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Abstract:

The deep-level defects in the CdixZnxTe (CZT) and Cdi«MnyTe (CMT) detectors are characterized by
photo-induced current transient spectroscopy (PICTS), thermoelectric emission spectroscopy (TEES)
and thermally stimulated current (TSC) measurements. Two different types of CZT crystals are
considered for trap characterization; the first type is grown by using vertical Bridgman (VB) method
and treated with oxygen plasma for surface passivation, whereas the second type is grown by the VB
arrangement with accelerated crucible rotation technique (ACRT). The CMT samples used in defect
characterization studies are grown by the VB method. The deep-level donor responsible for the
electrical compensation in the CZT and CMT bulk is identified from the steady-state thermal generation
current characteristics. From the PICTS and TEES results, the trap signatures in the various CZT and
CMT detectors are analyzed and compared in terms of their energy level, capture cross-section, and
carrier detrapping time of the defects. Furthermore, DC photoconductivity measurements are conducted
to assess the carrier mobility-lifetime (ut) product in the CZT and CMT crystals. The midgap states at
0.81-0.85 eV are found in all the CZT and CMT crystals and these deep-level traps should play a
significant role in carrier compensation along with the deep-level donors (Epp = 0.78-0.84 eV). To the
best of our knowledge, three new traps at Ev + 0.22 eV, Ec - 0.68 eV and Ec - 0.7 eV are identified in
the CMT crystals for the first time in the literature. The reported deep-level defects are intended to
provide excellent feedback to the CZT and CMT bulk growth community for the radiation detector

technology developments.
Keywords: CdZnTe, CdMnTe, deep-level defects, PICTS, TEES, TSC.
1. Introduction

Cadmium zinc telluride (CdixZn«Te or CZT) detectors have been utilized for room temperature X-
and y-ray imaging applications due to its superior physical properties such as high-Z atomic number
(high absorption efficiency), wide bandgap, and reasonable electron mobility-lifetime (ut) products [1-
3]. However, CZT crystals have some limitations such as low Zn solubility and low pt product for holes
[4,5]. Cadmium manganese telluride (CdixMnyTe or CMT) is another promising material suitable for
room temperature radiation detectors [6-9]. In fact, CMT has several advantages over its competitor
CZT [6-9]: First, the bandgap of MnTe (~3.2 eV) is much higher than ZnTe (~2.2 eV), so lower Mn
concentration is required to attain the desired bandgap (compared to Zn content in CZT) and broader
bandgap tunability (1.7-2.2 eV). Second benefit, almost homogenous distribution of Mn in the ingot is
anticipated due to the near-unity segregation coefficient of Mn in CdTe, where the Zn segregation
coefficient in CdTe is ~1.35. The vertical Bridgman (VB) is one of the commonly used bulk growth
techniques to produce single crystalline CZT and CMT [1,3,9-11]. The high resistivity (p > 10° Q cm)
CZT and CMT substrates are obtained through the compensation of native acceptors (Cd vacancies) by

the introduction of deep-level donor dopants [1-3,6,11]. The main challenge in developing CZT and



CMT radiation detectors lies in growing single crystals which are free from defects viz. Te inclusions,
precipitates, dislocations, twins, and sub-grain boundaries [8-13]. The crystal defects and impurities
introduce electrically active defects inside the bandgap and hinder the charge transport properties of the
detector via trapping phenomena [1-3,8,13]. Hence, identification of deep-level defects in the CZT and
CMT crystals is an important step in improving the detector energy resolution and charge collection
efficiency. Therefore, the current work is targeted to identify the traps in the CZT and CMT detectors.

The as-grown CZT crystals are treated with oxygen plasma in order to reduce the detector leakage
current; this process is known as surface passivation using oxygen plasma [14-16]. The presence of Te
flux inclusions in the CZT detectors introduces significant charge trapping and distort the internal
electric field lines (polarization), thereby degrading the detector performance [17-19]. Mccoy et al. [18-
19] mitigated the flux inclusion formation in the CZT ingot by the application of accelerated crucible
rotation technique (ACRT) to melt mixing in the VB configuration (i.e. VB-ACRT). Taking these points
into account, the above two types of CZT crystals are used in this work. The defects in the VB-grown
CZT crystals (oxygen plasma treated) are characterized along with the CZT samples grown by the VB-
ACRT system. From the results, various defects present in these two different types of CZT are
analyzed. In comparison with the CZT [20-56], the trap levels present in the CMT crystals are not well
reported in the literature [57-67]. Kim et al. [63] investigated the defects in the detector-grade CZT and
CMT crystals grown by the VB technique and found some of the similar trap activation energies at 10-
12 meV, 0.35-0.37 eV, 0.71-0.78 eV, 1.06-1.09 eV in both the materials. Recently, Luan et al. [67]
applied thermally stimulated current (TSC) and photoluminescence (PL) techniques to detect the deep-
level defects in the vanadium (V) doped CdosMno 1 Te single crystals grown by VB method. In the focus
of providing further data to the CMT community, the deep-level traps in the VB grown CMT samples
are identified in this work.

A powerful technigue, namely photo-induced current transient spectroscopy (PICTS) [20-29, 68]
is used to acquire the quantitative information about deep-level traps in the high resistivity CZT and
CMT materials. To complement the PICTS results and to distinguish the electron and hole traps in the
CZT and CMT samples, thermoelectric emission (or effect) spectroscopy (TEES) [30-33, 69-71]
measurements are carried out. The thermally stimulated current (TSC) measurements are also
conducted on the CZT and CMT samples. The deep-level donor (Epp) responsible for the bulk
compensation is identified from the steady-state thermal generation current measurements
[36,37,45,46,50]. The carrier detrapping time of the defects is computed from the identified trap
activation energy and capture cross-section [27-29]. Moreover, the carrier mobility-lifetime (ut)
product in the CZT and CMT crystals is estimated by the direct current (DC) photoconductivity
measurements [29,65,72-75] conducted using 650 nm laser light. The deep-level defects observed in
the various CZT and CMT samples are intended to provide excellent feedback to the crystal growth

engineers for further development in the CZT and CMT detector technologies.



2. Experiment

Two numbers (labeled as CZT-1 and CZT-2) of oxygen plasma treated VB-grown CZT crystals
[76] were used for the initial trap characterization. To detect the deep-levels in the VB-ACRT grown
CZT crystals [17-19], another two samples (CZT-W3 and CZT-W4) were used for this purpose. Three
numbers of VB-grown CMT crystals (CMT-1, CMT-2 and CMT-3) [76] were also utilized in this work.
Among these samples, the CMT-1 crystal was oxygen plasma treated, while the other CMT samples
(CMT-2 and CMT-3) were found to be plasma-free.

