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Photoelectric properties of CdZnTe:In samples with distinctive defect distributions are investigated using various
techniques. Samples cut from the head (T04) and tail (W02) regions of a crystal ingot show distinct differences in Te
inclusion distribution. Obvious difference is not observed in Fourier transform infrared (FTIR) spectra, UV-Vis—NIR
transmittance spectra, and /-V measurements. However, carrier mobility of the tip sample is higher than that of the tail
according to the laser beam induced current (LBIC) measurements. Low temperature photoluminescence (PL) measurement
presents sharp emission peaks of DX and A°X, and relatively large peak of DX (or A°X) / Deomplex for T04, indicating a
better crystalline quality. Thermally stimulated current (TSC) spectrum shows higher density of shallow point defects, i.e.,
Cd vacancies, Inéd, etc., in W02 sample, which could be responsible for the deterioration of electron mobility.

Keywords: defects, Te inclusions, semiconducting II-VI materials, CdZnTe

PACS: 73.50.Gr, 73.61.Ga, 72.20.Jv, 68.55.Ln

1. Introduction

With high atomic number, large band gap, and high elec-
tron mobility-lifetime product (1 7), the compound semicon-
ductor of cadmium zinc telluride (CdZnTe, CZT) has been
widely used as room-temperature x-ray and 7y-ray detectors
and other electro-optical devices.!!3! The quality of this ma-
terial is still restricted by various factors, like the point defects,
linear defects, bulk defects, and non-uniformity of elemental
distribution.!*! The CZT intentionally doped with the elements
of group III (Al, Ga, In) or group VII (Cl, Br) can be incorpo-
rated on Cd sites to compensate for Cd vacancies and achieve
high resistivity.>®! The inevitable intrinsic defects of disloca-
tions could be formed by the additional stress in the solidifi-
cation process. Tellurium-rich precipitates due to retrograde
solubility and Te inclusions trapped by the growth interface
present still severe problems for the commonly used modi-
fied vertical Bridgman (MVB) method and travelling heater
method (THM).[7:8] It has been proved that both donor and
accepter levels can be introduced by the intrinsic or extrin-

9101 The low charge collection in ion-beam

sic point defects. !
induced charge (IBIC) images demonstrates transient charge
losses around Te inclusions and dislocations.!!!12! All these
defects can significantly degrade the crystal properties and

consequently deteriorate the performances of devices. Thus,
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the comprehensive study of these defects is quite important for
the better understanding of the crystal properties and detector
performance. However, defects including point defects and Te
inclusions in crystal always interact with each other and then
are difficult to distinguish each other.

In this study we investigate CdZnTe:In crystal according
to the distinctive Te inclusion distribution along the growth di-
rection, and correlate the distribution with the crystal growth
process. The photoelectric properties of CZT crystals are in-
vestigated using the techniques of Fourier transform infrared
(FTIR) transmission spectrum, UV-Vis—NIR transmittance
spectrum, /-V and laser beam induced current (LBIC) mea-
surements. Finally, the distribution of defect levels is studied
and discussed by low-temperature photo-luminescence (PL)
technique and thermally stimulated current (TSC) measure-
ments to better illuminate the nature of the defect behaviors.

2. Experiment

Samples with dimensions of 5 x 5 x 2 mm® were cut
from the head (T04) and tail (W02) part of indium doped
Cdy.9Zng Te crystal, grown by modified vertical Bridgman
method in Imdetek Ltd Company. The surface damaged layers
after slicing was removed by lapping, mechanical, and chemo-
mechanical polish. The samples were then chemically etched
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using 2% bromine methanol solution for 2 min, prior to the in-
frared transmittance microscopy, FTIR spectrometer and UV-
Vis—-NIR spectrometer measurements. For the laser beam in-
duced current (LBIC) measurements, Au electrodes with the
thickness of approximate 10-50 nm were fabricated on both
surfaces of the samples and the excess carriers were produced
by the pulsed laser with a wavelength of 527 nm, pulse width
of 893 ps.

