eDS = 10 ns, respectively,
and one shallow hole trap characterized by trapping and
detrapping times of τ hTS = 4 µs and τ hDS = 1.2 µs. From
Monte Carlo simulations, we obtain electron- and hole-
transport parameters, such as electron- and hole-drift
mobility, µe = 830 cm2/Vs and µh = 40 cm2/Vs, respec-
tively; electron and hole surface-recombination velocities,
se = 3.3×106 cm/s and sh = 9.8×104 cm/s, respectively;
and lifetimes of electrons and holes under pulsed bias,
τ e = 2.3 µs and τ h = 3.6 µs, respectively. Significant posi-
tion dependence of the lifetimes of electrons and holes
inside the detector under dc bias due to hole injection is
observed. We also propose a simple technique for evaluat-
ing surface recombination directly from measured current
waveforms without the need for numerical simulation.
Good material quality is represented by electron- and hole-
mobility-lifetime products evaluated under pulsed bias of
(µτ )e = 1.9 × 10−3 cm2/V and (µτ )h = 1.4 × 10−4 cm2/V,
respectively. We identify an identical electric field profile,
which is evaluated from the electron- and hole-transient
currents, that validates the experimental methods used in
this study.

We show that the CZTS semiconductor has good
electron- and hole-transport properties, and single crystals
are suitable for x-ray and gamma-ray detector fabrication.
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Pipek, V. Dědič, and H. Elhadidy, Characterization of polar-
izing semiconductor radiation detectors by laser-induced
transient currents, Appl. Phys. Lett. 111, 082103 (2017).

[23] Š. Uxa, E. Belas, R. Grill, P. Praus, and R. B. James,
Determination of electric-field profile in CdTe and CdZnTe
detectors using transient-current technique, IEEE Trans.
Nucl. Sci. 59, 2402 (2012).

[24] K. Ridzonova, E. Belas, R. Grill, J. Pekarek, and P. Praus,
Space-Charge-Limited Photocurrents and Transient Cur-
rents in (Cd, Zn)Te Radiation Detectors, Phys. Rev. Appl.
13, 064054 (2020).

[25] R. Grill, E. Belas, J. Franc, M. Bugar, Š. Uxa, P. Moravec,
and P. Hoschl, Polarization study of defect structure of
CdTe radiation detectors, IEEE Trans. Nucl. Sci. 58, 3172
(2011).

[26] W. Shockley and W. T. Read, Statistics of the recombina-
tions of holes and electrons, Phys. Rev. 87, 835 (1952).

[27] R. Matz and M. Weidner, Charge collection efficiency
and space charge formation in CdTe gamma and X-Ray
detectors, Nucl. Instrum. Methods Phys. Res. A 406, 287
(1998).

054058-8

https://doi.org/10.3390/s90503491
https://doi.org/10.1063/1.4962540
https://doi.org/10.1016/j.jcrysgro.2016.02.038
https://doi.org/10.1109/TNS.2011.2160283
https://doi.org/10.1016/S0927-796X(01)00027-4
https://doi.org/10.1002/crat.200310069
https://doi.org/10.1109/TNS.2013.2282371
https://doi.org/10.1063/1.5063850
https://doi.org/10.1063/1.4979012
https://doi.org/10.1063/1.4907250
https://doi.org/10.1063/1.5109119
https://doi.org/10.1109/TNS.2015.2503600
https://doi.org/10.1109/TNS.2019.2925311
https://doi.org/10.1088/1748-0221/12/02/P02018
https://doi.org/10.1063/1.332435
https://doi.org/10.1038/s41598-019-43778-3
https://doi.org/10.1109/ACCESS.2020.3012040
https://doi.org/10.1088/1361-6463/aba570
https://doi.org/10.1109/TNS.2011.2138719
https://doi.org/10.1002/pssb.200642272
https://doi.org/10.1109/JRPROC.1939.228757
https://doi.org/10.1063/1.4997404
https://doi.org/10.1109/TNS.2012.2211615
https://doi.org/10.1103/PhysRevApplied.13.064054
https://doi.org/10.1109/TNS.2011.2165730
https://doi.org/10.1103/PhysRev.87.835
https://doi.org/10.1016/S0168-9002(98)91988-X

	I. INTRODUCTION
	II. EXPERIMENT
	III. RESULTS
	IV. MODEL
	V. DISCUSSION
	VI. CONCLUSION
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