2.1. CZT and CMT device fabrication

The content of zinc in all CZT samples was specified as ~ 5% atomic. The atomic content of Mn in
CMT crystals was about 3.5 %.

The spatial dimensions of CZT-1, CZT-2 and CMT-1 were approximately 20 x 20 x 5 mm?, while
the other CMT samples (CMT-2 and CMT-3) had dimensions of 10 x 10 x 5 mm?. The CZT-W3 and
CZT-W4 samples were rather thinner with the dimensions of 10 x 10 x 2 mm?3,

All samples (both from CZT and CMT group) provided by GE passed a post-growing annealing
step. The so-called “plasma-treated” samples CZT-1, CZT-2 and CMT-1 underwent an oxidation
processing of the top surface in Diener Plasma system. Afterwards they remained untouched at room
temperature conditions for approximately 30 months. The effect of “aging” and plasma deep penetration
for the plasma-treated samples and its impact on the devices’ properties is described in detail at [16].
The CMT-2 and CMT-3 samples underwent the plasma processing as well but were almost immediately
taken into research process with the mechanical erase of the plasma affected surface layers. Thus, we

consider them to be free of any plasma affection.

The surface processing for the samples CZT-1, CZT-2, CMT-1 and CMT-2 included a mechanical
polishing with 1 um alumina powder on a special tissue pad with a removing of about 40 um layer from
top and bottom surfaces. The CMT-3 crystal was polished in the same manner and was etched in 2%
Bromine Methanol solution for 2 minutes right after the polishing step. The CZT-W3 and CZT-W4
samples were polished with 1 um Al,Oz powder likewise the CZT-1 and CZT-2 samples.

The surface treatment was followed by the metallization step. In case of samples namely CZT-1,
CZT-2,CMT-1, CMT-2, CMT-3, the indium 100 nm thick contacts were deposited via thermal vacuum
evaporation method at 10° Torr on both top and bottom surfaces, resulting in M-S-M (metal-
semiconductor-metal) structures. The contact patterning exhibits a fully covered bottom surface and a

5 x 5 mm? contact centralized on the top crystal surface.

In case of CZT-W3 and CZT-W4 samples, instead of indium contacts, the 100 nm thick gold

contacts were deposited using vacuum thermal evaporation method. The contact design for top and



bottom surfaces was the similar: a square contact covering the whole surface except the 1 mm gap from
the crystal edges. In order to conduct measurements, the studied samples were mounted on the ceramic
holders with metallized area, enabling an electrical connection to the measuring setup.

2.2. PICTS characterization

The device under test (DUT) was placed on a sample holder in the liquid-nitrogen cooled LT4
Helitran® cryostat equipped with an optically transparent entrance window. Cernox® sensor was
attached to the sample holder and its temperature was controlled and monitored by Lakeshore 325
temperature controller. The DUT was illuminated using red laser diode module with excitation
wavelength of 650 nm and optical power of 100 mW. A constant bias voltage (Vs) of either -50 V or
+50 V (polarity relative to top contact) was applied to induce electron or hole injection in the DUT
during the PICTS measurements. It is expected that 650 nm (1.9 eV) wavelength light absorbs near the
illumination surface of the CZT and CMT and generates electron-pairs there; according to the bias
polarity, either electron or hole should drift towards the crystal volume until they get trapped or
recombined [68]. The traps in the DUT were populated at each temperature by 1 ms long laser pulses.
As soon as the laser source was turned off, free excess carriers (yet not trapped) exist in the bulk were
quickly evacuated (possibly in several us) due to the applied voltage, thereafter the de-trapped charge
contribution dominates the current transients obtained for the time duration of 200 ms. The current
transients were amplified with a sensitivity of 10" A/V using low noise Ithaco 1211 current preamplifier
and the current compression control was adjusted to eliminate the DC current component in the
transient. The amplifier output signals were transformed into equivalent digital signals using NI SCB-
68 shielded I/0 connector and were simultaneously recorded in the PC. The current transients were
acquired in the temperature range of 80-400 K by varying the sample temperature. The lock-in method
[77] was adopted for the transient analysis; here only a part of the transient was evaluated based on the
rate window (em). In the selected fraction of the transient (Tc), the sum of last 40% portion (0.6 Tcto 1
Tc) of the transient signal was deducted from the sum of 0.1 Tc - 0.5 T of the transient, consequently
the PICTS signal was attained for the particular rate window. In the same way, the PICTS spectra were
acquired for six different rate windows such as 10 s?, 20 s?, 35 s, 50 s, 100 s, and 200 s*,

respectively.

2.3. TEES and TSC characterization

The main difference between thermoelectric emission spectroscopy (TEES) and the well-known
thermally stimulated current (TSC) measurements is the driving force used for the movement of charge
carriers during the thermal ramp-up [30,31,71]. In both experiments, the DUT was cooled down to a
low temperature of ~80 K (To) without any bias voltage. Upon reaching To, the electrically active defects
in the DUT were populated using 650 nm light illumination under the bias voltage for the time duration

of 200 s. Two different bias voltages (Vg) of either -50 V or +50 V were employed in the laser pumping
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step to obtain electron or hole population conditions in the DUT. Finally, the sample temperature was
increased at the heating rate of 0.2 K/s and the thermal emission current was measured under dark
conditions using Keithley 6517A Electrometer. No bias voltage was applied to the DUT throughout the
TEES experiments (including warm-up). As the heater is mounted on the sample holder, the bottom
electrode of the sample is at a higher temperature than the top contact during the thermal ramp-up, as a
result the de-trapped electrons and holes force to move towards the colder electrode and the resultant
electron and hole currents have opposite signs [30,31,71]. Therefore, the TEES technique can
differentiate the electron and hole traps in the CZT and CMT samples. The TEES was used as the
complementary to the PICTS for the purpose of trap identification. During the TSC thermal scan, the
DUT was kept under a bias voltage (Vs =-10 V or +10 V), so the de-trapped electrons and holes drift
towards the opposite electrodes due to the applied electric field and the resulting electron and hole
currents have the same sign [31,78]. Hence, TSC spectroscopy cannot discriminate the electron and
hole traps in the sample, however the TSC signal magnitude is stronger than the TEES.

The thermal generation of carriers via deep-level donors (responsible for electrical compensation
in the CZT and CMT crystals) essentially governs the TSC spectrum acquired above room temperature
[45,46]. To identify the deep-level donor (Epp), the steady-state thermal generation current was
measured under Vg = -10 V without laser excitation (no trap filling).