For the PL measurement, an argon ion laser with a wave-
length of 488 nm was used as an excitation source. A Triax550
tri-grating monochromator and a photomultiplier tube (PMT)
were employed to collect the luminescence emissions of the
samples at 10 K with a spectral resolution of 0.3 nm. In the
TSC measurement, the sample was cooled down to about 50 K
in dark. Free carriers were excited by achromatic light from a
halogen lamp with a wave length of 650 nm, and captured by
defect traps at low temperature. As the temperature increased
to 300 K in dark with a constant heating rate, the trapped car-
riers were thermally emitted and recorded under a volt bias of
10 V with the Keithley 6514 electrometer.

3. Results and discussion

Indium doped Cdgg¢ZngTe ingot with a diameter of
60 mm and length of 180 mm is grown with the MVB
method. The modified crystal growth parameters ensure the
large grain size and less grain boundaries of CdZnTe: In
crystals as shown in Fig. 1(a). Figures 1(b) and 1(c) show
the IRTM images of samples T04 and W02, respectively.
It can be seen that Te inclusions are uniformly distributed
with an average concentration of ~103 cm™3 and size of
~10 um in W02 as shown in Fig. 1(c). However, Te in-
clusions in T04 are distributed in a belt-like zone with a
bandwidth of ~100 pum in the full range of sample thick-
ness and no macroscopic Te inclusions are observed except
those in the belt zone. It has been proved that Te-rich bound-
ary layer formed in the melt of CdZnTe crystal could be

Fig. 1. (color online) Images of CdZnTe: In crystal grown with the MVB
method, showing (a) image of asgrown CZT ingot, and ((b), (c)) IR-TM
images of T04 and W02 samples cut from the head and tail regions of the
ingot, respectively.

captured by the growth interface and formed into Te
inclusions.!'3 Yang ef al. concluded that grain boundaries
could have a strong trapping effect of Te inclusions in the an-
nealing process, which probably pass through the high-density
zone of dislocation networks in the grain-boundary region. !4
Thus, we deduce that the Te inclusion belt could probably be
formed through the trapping of Te atoms by sub-grain bound-
aries in the crystal growth process. This could also give an
explanation of the ‘“clean” zone near the Te inclusion belt
(Fig. 1(b)).

Typical IR transmission spectra of the samples are shown
in Fig. 2(a). The transmittance values of T04 and W02 reach
57.52% and 61.85%, respectively, and remain almost un-
changed within the wave number of 10004000 cm~!, which
represents quite a good lattice perfection and crystalline qual-
ity of the ingot.!!3] The same band gap values of the two sam-
ples (1.54 eV), as shown in Fig. 2(b), indicate that these two
samples possess almost the same compositions. Moreover,
good linear and symmetrical /-V results are observed even
when subjected to a low bias voltage of £0.1 V, as shown in
Figs. 2(c) and 2(d). The bulk resistivity values are fitted to
be 7.1 x 10° and 5.4 x 10° Q-cm for T04 and W02, respec-
tively. Combining the basic spectra and /-V measurements
mentioned above, we can find that although the distribution
and concentration of Te inclusions show distinctive difference,
the general optical and electrical properties of these two sam-
ples are almost the same.

The LBIC waveforms measured with different bias volt-
ages are shown in Figs. 3(a) and 3(c). The typical penetra-
tion depth of laser with a wavelength of 527 nm is around
530 nm in the CZT crystal, which is much less than the sam-
ple thickness. Thus, when negative bias is applied to the front
electrode, the current signals are mainly induced by photo-
generated electrons. The photocurrent response under 50 V
bias voltage shows an instantaneous rising edge, with delay
times of 3.8 ns and 4 ns reaching to the maximum values for
T04 and W02, as shown in the inserts in Figs. 3(a) and 3(c), re-
spectively. The linear relationships between the electron drift
velocity and electric field strength are obtained in Figs. 3(b)
and 3(d). Carrier drift velocity v can be calculated from the
transit time 7R under a given bias voltage. The electron mobil-
ity is obtained from v = uFE, where E is the applied electric
field. The mobility of electron at room temperature in T04
is about 908 + 18 cm?/vs, which is higher than that in W02
(814 + 16 cm?/vs). It is considered that the carrier mobility is
related to different scattering mechanisms. Xu et al.!'®) con-
cluded that for defect densities higher than 1 x 107 cm™> and
lower than 1 x 103 cm™3 in CZT, carrier mobility is limited
by ionized impurity scattering and polar-optical phonon scat-
tering, respectively. Thus, it is necessary to know the defect
species and concentration in crystal for the better understand-
ing of the carrier transport properties of the samples.
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Fig. 2. (color online) (a) Typical FTIR transmission spectra, (b) UV-Vis—NIR transmittance spectra of T04 and W02 samples, ((c), (d)) I-V curves for W02

