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We studied, by current deep-level transient spectroscopy (I-DLTS), point
defects induced in CdZnTe detectors by three dopants: Pb, Bi, and In.
Pb-doped CdZnTe detectors have a new acceptor trap at around 0.48 eV. The
absence of a V¢q trap suggests that all Cd vacancies are compensated by Pb
interstitials after they form a deep-acceptor complex [[Pbcql*-Véql ™. Bi-doped
CdZnTe detectors had two distinct traps: a shallow trap at around 36 meV and
a deep donor trap at around 0.82 eV. In detectors doped with In, we noted
three well-known traps: two acceptor levels at around 0.18 eV (A-centers) and

0.31 eV (Vgq), and a deep trap at around 1.1 eV.
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INTRODUCTION

Growth of CdZnTe (CZT) ingots from the melt by
the Bridgman method yields semi-insulating crys-
tals that hold promise as high-efficiency, high-
performance radiation detectors.’™ However, this
growth mode entails important drawbacks; viz., the
high Cd partial pressure generates undesirable
point defects in the form of Cd vacancies (Vgq). In
addition to these native defects, intentionally added
dopants and impurities also introduce some point or
complex defects. All of these act as traps for charge
carriers within the bandgap by immobilizing a hole
or electron. These traps ultimately act as recombi-
nation centers, causing annihilation of electrons
and holes. Trapping and recombination contribute
to the loss of charge carriers and, hence, reduce the
average lifetime of the charge carriers. Deep traps
close to the midband mainly are responsible for
charge loss due to their relatively large cross-section
and long detrapping time and, hence, for the deg-
radation of the signal for each event. To ensure high

(Received May 12, 2011; accepted October 17, 2011;
published online November 9, 2011)

488

detector performance and efficiency, the origin of
these defects must be identified, so that their den-
sity and hence effect can be minimized.

Different dopants are added to CdZnTe crystals
during their growth to ensure high resistivity;
among these, the most well known are Pb, Bi, In, Cl,
V, Ge, and Sn. In this paper, we report the defects
observed in such crystals, based on the type of
dopant added. Our main goal is to identify and
understand the DLTS signatures of Pb-, Bi-, and
In-related carrier traps and their capture cross-
sections in CZT:Pb, CZT:Bi, and CZT:In detectors.
To study these deep levels, we employed BNL’s I-
DLTS system,* which was designed especially to
explore high-resistivity materials, such as CdZnTe,
CdMnTe, CdMgTe, T1Br, and heavily irradiated Si
detectors. Li gives further details relating to its
theoretical principles.®

EXPERIMENTAL PROCEDURES

We used three types of detectors obtained from
different manufacturers: one Pb-doped CdZnTe
detector (vertical Bridgman method),® two Bi-doped
CdZnTe detectors (vertical Bridgman method
with two different dopant concentrations),” and an
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Table I. Specifications, dopant levels, and resistivities of the four detectors
Dimensions Dopant Level Resistivity
Detector (mm?®) (at. cm™®) (2 cm)
CZT:Pb 5x5x2 1 x 107 ~10'°
CZT:Bi-B 11 x7x3 1 x 10" ~10®
CZT:Bi-Bro 7Tx5x2 1 x 10" ~10°
CZT:In 5x5x2 - 10%
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Fig. 1. CZT:Pb detector: (a) DLTS spectrum with defects labeled for A = 822 nm, and (b) TEES measurements with a deep acceptor trap around

230 K.

In-doped CdZnTe detector (Bridgman method).% The
Zn concentration in these detectors was 10%.
Table I lists their dimensions, dopant concentra-
tions, and bulk resistivities.

We characterized the point defects in these
detectors principally with I-DLTS. To understand
the nature of the traps and Te-rich phases in the
crystals, some supporting data were obtained from
thermal emission electron spectroscopy (TEES)®
and infrared (IR) transmission spectroscopy.’ I-V
measurements were carried out to understand the
electrical resistivity of the material.