2.4.DC photoconductive measurement

The DC photoconductivity technique is relatively simple and well-established method used for
decades to assess the ut product in the CZT and CMT samples [29,65,72-75]. At room temperature, the
photoconductivity measurement was conducted by using the 650 nm laser employed in the PICTS
experiment. The top contact of the DUT was illuminated, and the resulting photocurrent was measured
with the respect to the applied negative bias voltages (Vs = 0 V to -200 V). In this configuration, the
electron current contribution may dominate the photocurrent responses. The effective value of the pt

product was estimated by fitting the photoconductivity current with the Hecht equation [29,65,72-75].

3. Results and Discussion

3.1. Trapsin VB grown CZT crystals

Figure 1 shows the PICTS acquired at the rate window em = 10 s for the VB grown oxygen-plasma
treated CZT-1 sample under two bias conditions such as Vg = -50 V (preferential electron injection)
and +50 V (preferential hole injection). There are seven distinct peaks seen in the PICTS of Fig. 1: A1,
A2, A3, Adat-50V and A5, A6, A7 under +50 V. The peak maximum position is found to shift towards
higher temperatures with the increasing rate window, i.e. PICTS follows the Arrhenius law. The peak
maximum temperature (Tm) of the peaks is noted at different rate windows and are related with

activation energy (E;) and capture cross-section (o) by the Arrhenius expression [68,79]:
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where N is the effective density of states for conduction band for electron trap, v, is the carrier
thermal velocity, and g is the degeneracy factor. Figure 2 depicts the Arrhenius plots of In(Tmn%/em)

versus 1/kTn for the peaks A1-A7 observed in the CZT-1. The activation energies and capture cross
sections are calculated from the slope and intercept of the Arrhenius plots: Al (0.12+0.01 eV, 3x10°%
cm?), A2 (0.19+0.02 eV, 1x10Y" cm?), A3 (0.64+0.04 eV, 3x10** cm?), and A4 (0.85+0.03 eV, 5x10°
13 ¢m?) for -50 V; and A5 (0.24+0.02 eV, 7x101® cm?), A6 (0.61+0.02 eV, 4x101* cm?), and A7
(0.85+0.03 eV, 6x10% cm?) for +50 V. Note that, the trap signatures for the peaks A4 and A7 are quite
similar, so these peaks might be produced by the same defect. However, these peaks A4 and A7 are
observed in both bias conditions, which reveal that the electron (Vs = -50V) and hole (Vs = +50V)
injection into the bulk is always mixed (asymmetric carrier injection). In this case, it may not be possible
to distinguish the electron and hole traps from the PICTS results even at two different bias

configurations. Hence, the TEES results are used to identify the trap type in the CZT and CMT.

PICTS signal (10 " A)

80 120 160 200 240 280 320 360 400
Temperature (K)

Fig. 1. PICTS spectra acquired at rate window em = 10 s for the VB grown oxygen plasma treated CZT-1 sample
under two different bias conditions Vg = -50 V and +50 V.
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Fig. 2. Arrhenius plots of In(Tm%/em) versus 1/kTr, for the peaks A1-A7 observed in the CZT-1 sample.



Figure 3(a) illustrates the TEES spectra obtained for the CZT-1 sample with two trap filling bias
conditions: (1) Vs = -50 V applied to top contact during laser excitation at 80 K (i.e. higher possibility
for populating electron traps) and (2) Ve = +50 V applied to DUT during illumination (i.e. condition
for hole population). It is worth recalling that the TEES spectrum was acquired without any bias voltage
during the thermal scan. Three distinct negative peaks at ~115 K, ~152 K and ~245 K are noticed in the
TEES of Fig. 3(a). A single TEES/TSC peak, I'rsc(T) resulting through thermal emission from a

particular trap can be expressed in the first order kinetics approximation [34,37,41,67]:

i E.. kD, T* ¢ 212
l'rsc(T) = Kg 7Ny ; Dy T2exp| - —=F - —— L g Fri/iT ><[1—4KT+20|(T H

2
kT PEqr; Eri ETZ,i @

where K =gAE is the geometrical factor, g is the elementary charge, A is the device active area, E

is the electric field, w7z is the carrier mobility-lifetime product, N is the trap concentration,
D,; =3x10*(m"/my)o; is the trap dependent coefficient, m, is the electron rest mass, the effective

mass of electron and hole is m, =0.14m,and m, = 0.37m, [41,44], and 2 is the heating rate. The sum

of TSC peaks belonging to specific trap levels comprised with the dark current are represented by a
temperature dependent fitting function called as simultaneous multiple peak analysis (SIMPA),

Isimpa(T) [34,37]
ISIMPA(r)ZZI':'SC(r)"_Idark(T) (3)

Idark(T) =Ce F /T 4
where C is the constant and Ep, is the deep-donor level controlling the dark current, 1., (T). In most

cases, the trap signatures deduced from the PICTS are taken for SIMPA curve fitting Eqns. 2-4 (here

Ks 1t Ny used as the fitting parameter) with the measured spectrum. In case, no matching is found

between the TEES peak and PICTS results, the activation energy of the particular peak is estimated by
assuming a reasonable capture cross-section of 10*° cm in the Egn. 2. According to the 6517A
Electrometer electrical connections used in the measurement setup, negative and positive peaks in the
TEES spectra reveal electron and hole traps [78,80], respectively. From the SIMPA fitting, it is found
that trap parameters of A2, A5 and A3 are related with the negative peaks at ~115 K and ~245 K.
Accordingly, it is considered that the two electron traps A2 (Ec - 0.19 eV) and A5 (Ec - 0.24 eV) are
merged and produced a broad negative peak at ~115 K; the negative peak at ~245 K is created by the
electron trap A5 (Ec - 0.64 eV). Whereas the negative peak ~152 K are not correlated with the any of
traps A1-A7 detected by PICTS. By considering o = 10**cm, a new electron trap at A8 (Ec - 0.35 eV)
is determined from the negative TEES peak seen around 152 K. For hole population condition (Vs =
+50V), the same traps A2 and A5 are detected but with a weaker magnitude, confirming that these states

are electron traps. The TSC spectrum measured under bias voltage Vg = -10 V for CZT-1 (electron



population case at To) is shown in Fig. 3(b), along with the steady-state thermal emission current (lgark)-
The traps A2 and A5 are also perceived in Fig. 3(b) with the increased signal density; however, the trap
A5 is not noticeable in the TSC spectrum due to the thermal generation current domination beyond
260K. Therefore, the TEES is more effective in identifying deep-level traps in the compensated CZT
materials as compared to the TSC.
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Fig. 3. (a) TEES for CZT-1 sample acquired with two trap filling bias conditions Vg = -50 V and +50 V at To. (b)
TSC spectrum obtained under Vg = -10 V for CZT-1 (electron population at To) is shown along with the steady-
state thermal emission dark current (lgark).

