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The effect of de-trapping on the carrier transport process in the CdZnTe detector is studied by laser beam-induced
transient current (LBIC) measurement. Trapping time, de-trapping time, and mobility for electrons are determined directly
from transient waveforms under various bias voltages. The results suggest that an electric field strengthens the capture and
emission effects in trap center, which is associated with field-assisted capture and the Poole-Frenkel effect, respectively.
The electron mobility is calculated to be 950 cm?/V-s and the corresponding electron mobility-lifetime product is found
to be 1.32x1073 ¢cm?/V by a modified Hecht equation with considering the surface recombination effect. It is concluded
that the trapping time and de-trapping time obtained from LBIC measurement provide direct information concerning the

transport process.
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1. Introduction

CdZnTe (CZT) is regarded as the most promising mate-
rial for room temperature radiation detectors used in nuclear
medical images, non-destructive inspection, scientific x-ray
and gamma-ray imaging and spectroscopy.l!! However, the
deep level actually plays a central role in affecting the car-
rier transport process, which is responsible for incomplete
charge collection in the detector, and the consequent deteri-
oration of detector performance through the trapping and de-

t.[23] Understanding the trap-controlled carrier

trapping effec
transport process in the CZT material is of great importance
for improving the performance of the detector.l*l Recently, a
transient current technique®! was found to be a very useful
tool to characterize the carrier transport processes in semi-
insulating materials, and 2*! Am a—y coincidence,>®! pulsed
x-ray photons!”! and optical pulse/?! have previously been uti-
lized as excitation sources. Mobility values for Cdy gZng,Te
(electron: 1350 cm?/V-s, hole: 120 cm?/V-s) and Cdg 9Zng ; Te
(electron: 1000 cm?/V-s—1100 cm?/V-s, hole: 50 cm?/V-s) at
room temperature were reported. 8 Although, much effort was

119101 and dominant

made to explain the transient current signa
scattering mechanism of mobility!!!l in CZT crystals, the na-
ture of the trap-controlled carrier transport process and the de-
trapping effect have not yet been fully understood.

In this work, we present a method to directly determine
trapping, de-trapping time, and mobility for electrons from

the shape of the laser beam-induced transient current (LBIC)
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waveform, and discuss the fundamental physics principles that
guide the carrier transport process. In addition, we also discuss
the behaviors of trap level under various bias voltages and the
influence on the carrier transport process. Finally, we calculate
the charge collection efficiency by a modified Hecht equation
with considering the surface recombination effect.

2. Experiment

High resistivity Cdg9Zng jTe:In crystals grown by the
modified vertical Bridgman method are used in this study. The
boule is cut into wafers of 10 mmx10 mmx1.85 mm with
Au contacts deposited on the as-polished surface. The typical
leakage current!!?! for the devices is 8 nA~10 nA at the elec-
tric field of 3000 V/cm. The Pockels effect!!>13] setup is used
to measure the distribution of the internal electric field. The
sample is illuminated with low intensity infra-red (IR) light,
which has passed through a narrow band-pass 980-nm filter.
A pair of 90° orthogonally orientated polarizing filters are ar-
ranged on either side of the sample. The transmitted intensity
is digitized by a charge-coupled device with an enhanced sen-
sitivity in the near infra-red (NIR) range, which is equipped
with a 4 x zoom lens, and stored as an image.

For laser beam-induced transient current measurement,
excess carriers are produced by the pulse laser with a wave-
length of 527 nm, pulse width of 893 ps, and an energy of
1 wl/pulse, which has a typical penetration depth of around
530 nm in the CZT detector, much less than the sample thick-
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ness. To avoid the space charge effect, neutral density filters
each with an optical density of 2, (OD2 means 1% light will
be transmitted) are used to control the luminosity of the laser,
which induces about 9.8 x 10'> mm~2 photons on the CZT sur-
face. The bias is applied earlier than the pulse laser to obtain a
steady electric field. Therefore, plenty of electron—hole pairs
can be generated near the cathode, which drift through the
crystal under the action of bias voltage and induce a transient
current pulse in the external circuit. The induced current sig-
nals are recorded by using a digital oscilloscope (Lecoy Wa-
veRunner 610Zi, 1 GHz, 20 GS/s) connected through a 50-Q
resistor. A schematic diagram of the setup used for LBIC mea-
surements is illustrated in Fig. 1.
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Fig. 1. (color online) A schematic diagram of the setup for the transient
current measurements.

3. Results and discussion
3.1. Fundamental physical principles

The Pockels electro-optic effect!!?! setup is used to mea-
sure the distribution of the internal electric field first. Typi-
cal Pockels images at 0 V and 300 V are shown in Figs. 2(a)
and 2(b). The value of the average internal electric field is
calculated by converting the brightness intensity of Pockels
images!!>!%! as shown in Fig. 2(c). It shows that the internal
electric field is homogeneous and nearly constant.