I-DLTS Measurements

Acquiring I-DLTS measurements involves several
steps. In the first step, the sample is set on the cold
finger at a particular temperature, and stabilized at
that temperature by a temperature controller.
Defect filling and emission (trapping and detrap-
ping) are done at each selected temperature. Defect
levels are first filled with electrons (or holes) by
illuminating the sample with the bias on the sample
off, using a laser wavelength with energy less than
that of the material’s energy bandgap. In the emis-
sion process, the laser is shut off, and a bias is
applied across the sample. Detrapping of carriers
from defect levels generates a transient current.
After amplification, the transient current recorded
by the oscilloscope is interpreted using a personal
computer (PC) with the help of a LabView program.
The data are analyzed for the point defects using

IDL and Excel software. A total run taking about
8 h typically goes from 10 K to 400 K with about
390 data points (or transients).

RESULTS AND DISCUSSION

The DLTS results for the energy traps, the prob-
able origin of the traps, the corresponding capture
cross-sections for the carriers (o), and some prop-
erties for the three types of CZT detector are
described next in detail.

Point Defects
CZT:Pb

Figure 1 shows the DLTS and TEES plots with
energy levels for the CZT:Pb detector. The DLTS
plot reveals three energy traps: a shallow trap
around 10 meV and two deep traps around 0.48 eV
and 1.1 eV. According to Savitskya et al.,'° a shal-
low trap with ~13 meV binding energy is usually
attributed to a metallic impurity, such as Cu exist-
ing in the form of a shallow acceptor [Cucql™, or an
acceptor complex [Vcgq-Cul™. Looking at the low
energy (10 meV) of this trap, we attribute it to
metallic impurities, most probably in atomic form,
rather than relating it to a complex trap.

A trap around 0.31 eV, related to the Vgq, was
absent, pointing to possible compensation of the Vq
by substitutional Pb. The 0.48-eV trap was a dis-
tinctive energy trap in Pb-doped detectors. There
are two possibilities for this: first, there is the
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Fig. 2. IR transmission images showing different Te secondary phases (dark spots) for three detectors: (a) CZT:Pb, medium and small phases;
(b) CZT:Bi, small phases, almost negligible concentration; and (c) CZT:In, high concentration of small phases.

likelihood of Pb substitutions on Cd vacancies,
forming a donor level [Pbcql™; second, there is the
chance that the new donor trap [Pbcgl” might result
in a deep acceptor level with Vg4, in the form of
[[Pbcal*-VZ4]™ If the 1.1-eV trap mentioned earlier
is a donor level trap, then to attain high resistivity
in CZT:Pb, the Pb-related trap should be an accep-
tor. To discover the nature of these traps, we carried
out some TEES measurements, as shown in Fig. 1b.
Two acceptor levels were identified. Hence, our
assumption that the complex [[Pbgal*-Vaql™ is
formed is the more acceptable alternative. Savitsky
et al.'? also identified a Pb-related acceptor level at
about E, + (0.38-0.43) meV. The 1-eV to 1.2-eV
traps that we found earlier in almost all the CZT*
and cadmium manganese telluride (CMT)*! detec-
tors had remarkably high levels of Te secondary
phases; hence, we conjecture that the trap around
1 eV to 1.2 eV might reflect the presence of Te pre-
cipitates. IR transmission measurements verified
the presence of Te secondary phases in these three
detectors; Fig. 2 displays the images. The IR images
for CZT:Pb and CZT:In show large and small Te
phases (Fig. 2a and c, respectively). On the other
hand, Bi-doped crystals (Fig. 2b) had negligible
numbers of Te phases, as seen by IR microscopy. In
addition, as discussed later, the Bi-doped detectors
lacked the 1.1-eV trap (Fig. 3a); hence, our

assumption relating the 1.1-eV trap in CZT detec-
tors with Te precipitates seems likely.