The natural logarithm of steady-state thermal generation dark current for CZT-1 in the temperature
range of 290-320 K is plotted in Fig. 4. The deep-donor energy (Eoo = 0.82 eV) is determined for the
CZT-1 from the linear fit of In(lqark) Versus 1/kT Arrhenius plot as per the Eqn. 4. The Epp level (0.82eV)
of CZT-1 is located near the middle of the bandgap, so it should control the Fermi level pinning position
near the midgap through electrical compensation of native acceptors in the bulk [45,46], thereby
achieving high-resistivity (p > 10° Q cm) CZT crystals.

21
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Fig. 4. Identification of deep-level donor energy (Epp) for CZT-1, CZT-2, CZT-W3, and CZT-W4 crystals by the
linear fits of In(lgark) versus 1/kT Arrhenius plots.



The PICTS spectra in Fig. 5 for the VB grown CZT-2 sample reveal three traps B1 (0.11+0.01 eV,
4x102° cm2), B2 (0.64+0.03 eV, 2.7x10%), B3 (0.86+0.02 eV, 5.6x10*%) under negative bias voltage
Vg = -50 V; and two traps B4 (0.11+0.01 eV, 2x10% cm2), B5 (0.61+0.02, 3.6x10) at Vg = +50 V.
The PICTS at +50 V was not measurable beyond 340 K due to the rapid rise in the dark current, so the
trap at 0.85 eV is not detected for the positive bias voltage. The TEES of CZT-2 samples obtained with
electron and hole population conditions is plotted in Fig. 6(a). The electron trap emitting around 265 K
is associated with the defect B2 (Ec - 0.65 eV). The negative peaks at ~115K and ~152K are related to
the traps A5 (Ec- 0.24 eV) and A8 (Ec - 0.35 eV) detected in CZT-1. In the hole-population case, only
a small negative peak is seen at ~260 K and other two peaks are absent, which confirms that these defect
states are electron traps. The occurrence of these three traps (Ec- 0.24 eV, Ec - 0.35 eV, Ec - 0.65 eV)
in the TSC spectrum of CZT-2 further support the TEES results, as perceived from Fig. 6(b). The Epp
=0.81 eV is determined for CZT-2 by the linear fit of In(lgark)-1/KT plot shown in Fig. 4.

0.30 T T T T T T

B czT-2

0.25 1

0.20 |-

PICTS signal (107 A)
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Fig. 5. PICTS (em = 10 s?) for the VB grown oxygen plasma treated CZT-2 sample under two different bias
voltages Vg = -50 V (preferential electron injection) and +50 V (preferential hole injection).
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Fig. 6. (a) TEES for CZT-2 sample attained with electron and hole population conditions. (b) TSC spectrum at
Vg =-10 V and lgar spectrum for CZT-2.
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Figure 7 shows the photoconductivity current characteristics of the CZT-1 and CZT-2 samples
obtained using 650 nm illumination. The subtraction of the dark current from the photocurrent yields
the photoconductivity current. The effective carrier mobility-lifetime (ut) product can be estimated by
fitting the photoconductivity current with the modified Hecht equation under the assumptions of a
uniform electric field and no carrier de-trapping in the DUT [29,65,72-75]:

LZ

1, urV - 1
I(Vg) = OL2 Z|1-e #™e s ®)
1+——
Ve p

where 1(Vg)is the photocurrent at the bias voltage V g, |, is the saturation photocurrent, L is the

sample thickness, and s is the surface recombination velocity. The effective put product for CZT-1 and
CZT-2 samples is calculated as 3.2x10* cm?#V, and 4x10* cm?/V from the Hecht fitting with negligible
surface recombination velocity. Thus, quite similar put product values are estimated for the CZT-1 and
CZT-2 crystals. The pt product of the CZT crystals can be further improved by the sub-bandgap

illumination [29].

3k 1r=32x10" em’v = 4x10" em’V

650 nm illumination

m  CZT-1: Photocurrent| |
CZT-1: Hecht fit

® CZT-2: Photocurrent
CZT-2: Hecht fit 1

Photocurrent (pA)
s

200 -150 -100 50 0
Bias Voltage (V)

Fig. 7. The photoconductivity current characteristics obtained using 650 nm illumination for the CZT-1 and CZT-
2 samples are fitted with the Hecht equation.

The deep-level defects identified in the VB grown CZT-1 and CZT-2 samples are summarized in
Table 1. The traps are grouped based on their activation energy, capture cross-section and peak position
in PICTS. The trap signatures and peak positions for the peaks B1 and B4 are quite similar, so it is
considered that these peaks are produced by the same trap (denoted as X1). Similarly, the peaks A6 and
B5 are grouped as an identical trap X6; A3 and B2 are categorized as X6; the peaks A4, A7 and B3 are
grouped as X8. Several defects are common and nearly the same ut product values are identified in
CZT-1 and CZT-2 samples, which indicates that these CZT crystals have identical crystalline quality.
Overall, eight distinct trap levels (X1-X8) are observed in the VB grown CZT-1 and CZT-2 crystals.

The traps in the CZT-1 and CZT-2 are attributed to the defects reported in the literature according
to their activation energy. The possible defects for the X1 (0.11 eV) and X2 (0.12 eV) traps are single
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ionized Cd vacancies V¢4 [40,42,44,46,48], A-center defect complex composed of Cd-vacancy and In-
dopant (Vcd-Incg) [39,45,46], In-impurity related defect Incq* [41], Cd-vacancy and Cl-impurity defect
complex observed in CdTe [21]. The electron traps X3 (Ec - 0.19 eV) and X4 (Ec - 0.24 eV) are assigned
to dislocation-related intrinsic defects [39,43], structural defects formed by Te-inclusion or precipitation
[50], and the isoelectric oxygen-Cd vacancy pair (Ore-Veg)”? found in CdTe [70]. The microscopic
origin for the electron trap at Ec - 0.35 eV (X5) is the doubled ionized Te antisite (Tecq™) [50]. The
deep-level trap X6 (0.61 eV) is ascribed to the Zn-related physical origin [22,37]. The deep electron
states at Ec - 0.65 eV (X7) are associated with the doubly ionized Cd-interstitial (Cdi**) [21,68], Lead-
related origin [43], and deep-level identified in the CZT single crystal by photo-hall effect spectroscopy
(PHES) technique [56]. The deep-level defect X8 (0.85-0.86 eV) are assigned to the Tecq or Vcqdefect
associated with an impurity [25], (Tecs+Vca)?” defect complex [38], Ni-impurity induced deep-level
states [27], and the deep electron trap determined from the time and temperature evolution of the electric
field upon optical excitations [13]. Note that, the X8 is located near the Epp (0.81-0.82 eV), so the trap
X8 should also play a major role in controlling the bulk resistivity of CZT-1 and CZT-2 crystals.