The typical laser-induced transient current waveform of
CZT crystal under an electric field of 1081 V/cm and its cor-
responding physical principle are shown in Fig. 3. The decay
part of the current waveform can be roughly divided into three
regions. The region I is named the pre-transit region, where
the signal decreases rapidly due to the fast surface recombina-
tion and the slope of the curve depends on the recombination
rate.l'>15] By fitting the curve in region I, we obtain a sur-
face recombination velocity of 6.14x10° cm/s. The value of
the surface recombination velocity is similar to that found by

Cola and co-workers. 10

1 In region II, the excess carriers keep
moving towards the electrodes under the action of the electric
field, dominated by the drift process. In the post transit region
(named region III), a long tail after #g is present, which should

be ascribed to the slow carriers de-trapped from the traps.
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Fig. 2. (color online) Typical Pockels images (polarizers crossed) of (a)
unbiased sample and (b) sample biased at 300 V at room temperature;
(c) average internal electric field profile along sample thickness.
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Fig. 3. (color online) Physical processes (a) and corresponding signal
parts (b) in laser-induced transient current waveform at room tempera-
ture under the electric field of 1081 V/cm with OD2 (OD2 means 1%
light will be transmitted), showing a generation and trapping of carri-
ers, b fast recombination process, ¢ trapping and de-trapping process, d
drift process, and e reemission of trapped carriers.

The carriers trapped by crystal defects may be reemitted
and contribute to the motion again, present in region II. Such
a phenomenon can be described by two parameters,'’! i.e.,
trapping time 7" and de-trapping time Tp. The solution of
the transient current is obtained directly from the basic one-
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dimensional (1D) transportation equation,!'?! on the assump-
tion that the internal electric field is constant and homogenous
and the diffusion effect is neglected.!'?! The equation can be
solved by using Laplace transform under appropriate initial
and boundary conditions. For the case where the de-trapping
time is less than the transit time, the carriers are reactivated
from the traps and contribute to the motion. The transient cur-

rent is given by!10:1217.18]

T 1 1 T 4+ 1)t
](t):g D1+ —exp _(THw) ’
RT*+T| ™D TF T

1 <, ey

where Q is the total charge generated by the laser pulse, tr is
the carrier transit time, 7" is the trapping time, and 7p is the
de-trapping time.

By fitting the data in region II with Eq. (1), we obtain a
trapping time (7*) of 298.3 ns and de-trapping time (7p) of
65.6 ns directly from the transient current waveform.

3.2. Bias voltage-dependent measurements: Cathode irra-

diation

Laser-induced transient current waveforms with different
bias voltages are shown in Fig. 4(a). Using a one-level trap
model, the parameters of trapping and de-trapping time under
bias voltage between 100 V and 250 V are obtained by fitting
the waveform (region II) with Eq. (1). The results are shown in
Table 1. With increasing the electric field, the transient current
waveforms demonstrate clearly an increase in signal amplifier
and decrease in duration. The surface recombination velocity
also decreases from 1.26 x 10% cm/s to 6.05 x 103 cm/s due
to the decrease of electron transit time through the surface re-
gion. The trapping time and de-trapping time under the action
of a bias voltage of 100 V are calculated to be 372.2 ns and
358.7 ns respectively. Meanwhile, the current waveform fol-
lows an exponential-like fall governed by the carrier recombi-
nation and trapping process under the action of a bias voltage
of 100 V. It is demonstrated that a fraction of the carriers are
trapped and cause a fraction of carrier loss, since the transit
time (fg) is comparable to the trapping time and de-trapping
time under the action of a low electric field, thus the trapping
probability increases.

With increasing the electric field, the trapping time
and de-trapping time are both decreased; it leads to a
field-enhanced carrier capture!'®!1 and emission phenome-
non.?>231 The capture rate!>*! ¢ is defined as

Cc = NTO"Uth, (2)

where Nt is the concentration of traps, ¢ is the capture cross
section, and vy, is the thermal velocity. The capture cross
section increases with the electric field due to the Coulomb

attractive effect.[?021 On the other hand, according to the

Poole—Frenkel effect,??! with increasing the bias voltage, the
trapped carriers reemitted to the conduction band become fast,
The Poole-Frenkel effect
also yields an exponential increase of the emission probabil-
ity T*/7p with the square root of the electric field!1%2223.26] a5
given by the following equations:

thus contributing to the motion.