CZT:Bi

Two types of Bi-doped CZT detectors, denoted
CZT:Bi-B and CZT:Bi-Bro, with dopant concentra-
tion of ~10™ e¢m™3, were characterized for point
defects. The difference between them was in the Zn
concentration and the Cd overpressure used during
crystal growth. The Zn concentration for CZT:Bi-B
and CZT:Bi-Bro, respectively, was 7.5% and 15%. In
addition, the latter was grown in Cd overpressure,
while the former was grown under normal condi-
tions. Figure 3 shows I-DLTS plots with energy
levels for both detectors; they show two distinct
dominant traps: a shallow one around 0.03 eV and a
deep trap of 0.82 eV in CZT:Bi-B and CZT:Bi-Bro,
respectively. Saucedo et al.'? reported a deep trap in
the same energy range in CdTe:Bi-doped detectors.
Hence, this difference is unrelated to the Zn con-
tent, leaving only the difference in Cd overpressure
during crystal growth. The plots reveal that the Cd
overpressure enhances the 0.82-eV trap and
decreases the 36-meV trap. Elemental Bi has a
binary action, and can occupy Cd- or Te-lattice
positions. Accordingly, relating this with the pres-
ence of Vgq in a non-Cd atmosphere, the dominance
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Fig. 3. DLTS spectrum with defects: (a) CZT:Bi-B, the shallow trap at 0.03 eV is dominant; (b) CZT:Bi-Bro, the dominant deep trap at 0.82 eV

causes an increase in the resistivity of the material.
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Fig. 4. TEES measurements for CZT:Bi-Bro with a deep donor trap
at around 210 K.

of the 36-meV trap can be attributed to Bicg. In this
way, Bi compensates almost all Cd vacancies for
this level of Bi doping. Another piece of evidence for
this conclusion is that, similar to the Pd-doped
detector, the trap around 0.31 eV attributed to Vq
was not identified in these Bi-doped detectors. In
CZT:Bi-Bro, the Cd overpressure resulted in the
dominance of the 0.82-eV trap. The donor nature of
the trap is evident from the TEES plot in Fig. 4. The
deep nature of the trap indicates that it does not
just represent the compensation of intrinsic defects,
but most probably reflects the formation of some
complex center. Park and Chadi,'® in their first-
principles pseudopotential calculations, identified a
low-energy lattice instability state (VI-VI dimer
bonding, Te—Te in our case) that is most effective in
acceptor passivation (Vgq in our case) in II-VI
semiconductors. Formation of a deep donor trap is
reported as being the result of these structural
changes in a crystal.'®!?

Figure 5 shows the dark current and the response
to 822-nm light for CZT:Bi-B. The calculated values
of resistivities for CZT:Bi-B and CZT:Bi-Bro,
respectively, are 10° Q cm and 10° Q cm. The deep
traps close to the Fermi level mostly are responsible
for the material’s high resistivity. The presence of
the 0.82-eV trap in the latter, i.e., the comparatively
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Fig. 5. CZT:In DLTS spectrum with defects labeled for /4 = 822 nm.

higher resistivity detector of the two, supports
this statement. Saucedo et al.'? also related the
deep trap they found in Bi-doped CdTe detectors
with the material’s high resistivity and high
photoconductivity.

Besides the Bi-related traps, we identified a few
more traps, one of them with a weak DLTS signal at
around 0.46 eV. As seen from the glow-discharge
mass spectrometry (GDMS) data in Table II, Fe is
found in high concentrations. Based on the findings
from our new Fe-doped detector (soon to be
reported) and the GDMS data, we consider that the
0.46-eV trap is related to Fe impurities.

An A-center® with a weak DLTS signal can also be
seen at around 0.18 eV, as shown in Fig. 3. The
origin of this A-center is the formation of a complex
between [Veql>~ and [Mcql*, where here M corre-
sponds to In (5.7 x 10% at. em™2) or Al
(5 x 10 at. em™3) impurities in CZT:Bi. Compared
with other impurities, In and Al have a high chance
of occupying the Vg4 position. The other shallow
traps due to elemental metallic impurities also are
evident.