The carrier de-trapping time (t,,) of the defects is calculated at 300 K based on the following

equation and is given in Table 1 [68,81]:

1 -E
t, = ex T 6
« N¢ Vg o p[ kT J (©)

The carrier de-trapping time increases with the increasing activation energy, as noted from Table 1.
Although X1 (0.11 eV) is a shallow trap, the de-trapping time of X1 (7.5x10° - 1.5x10%s) is higher
than that for intermediate trap X5 (0.35 eV, ts = 3.3x10°s) due to the lower capture cross-section of
X1. Hence, the carrier emission rate depends not only on the energy position, but also their capture
cross-section. Significantly longer de-trapping times (> 0.02 s) are noticed for Er > 0.6 eV. The emission
time constant of the deep-level defect X8 is found to be 16-23 s. The carrier trapping time (t;) of defect
t ~ [Nt vin o] . [1+10° cosh (Et-E;)/kT] dictates that the deep-level traps are faster in capturing the
charge carries than the swallow levels [27-29]. The deep-level defects have faster capture time and
slower emission rate. This implies that the deep-level traps can quickly capture the excess charge
carriers introduced in the detectors, but the de-trapping process is much slower such that may exceed
the data acquisition time of the detector read-out electronics [27-29]. Therefore, the deep-level traps
(Er > 0.6 eV) are mainly responsible for incomplete charge collection and pt product degradation in
the CZT radiation detectors.
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Table 1. Deep-level defects identified in VB-grown CZT-1 and CZT-2 crystals by PICTS and TEES.

Label | Group Er (eV) ¢ (cm?) tat at 300K (s) Possible defects

B1,B4 X1 0.11 (2-4)x102%° 7.5x10® - 1.5x10* Vcq [40,42,44,46,48], Vcg-Incy
Al X2 0.12 3x10Y7 1.5x107 [39,45,46], Incq* [41], Vea-Clre [21]
A2 X3 Ec-0.19 1x10Y7 6.7x10°6 dislocation related intrinsic defects
A5 X4 Ec-0.24 (3-7)x10'® | 6.6x107-1.5x10® [39,43], Structural defects [50], (Ore-

Vcd) 7 [70]

A8 X5 Ec-0.35 1x10% 3.3x10® Tecqd™ [50]

A6,B5 | X6 0.61 (3-4)x10 0.019 - 0.025 Zn-related origin [22,37]

A3,B2 | X7 | Ec-(0.64-0.65) | (2-3)x10 0.11-0.17 Cdi?* [21,68], Lead-related origin [43]
Ad, X8 0.85-0.86 (5-6)x105 16 - 23 Teca O Vea With impurity [25],

A7,B3 (Teca+Ved)>" [38], Ni-related [27]

Eop 0.81-0.82 Vv

3.2. Traps in VB-ACRT grown CZT crystals

Figure 8 shows the PICTS spectra (em = 10 s™) acquired for VB-ACRT grown CZT-W3 sample
under negative (Vg = -50V) and positive (Vs = +50V) bias voltages. From the Arrhenius analysis, four
traps are identified at Vs = -50 V: C1 (0.23+0.01 eV, 10Y" cm), C2 (0.34+0.02 eV, 10 cm?), C3
(0.42+0.03 eV, 102 cm), and C4 (0.82+0.04 eV, 4x101® cm2); and three defects are detected under
Vg = +50 V: C5 (0.23+0.01 eV, 4x10Y" cm?), C6 (0.34+0.02 eV, 5x10%6 cm™2), and C7 (0.65+0.04 eV,
3.5x10* ¢cm). The TEES spectra attained with electron and hole population conditions for the CZT-

W3 is depicted in Fig. 9(a). The negative peaks at ~148 K and ~197 K are consistent with the trap
parameters of C2 (Ec - 0.34 eV) and C3 (Ec - 0.42 eV) according to the Eqn. 2. By choosing 6 = 10%°
cm?, the energy level corresponding to the negative peak at ~212 K is estimated as Ec - 0.5 eV (i.e.
new defect C8 detected in TEES). It is found that the hole trap C1 (Ev + 0.23 eV) produces the positive
peak around 127 K in the TEES in Fig. 9(a) obtained for hole-population condition.

PICTS signal (10 A)

3.0

25

20

~—V, = +50 V CZT-W3
El
e =10s

1 L

C4

1
100 150 200 250

360
Temperature (K)

350

Fig. 8. PICTS (em = 10 s%) acquired for VB-ACRT grown CZT-W3 sample under negative (Vg = -50V) and
positive (Vg = +50V) bias voltages.
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Fig. 9. TEES spectra attained with electron and hole population conditions for the VB-ACRT grown (a) CZT-W3

and (b) CZT-W4 crystals.

The PICTS spectra obtained at the rate window en = 35 s for VB-ACRT grown CZT-W4 sample
under Vg = -50V and +50V are shown in Fig. 10. The low temperature peak D1 is not clearly visible at
the rate windows e, = 10 s and 20 s*. For better visualization of the peak D1, the PICTS acquired at
em = 35 s? is depicted in Fig. 10. Four traps are observed from the PICTS under Vs = -50 V: D1
(0.12+0.01 eV, 6.5x10Y" cm™), D2 (0.16+0.01 eV, 10" cm), D3 (0.28+0.01 eV, 9x10" cm?), and
D4 (0.81+0.03 eV, 4.3x102 cm2). On the other hand, a single defect state D5 (0.78+0.04 eV, 9x10
cm?) is identified in the PICTS (Fig. 10) at Vs = +50V. Figure 9(b) displays the TEES spectra attained
for the CZT-W4 sample with electron and hole population conditions. The negative peaks at ~175 K
and ~255 K do not correspond to any of the defects observed in the CZT-W3. So, new trap levels D6
(Ec - 0.4 eV) and D7 (Ec - 0.61 eV) are detected from the TEES negative peaks at ~175 K and ~255 K
by considering ¢ = 10° in the TSC fitting Eqn. 2. While, no clear peaks are noticed in the TEES of Fig.
9(b) acquired with the hole-population condition. The deep-donor energy responsible for carrier
compensation in the VB-ACRT grown CZT-W3 and CZT-W4 is determined as Epp = 0.78-0.79 eV by
the linear fit of the In(lgark)-1/kT plot shown in Fig. 4. The effective values of the ut product for CZT-
W3 (6x10* cm?/V) and CZT-W4 (7.3x10* cm?V) samples are estimated by fitting the measured
photocurrent properties with the modified Hecht equation, as plotted in Fig. 11. So, the pt for CZT-W3
is slightly lower than the CZT-W4, may be due to the presence of the deep-level traps at Ec-0.5 eV (Y7)
and 0.65 eV (Y9) in the CZT-W3. However, these ut values are notably higher than that for the CZT-
1 and CZT-2 samples.