and T04, measured at room temperature, respectively.
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Fig. 3. (color online) LBIC measurements by exposing from cathode side, showing current waveforms for samples (a) T04 and (c) W02, and fitting results
of electron mobility in the samples (b) T04 and (d) WO2. Inserts in panels (a) and (c) are enlarged parts of the dotted blue rectangles.
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As a sensitive technique for characterizing the types and
distributions of defects and impurities in crystals, the low-
temperature photo-luminescence spectrum is used to obtain
the information about the recombination property of photo-
carriers.!!'’~11 The FE peak is the recombination of the peaks
of the free exciton, composite particles formed by the coulomb
force of opposite charges. The emission peaks of D’X and
A%X in PL spectrum originate from shallow donors (i.e.,
Incq, etc.)[zoJ and shallow acceptors (i.e., Licq, Nacg, Ny,
etc.)?122] respectively. The DAP is emitted by the anni-
hilation of shallow acceptors with shallow donors and the
LO peaks are the longitudinal optical (LO) mode of direct
electron-phonon interaction in CZT. !

Figure 4 shows the typical PL spectra of TO4 and W02,
ranging from 1.4 eV to 1.7 eV. For comparison, the measured
data are normalized according to the emission peak intensity
of Deomplex- The sharp emission peaks of DX and A’X, as
well as the free exciton (FE) recombination are found for T04,
indicating a better crystalline quality. In addition, the relative
intensity of D°X and DAP emission peaks in TO4 is higher
than that in A’X, which shows the higher intensity of shal-
low donors in the TO4 sample. For the asymmetry feature
of Deomplex, the peak is considered to consist of the struc-
ture defects and A-center in crystal.!'>23] It can be found that
the intensity of D¢omplex relative to other emission peaks from
1.58 eV to 1.65 eV shows that the relative intensity is much
higher for W02 than that for T04, which also indicates that
sample T04 has much better crystalline quality.
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Fig. 4. (color online) Typical PL spectra of the samples T0O4 (upper) and
WO02 (lower).

Thermally stimulated current (TSC) measurements are
used to investigate the deep-level defects in CZT crystals.
Each peak in TSC spectrum corresponds to a certain trap level

in the band-gap, and a certain defect state in the crystal lattice.
In the experiment, the samples are illuminated for 10 min after
the temperature has become stably lower than 50 K for 2 h, to
make sure that all the defect levels are fully filled before tem-
perature scanning. A heating rate of 0.2 K/s and bias voltage
of 10 V are employed to record current spectra from 50 K to
300 K as shown in Fig. 5. A complete characterization of trap
signatures in TSC spectra is simulated with the simultaneous
multiple peak analysis (SIMPA) method proposed by Pavlovic
et al.,** expressed as

E, kD,T*
Irsc(t) = NT,unTneAEDZTZexp{ —ﬁ — Ban
E, kT kT\?
— ) [1—4—+20( — 1
cew () [-4E () [ o

where e is the electron charge, u, is the carrier mobility, T,
is the carrier lifetime, A is the area of the electrode, E is the
applied electric field, k is the Boltzmann constant, 7 is the
absolute temperature, 8 is the heating rate, E, is the thermal
activation energy of the defects, Nt represents the carrier con-
centration of a given defect level at the beginning of the tem-
perature ramp, and D; is the temperature-dependent coefficient
of the trap including capture cross section ¢. The detailed pa-
rameter settings for CZT crystal can be seen in Ref. [25]. A
total of seven trap peaks (T; to Ty) are identified from the
TSC spectra of T0O4 and W02 (see Eq. (2)). Trap levels de-
noted as T1 and T2 are shallow defects appearing in the sam-
ple T04 only, with activation energies of 0.054 +0.01 eV and