The 1.1-eV trap corresponding to Te precipitates
was absent in Bi-doped detectors, as also verified by
the IR image for this detector (Fig. 2b), wherein
there are almost no Te-rich phases, thus confirming
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our statement relating the 1.1-eV trap with Te
precipitates.

CZT:In

Figure 5 plots the DLTS findings, showing the
energy traps in the CZT:In detector. Two shallow
traps at around 7 meV and 12 meV were identified,
which we again attributed to the metallic elemental
impurities. There are two additional well-known
acceptor levels, A-centers, at around 0.18 eV, and
[Vcal?™ at around 0.31 eV. The presence of these
two traps indicates that In has partially compen-

Table 2. GDMS data for CZT:Bi-B detector

sated the Cd vacancies, by making an A-center. The
1.1-eV trap identified in CZT:Pb also was present in
this detector.

Capture Cross-Sections

Figure 6 plots the capture cross-sections for the
energy traps for the four detectors. It reveals that
deep traps have a higher probability of capturin
charge carriers. The values vary from 10 2! cm
to 1077 cm? from shallow traps to deep traps,
respectively.

Electrical and Radiation Responses

The electrical response of the detectors was
assessed by I-V experiments. The dark current
measured for the Bi-doped detectors was compara-

) Concentration tively higher than for the other two. The resistivi-
Impurity (at. cm™) ties recorded in Table I were calculated from the
Li 5.9 x 1016 I-V measurements. The Pb- and In-doped detectors
Na 1.0 x 10'6 exhibited high resistivity of ~10'° Q cm. The Bi
Mg 5.4 x 108 dopant conferred high resistivity in CdZnTe, but the
Al 5.0 x 10%° detector failed to show any response to incident
K 2.0 x 10%° gamma radiation. In- and Pb-doped detectors
Ca 3.6 x 1012 showed radiation response. The mobility—lifetime
Cu L0 x 10 / product of these detectors was 0.7 x 102 cm? V!
Ag 1.2 x 10 - to 2 x 1072 cm? V1. Photoresponse to white light
Iél ?Z X igm and 822-nm light-emitting diode (LED) light was
Bfl o4 i 1019 observed for all three detectors. The response of the

: Bi-doped detector is shown as an example in Fig. 7.
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Fig. 6. Capture cross-sections for four detectors: (a) CZT:Pb, (b) CZT:Bi-B, (c) CZT:Bi-Bro, and (d) CZT:In. The values vary from 1072! cm? to

107 cm?, for shallow to deep traps, respectively.
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Fig. 7. Dark current density and photoresponse of CZT:Bi-B detec-
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Fig. 8. CZT:In detector response to gamma rays; the full-width at
half-maximum (FWHM) of the 59.6-keV peak is 11.2%.

Pb- and Bi-doped detectors showed no response to
gamma rays, while the 2-mm-thick In-doped
detectors responded to them (Fig. 8). In case of
Pb-doped CZT detectors, a 9-mm-thick detector had
a good response; the results have been published
elsewhere.'*

CONCLUSIONS

We investigated CdZnTe detectors doped with Pb,
Bi, and In. We identified distinct traps in each, most
probably related to the particular dopant in the

crystal. In Pb- and Bi-doped CZT detectors, almost
all the V4 are compensated by Pb and Bi atoms. In
the former, an expected new deep acceptor complex,
with energy of 0.48 eV, is induced within the
bandgap. Bi-doped CZT crystals have a shallow and
a deep donor at around 0.03 eV and 0.82 eV; the
latter strongly influences the resistivity of the
detectors. In-doped CZT crystals have well-known
A-centers and dominant Cd-vacancy-related accep-
tors at around 0.18 eV and 0.31 eV. Based on the
DLTS measurements and the electrical and photo-
responses, we conclude that, in CdZnTe, the In
dopant is comparatively more applicable for room-
temperature radiation detectors.
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