14



PICTS signal (10" A)
-9

1(I)D 1;30 260 25ICI 360 350 :1_00
Temperature (K)

Fig. 10. PICTS obtained at the rate window em = 35 s’ for VB-ACRT grown CZT-W4 sample under positive (Ve

=-50V) and negative (Vg = +50V) voltages.
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Fig. 11. The effective values of the pt product for CZT-W3 (6x10* cm?V) and CZT-W4 (7.3x10* cm?/V)
samples are estimated by fitting the measured photocurrent properties with the modified Hecht equation.

The deep-level traps present in the VB-ACRT grown CZT-W3 and CZT-W4 crystals are
summarized in Table 2, together with computed (using Eqgn. 5) carrier de-trapping time (tar) of the
defects. The defects are grouped based on their activation energy, capture cross-section and peak
position in the PICTS: C1 and C5 are assigned under Y3; C2 and C5 are classified as Y5; C3 and D6
are categorized as Y6; C4 and D4 are grouped as Y11. The swallow trap Y1 (0.12) are attributed to the
Vg [40,42,44,46,48], Veg-Incy [39,45,46], Incq* [41], and Vcg-Clye [21]. The trap Y2 (0.16) is also
assigned to the A-center defect (Vcq - Incg) complex [20,28,34,53]. The possible defects for the hole trap
at Ev+0.23 eV (Y3) are Zn-related defect [34], doubly ionized Cd-vacancy (Vcd®) [54], and Vcq or
related defect complex [51]. The microscopic origins for the trap Y4 (0.28 eV) are structural defects
[36,37] and In-related defect [43,49,53]. The doubled ionized Tecq™ [50] may produce the electron trap
at Ec - 0.35eV (Y5). Theelectron trap at Ec - (0.4-0.42) eV (Y6) may correspond to the Tecq-associated
defect [36], Ga-related defect complex [43], Cu-impurity induced complex acceptor [43], and Vcq-
related deep-donor [55]. The electron trap at Ec - 0.5 eV (Y7) may be attributed to the residual impurities
in the In-doped CdTe [43] and Cl-related defect [49]. The defect Y8 (Ec -0.61 eV) may be associated

15



with the Zn cation vacancy (Zn-related origin) [22,37]. The probable physical origins for the defect Y9
(0.65 eV) are the Cd-interstitial (Cdi**) [21,68], Te-interstitials (Tei*) [42], and Lead-related level [43].
The deep-level defect Y10 (0.78 eV) are related to the Vg™ induced deep acceptors [20], acceptor defect
complex comprised of Vcq and an impurity [21], Cl-associated A-center (Vcq-Clye) defect complex [21],
second ionized state of Cd-vacancy (Vce?) [13], and Tecq related deep donor [11,23]. The deep-level
trap Y11 (0.81-0.82 eV) are ascribed to the Tecq or Vcqdefect with an impurity [25], (Teca+Ved)?' [38],
the deep-level identified in CZT crystal by the photo-hall effect spectroscopy (PHES) [56]. The deep-
level defects such as Y10 (0.78 eV), Y11 (0.81-0.82 eV) and deep-donor level (0.78-0.79 eV) are
located near to each other. Hence, in addition to Epp, the mid-gap states Y10 and Y11 should also
participate in the carrier compensation in the CZT-W3 and CZT-W4 substrates.

The activation energies of the traps Y1 (0.12 eV), Y5 (Ec - 0.34 eV), Y8 (Ec - 0.61 eV), Y9 (0.65
eV), Y11 (0.81-0.82 eV) are quite consistent with the defects X1 (0.11 eV) and X2 (0.12 eV), X5 (Ec -
0.35 eV), X6 (0.61 eV), X7 (Ec - 0.65 eV), X8 (0.85-0.86 eV) observed in VB-grown CZT crystals.
The Te-inclusion induced structural defects X3 (Ec - 0.19 eV) and X4 (Ec - 0.24 eV) are not detected
in the VB-ACRT grown CZT crystals. On the other hand, five new defects Y2 (0.16 eV), Y3 (Ev + 0.23
eV), Y4 (0.28 eV), Y6 (Ec -0.4 eV), Y10 (0.78 eV) are identified in the VB-ACRT grown CZT-W3
and CZT-W4 crystals. The de-trapping time for the swallow trap Y1 and deep-level trap Y8 at 300K is
computed as 6.9x10® s and 0.75 s, respectively. So, longer emission time constants (> 0.75 s) are
estimated for the deeper energy states (Er > 0.6 eV) at 300 K. This reveals that the deep-level traps (Y8,
Y9, Y10, and Y11) are the major detrimental defects affecting the carrier mobility-lifetime product in
the VB-ACRT grown CZT-W3 and CZT-W4 crystals.

Table 2. Deep-level traps in VB-ACRT grown CZT-W3 and CZT-W4 deduced from PICTS and TEES.

Label Group Er (eV) 6 (cm?) tat at 300K (s) Possible defects
D1 Y1 0.12 6.5x107 6.9x108 Vcd [40,42,44,46,48], Vcd-Incd
[39,45,46], Incg* [41], Vea-Clre [21]
D2 Y2 0.16 105 2.1x108 A-center (Vcd - Incd) [20,28,34,53]
C1,C5 Y3 Ev+0.23 (1-4)x10°7 7.9x10%- 3.2x10° Zn-related [34], Vcd? [54], Vea or
related defect complex [51]
D3 Y4 0.28 9x10Y7 2.4x10° Structural defects [36,37], In-related
[43,49,53]
C2,C6 Y5 Ec-0.34 (0.5-1)x10%5 | 2.2x10° - 4.4x10° Tecd™ [50]
C3, D6 Y6 Ec - (0.4-0.42) 1015 - 1016 0.002 - 0.005 Tecdrelated [36], Ga-related complex
[43], Cu-impurity [43], Vcd related
deep-donor [55]
Cs8 Y7 Ec-05 105 0.011 residual impurities in CdTe [43], CI-
related [49]
D7 Y8 Ec-0.61 105 0.75 Zn-related origin [22,37]
C7 Y9 0.65 3.5x10 0.1 Cdi** [21,68], Tei* [42], Lead-related
origin [43]
D5 Y10 0.78 9x10 6 Clorine A-center [21], Vcu related
[20,21], Tecd deep donor [11,23]
C4, D4 Y11 0.81-0.82 (4-4.3)x104 42-63 Tecq or Vg With impurity [25],
(Teca+Vea)?' [38]
Ebp 0.78-0.79 eV
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3.3. Trapsin VB grown CMT crystals