1.0 T T T
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Fig. 5. (color online) Typical TSC spectra of amples (a) T04 and (b) WO02.
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0.056 £0.01 eV, which is considered as the A-center related
defect levels.?®) The trap level T3 (0.07 +0.01 eV) identi-
fied in both samples dominates the TSC current spectra and
is assigned to a shallow donor originating at In dopant re-
lated point defect Inéd by thermoelectric effect spectroscopy
(TEES)?"! and by calculation.?8! Trap T4 (0.08 +0.2 eV) ap-
pearing only in W02 due to the protuberance around 150 K is
analyzed. For the sample cut from the tail part of the ingot, an
enrichment of impurities can be formed. Thus, we speculate
that this shallow defect level is associated with the impurities
enriched during crystal growth. Traps Ts and Tg located at
0.14£0.02 eV and 0.21 £0.02 eV above the valence band
maximum respectively, are attributed to Cd vacancies or rele-
vant defect complex.?32%1 Trap T located at 0.5640.02 eV
below the conduction band minimum can be attributed to the
deep donor Te antisite (Teég) with the second ionization en-

ergy of ~0.59 eV according to theoretical calculations.?8]

A comparison of different trap densities between samples
T04 and W02 is given in Table 1. We can see that the den-
sity of shallow defect levels of W02 before 150 K is one or-
der higher than that of TO4. Higher densities of Ts and Tg
in Table 1 indicate higher Cd vacancies of W02. Correspond-
ingly, higher densities of Inérd (5.5 x 10" cm™—3 for T04 and
3.2 x 10'® em™3 for W02) can be formed through Inéd: In +
Vg — Infy + 2e or In + V&, — Inf, + 3e.13% Referring to
IRTM images in Fig. 1, it can be concluded that the melt en-
richment of Te solutions leads to not only Te inclusions, but
also the shallow point defects like T3 in the crystal growth
process. These shallow defects with a total trap density of
~10'” ¢cm™3 can probably dominate the scattering mechanism

of these two samples as discussed above.

Table 1. Comparisons of the trap density in CdZnTe sample between samples T04 and WO02.

Tl Tz T3 T4 T5 Tﬁ T7
TO4/cm—> 1.6 x 1015 1.5 x 1015 5.5 x 10 - 12x 105 28 x10™ 1.4 x 10
WO02/cm 3 - - 32x 10 86x108 13x10% 12x10% 3 x 10

4. Conclusions

The optical and electrical properties of CdZnTe:In sam-
ples are intensively studied. The FTIR spectra and UV-Vis—
NIR transmittance spectra show almost the same transmittance
(57.52% and 61.85%) and the bandgap (1.54 eV), despite dis-
tinct difference in Te inclusion distribution between samples
T04 and WO02. Carriers’ mobility values for T0O4 and W02
are measured with LBIC technique to be 908 + 18 cm?/vs and
814 4 16 cm?/vs, respectively. Sharp emission peaks of DX
and A%X, as well as the free exciton (FE) recombination in the
PL spectrum indicate quite good crystalline quality of the T04
sample. Moreover, the intensity of Deomplex relative to other
emission peaks between 1.58 eV to 1.65 eV is much higher
for sample W02 than for samples T04. Seven trap peaks are
identified from the TSC spectrum with the SIMPA method.
The results show that higher densities of (5.5 x 103 cm ™3 for
T04 and 3.2 x 10'% ¢cm—3 for WO02), Cd vacancies and relevant
defect complex, could be formed in the crystal growth process,
which probably dominates the scattering mechanisms of these
two samples.
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