T™(E) N Er—BVE
w(E) NT“"<‘ KT )
_ T, (BVE
= 50> ( ) Gy
CE) _,TO ]
no® ~ Moo iV o0

where N, is the effective density of states in the conduction
band, Nt is the trap density, Et is the trap ionization en-
ergy, k is the Boltzmann constant, and 7 is the Kelvin tem-
perature, E is the electric field, B = ¢(q/me€)"/? is the
Poole—Frenkel constant,!?3] which is calculated to be 3.78 x
1074 eV-V~1/2.cm'/2 in CZT crystal (g, & = 10.3 and ¢ is the
vacuum- and relative-permittivity, and the electronic charge),
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Fig. 4. (color online) The LBIC measurements exposing from cathode
side with OD2 (a) laser-induced transient current waveforms measured
at different bias voltages, (b) the dependence of the electron drift veloc-
ity on electric field strength.
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T* is the trapping time, and 7p is the de-trapping time. The de-
pendence of the electron emission probability T*/7p on elec-
tric field is presented in Fig. 5. The straight line of In(7*/p)
versus VE demonstrates that the carrier emission is dom-
inated by the Poole-Frenkel effect in the electric field be-
tween 540 V/cm and 1351 V/cm. Moreover, the de-trapping
time (7p = 28.4 ns) is much smaller than the trapping time
(7" = 206.2 ns) under a bias voltage of 250 V. The loss ratio of
carrier, caused by the trapping effect, becomes weaker and the
trend of the current waveform turns less steep. When the bias
voltage is higher than 300 V, the pre-transit region presents a
nice plateau, which suggests that the trapping process is neg-
ligible. A high field is desirable for a fast response and high

charge collection efficiency.
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Fig. 5. (color online) Logarithm of the ratio of electron emission 7%/ p
as a function of the square root of the electric field v/E at room temper-
ature.

Table 1. Cathode irradiation results obtained by fitting the current waveforms.

Voltage Electric field Surface recombination Trapping time De-trapping time Transit time
U/v /(V/cm) velocity/(cm/s) T*/ns Tp/ns tr/ns
100 540 1.26x10° 372.2 358.7 364.7
150 810 6.28x10° 369.4 162.7 2292
180 972 6.20x10° 345.2 98.7 199.2
200 1081 6.14x10° 289.3 65.6 178.3
250 1351 6.05x10° 206.2 28.4 138.7

For the accurate measurement of the carrier drift velocity,
the transit time 7g should be clearly determined. After the tran-
sit time is measured and the assumption of a constant average

electric field is made, the drift mobility is obtained to be,l27J
L
= —. 4
u o “4)

Figure 4(b) shows the dependence of electric field strength on
the electron drift velocity, which shows a linear relationship.
The slope of the electric field versus velocity is the mobility of
the electrons, which is determined to be 950 cm?/V -s.

3.3. Charge collection efficiency

In the LBIC measurement, the collected charge Q is ob-
tained by numerical calculation over a responded current pulse
i(t).1"?! The dependence of the collected charge on the volt-
age measured by the LBIC technique is shown in Fig. 6. A
modified Hecht relation!'>161 (Eq. (5)), which accounts for a
surface recombination velocity, is used to analyze the charge
collection efficiency

o L WEE[ (L
Q_Qol—i—s//,l.EL{l exp( m:E)}’ ()

where Qy is the maximum collected charge, s is the surface re-
combination velocity, and L is the thickness of the sample. The
relation between charge collection efficiency and bias voltage
is in accordance with a modified Hecht equation. The (U7).

value is fitted to be 1.32 x 1073 cm?/V with a surface recombi-
nation of 1.04 x 10° cm/s. According to the electron mobility
(950 cm?/V -s), the lifetime 7 is calculated to be 1.38 ps. How-
ever, the lifetime 7 obtained from the Hecht equation is a plau-
sible value, which cannot reflect the carrier transport process.
Actually, the trapping time and de-trapping time depend on
the bias voltage, and misconstruing the lifetime and the trap-
ping time may cause complete obfuscation. To be able to fully
exploit the role of defect levels in detector performance, the
trapping time as well as the de-trapping time obtained directly
from LBIC measurement should be considered, which pro-
vides more of a real-world representation of the carrier trans-
port process.
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Fig. 6. (color online) Charge collection efficiency as a function of the
voltage in LBIC measurement.
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4. Conclusions

An evaluation method of the carrier transport process and
the corresponding physical principle in CZT crystal are pre-
sented, which allows an extraction of mobility, trapping, de-
trapping time, and electron mobility-lifetime product directly
from the LBIC measurement. The electron mobility is calcu-
lated to be 950 cm?/V-s. The electron mobility-lifetime prod-
uct is found to be 1.32x 1073 ¢cm?/V on the basis of a modi-
fied Hecht equation with considering the surface recombina-
tion effect. The trapping time and de-trapping time are found
to increase with the decrease of the electric field, which are
associated with the field assisted capture and Poole—Frenkel
effect respectively. It predicts that the electric field will en-
courage the carrier emission from trap center due to the lower-
ing of the barrier associated with their Coulomb potential thus
causing a higher charge collection efficiency. The measure-
ments demonstrate that the lifetime 7 obtained from the Hecht
equation cannot reflect the real carrier transport process. The
trapping time and de-trapping time obtained from the LBIC
measurement provide more of a real-world representation of
the charge transport process.
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