Figure 12 displays the PICTS acquired at rate window en = 50 s* for VB grown CMT-1 sample
under negative (Vs =-50 V) and positive (Vg = +50 V) bias voltages. The PICTS at en =50 s is plotted
in Fig. 11 for the clear visualization of the low temperature peak E1. Eight traps are identified from the
Arrhenius analysis of the PICTS peaks: E1 (0.11+0.01 eV, 2x10"Y" ¢cm), E2 (0.22+0.01 eV, 5x10°
cm?), E3 (0.37+0.01 eV, 1.3x101® cm?), E4 (0.7+0.01 eV, 2x10* cm™2), E5 (0.83+0.04 eV, 3x1013
cm?) under Vg = -50 V; and E6 (0.14+0.02 eV, 10° cm2), E7 (0.36+0.03 eV, 4x10® cm?), E8
(0.68+0.04 eV, 2x10* cm™) under Vs = +50 V. The TEES spectra obtained for VB-grown CMT-1
with electron and hole population conditions are illustrated in Fig. 13. The negative peaks at ~160K,
~260K and ~270K are related to the defects E3 (Ec - 0.36 eV), E8 (Ec - 0.68 V) and E4 (Ec - 0.7 eV)
using the curve fitting analysis. The positive peak seen around 135 K in the hole-population case
corresponds to the defect state E2 (Ev + 0.22 eV).

PICTS signal (10 A)
N
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Fig. 12. PICTS acquired at rate window en = 50 s for VB grown CMT-1 sample under negative (Vg = -50V) and
positive (Vg = +50V) bias voltages.
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Fig. 13. TEES spectra obtained for VB-grown CMT-1 with electron and hole population conditions at To.
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The PICTS spectra in Fig. 14 for CMT-2 crystal under Vg = -50 V reveal three electronic trapping
centers such as F1 (0.22+0.01 eV, 7x10% cm?), F2 (0.48+0.02 eV, 3.5x107'2 cm™) and F3 (0.84+0.04
eV, 7x10™® cm?). While a single trap F4 (0.13+0.01 eV, 2x10® cm?) is detected from the PICTS
acquired under the positive bias voltage (Ve = +50 V). The strong negative peak at ~210 K in the TEES
spectrum of CMT-2 (see Fig. 15) is produced most likely due to the electron trap F2 (Ec - 0.5 eV). The
activation energy for the negative TEES peaks at ~250 K and ~270 K is estimated as Ec - 0.6 eV (F5)
and Ec - 0.65 eV (F6) by considering ¢ = 10"%* cm. So, two new defect levels F5 and F6 are identified
from the TEES of CMT-2 sample.
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Fig. 14. PICTS acquired at the rate window ey = 10 s for CMT-2 crystal under Vg = -50 V and +50 V.
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Fig. 15. TEES spectra obtained for CMT-2 with electron and hole population cases at To.

The PICTS spectra at en = 10 s* for the CMT-3 sample under Vg = -50 V are depicted in Fig. 16.
For the better visualization of the low-temperature peak F1, the PICTS acquired at en = 100 s* with the
same bias polarity is shown in the inset of Fig. 16. The PICTS at -50 V reveals four trap signatures: G1
(0.08+0.01 eV, 1.3x10® cm?), G2 (0.28+0.01 eV, 1.6x10 cm?), G3 (0.32+0.02 eV, 1.5x107¢ cm?)
and G4 (0.84+0.04 eV, 7x10*® cm™). Whereas no traps are found from the PICTS attained under the
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positive voltage (Ve = + 50V). The TEES spectra for the CMT-3 for the electron and hole-population
cases are shown in Fig. 17. The negative peak at ~145 K is associated with the electron trap G3 (Ec -
0.32 eV). The trap parameters for the negative peak around 190 K are calculated as G5 (Ec - 0.45 eV,
105 cm2). Figure 18 shows the In(leark) Versus 1/kT plots obtained from the dark current characteristics
for the CMT-1, CMT-2 and CMT-3 crystals. The deep-donor energy responsible for carrier
compensation in the CMT-1, CMT-2 and CMT-3 crystals are found to be 0.83 eV, 0.81 ¢V and 0.83eV,
respectively. Furthermore, ut product values for the CMT-1 (3.6x10* cm?/V), CMT-2 (2.5x10* cm?/V)
and CMT-3 (2.5x10* cm?/V) are calculated from DC photoconductivity properties shown in Fig. 19.
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Fig. 16. PICTS acquired for CMT-3 crystal under Vg = -50 V at the rate window en = 10 s. The inset shows the
PICTS of CMT-3 for same bias polarity (Vg = -50 V), but at the different rate window en= 10 s
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Fig. 17. TEES spectra attained for CMT-3 crystal under electron and hole population conditions at To.
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Fig. 18. Estimation of deep-level donor energy (Epp) for CMT-1, CMT-2 and CMT-3 samples by the linear fits
of In(lyar) Versus L/KT Arrhenius plots.
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Fig. 19. The effective pt product values for CMT-1 (3x10 cm?/V), CMT-2 (2.5x10* cm?/V) and CMT-3 (2.5x10
4 cm?/V) samples are estimated by fitting the measured photocurrent with the Hecht equation.

The deep-level traps observed in the VB-grown CMT-1, CMT-2 and CMT-3 samples are
summarized in Table 3. Based on the activation energy and capture cross-section, the E3 and E7 are
grouped to an identical trap state Z9 and similarly the traps E5, F3 and G4 are categorized as Z14. The
swallow level Z1 (0.08) corresponds to Cd-vacancy induced donor-type defects (Vcq*) [67] observed in
the V-doped CMT crystals. The swallow trap Z2 (0.11 eV) may be produced due to the In-doping
impurity [57]. The defect Z3 (0.13 eV) is assigned to the single ionized Cd-vacancy (Vcq) [43,46]
observed in the CZT crystals. The trap Z4 (0.14 eV) may be related to the electron trap detected in Ga-
doped Co.99Mno o1 T crystals [58] and the dislocations-induced defects [67] found in the V-doped CMT.
The hole trap at Ev + 0.22 eV (Z5) are identified for the first time in CMT crystals, thus this hole trap
may be attributed to the Mn-related origin. The possible defects for the trap Z6 (0.22 eV) are the Vcg®
[54], Vcq or related defect complex [51] detected in the CZT. The energy position of the trap Z8 (0.28
eV) is nearly matched with the V-related [67] and X-level [67] defects identified in the V-doped CMT.

Szatkowski et al. [57,59] also determined similar trap activation energies (~0.28 eV) in the Ga-doped
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and In-doped CMT crystals. The possible defects for the electron trap at Ec - 0.32 eV (Z8) are the Tecq
complex [67] and the electron trap detected in Ga-doped Co.0sMngo1 T [58]. The microscopic origins for
the electron trap Z9 at Ec - (0.35-0.36) eV are the Tecq™ [50], Tecs-2Vcq [67], and defect states found
in the Ga-doped CMT [58]. The electron trap at Ec - 0.45 eV (Z10) are ascribed to the Vcq-related
defects [67], and acceptor-type [Teca-2Vca]? [67]. The defect Z11 (0.48 eV) is also identified in the In-
doped CdosMng2Te [59] and Cdo.ssMno.1sTe [62] crystals, which is attributed to the Cd-vacancy induced
acceptor-states [65]. The closely located electron traps such as Ec - 0.68 eV (Z13) and Ec - 0.7 eV (Z14)
are identified for the first time in the CMT, so these electron traps may be assigned to the Mn-related
origins. The probable defects for the deep-level trap Z14 (0.83-0.84 eV) are the Tecq or Vcqg With
impurity [25], (Teca+Vea)?’ [38] defects determined in the CZT; this deep-level defects should play a
major role in the electrical compensation in the CMT crystals, together with the deep-level donors
located at 0.81-0.83 eV. The emission time constant of the defects is found to increase with the
increasing trap energy (refer Table 3). The de-trapping time for the defects Z12, Z13, and Z14 are
estimated as 1.13 s, 1.2-1.4 s, and 12.4-18.2 s, respectively. It is anticipated that the deep-level defects
Z12-Z14 (Er > 0.6 eV) should have faster capture time and slower emission rate. As a result, it is
considered that the deep-level traps Z12 (Ec - 0.68 eV), Z13 (Ec - 0.7 eV), and Z14 (0.83-0.84 eV) are
the major performance limiting defects present in the CMT crystal. From the Tables 1-3, it is noted that
the activation energy of the traps Z1-Z4, Z6-Z11 and Z14 quite matches with the some of the defects
observed in the CZT crystals. To the best of our knowledge, the hole trap at Ev + 0.22 (Z5) is not yet
reported in the literature for the CMT crystals. Moreover, the electron traps at Ec - 0.68 eV (Z13) and
Ec - 0.7 eV (Z14) are detected in the CMT for the first time, thereby these defects are attributed to the

Mn-related microscopic origins.

Table 3. Deep-level traps observed in VB grown CMT-1, CMT-2 and CMT-3 crystals from PICTS and TEES.

Label Group Er (eV) 6 (cm?) tat at 300K (s) Possible defects
Gl Z1 0.08 1.3x10°19 7.4x106 Ved* [67]
El Z2 0.11 2x10°Y 1.5x107 Incd* [57]
F4 Z3 0.13 2x1016 3.3x108 Ved [43,46]
E6 Z4 0.14 10719 9.7x10° dislocation-related [67]
E2 Z5 Ev +0.22" 5x10Y7 4.3x10® Mn-related
F1 Z6 0.22 7x1016 3x107 Ved? [64], Ve or related defect
complex [51]
G2 Z7 0.28 1.6x107%5 1.4x10° V-related [67], X-level [67]
G3 Z8 Ec-0.32 1.5x10°16 6.8x105 Tecd complex [67]
E3, E7 Z9 Ec - (0.36-0.37) (1-4)x1016 (4-7)x10* Tecd™* [50], Teca-2Vcd [67]
G5 Z10 Ec-0.45 1015 0.002 Vca-related defects [67], [Tecs-2Vcd]?
[67]
F2 Z11 0.48 3.5x1012 1.4x106 Vg acceptor [65]
E7 Z12 Ec-0.68" 104 1.13 Mn-related
E4 Z13 Ec-0.7" (1-2)x10°%4 1.2-24 Mn-related
E5, F3, 714 0.83-0.84 (3-7)x1013 12.4-18.2 Tecd or Veg with impurity [25],
G4 (Teca+Vea)?' [38]
Eop 0.81-0.83 eV

“these defects are reported for the first time in CMT crystals.
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4. Conclusions

The deep-level defects in the CZT and CMT crystals are identified by the PICTS and TEES
techniques. Eight distinct trap levels (X1-X8) are reported in the energy range of 0.11-0.86 eV for the
VB grown CZT-1 and CZT-2 crystals. Several common defects (X1, X5, X6, X7 and X8) and nearly
the same pt product values are identified for CZT-1 (3.2x10* cm?V) and CZT-2 (4x10* cm?/V)
samples, thus these CZT crystals have identical crystalline quality. The deep-level trap X8 (0.85-0.86
eV) is located near the deep-donor energy (Eoo = 0.81-0.82 eV), thereby X8 should also play a major
role in controlling the bulk resistivity of CZT-1 and CZT-2 crystals.

The PICTS and TEES measurements on the VB-ACRT grown CZT-W3 and CZT-W4 samples
reveal eleven different traps (Y1-Y11) with the activation energies from 0.12 eV to 0.82 eV. In
comparison with CZT-1 and CZT-2 samples, five new defects Y2 (0.16 eV), Y3 (Ev + 0.23 eV), Y4
(0.28 eV), Y6 (Ec -0.4 eV), Y10 (0.78 eV) are identified in the CZT-W3 and CZT-W4 crystals. The
Te-inclusion induced structural defects X3 (Ec - 0.19 eV) and X4 (Ec - 0.24 eV) are not detected in the
CZT-W3 and CZT-W4. In addition to Epp = 0.78-0.79 eV, the mid-gap states Y10 and Y11 should also
participate in the carrier compensation in the CZT-W3 and CZT-W4 substrates. The pt product for
CZT-W3 (6x10* cm?/V) is slightly lower than the CZT-W4 (7.3x10* cm?/V), may be due to the
presence of the deep-level traps at Ec-0.5 eV (Y7) and 0.65 eV (Y9) in the CZT-W3. However, these
pt values are notably higher than that for the CZT-1 and CZT-2.

There are 14 distinct defects (Z1-Z14) are identified in the CMT-1, CMT-2 and CMT-3 crystals
with the energy range of 0.08-0.84 eV. The deep-level defect X14 (0.83-0.84 eV) should play a major
role in the electrical compensation in the CMT crystals, together with the deep-level donors located at
0.81-0.83 eV. The activation energy of the traps Z1-Z4, Z6-Z11 and Z14 quite matches with the some
of the defects observed in the CZT crystals. To the best of our knowledge, the hole trap at Ey + 0.22
(Z5) and the electron traps at Ec - 0.68 eV (Z13) and Ec - 0.7 eV (Z14) are detected in the CMT for the
first time, thereby these defects are attributed to the Mn-related microscopic origins.

It is anticipated that the deep-level defects (Er > 0.6 eV) should have faster capture time and slower
emission rate. As a result, it is considered that the deep-level traps viz. X6-X8, Y8-Y11, and Z12-Z14
are the major performance limiting defects affecting the charge collection properties of the CZT and
CMT based radiation detectors.
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