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We investigated the effects of post-growth annealing on cadmium zinc tellu-
ride crystals intended for use as room-temperature radiation detectors.
Annealing under Cd vapor effectively eliminated Te inclusions. The material’s
resistivity was lowered, and loss of Zn component was observed. Annealing
under Cd + Zn vapors similarly removed Te inclusions. Furthermore, after
exposure to the two vapors, we noted a change in the crystal surface mor-
phology, i.e., formation of patterns of parallel lines. In contrast to annealing
under Cd vapor alone, high resistivity was maintained after suitably con-
trolling the Cd and Zn pressures.
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INTRODUCTION

The II-VI compound semiconductor cadmium
zinc telluride (CZT) is recognized as one of the
leading materials for fabricating high-efficiency,
high-resolution room-temperature x-ray and gam-
ma-ray radiation detectors.’™ Its unique properties
include high average atomic number ensuring effi-
cient radiation—atomic interaction, large bandgap
offering high resistivity and low leakage current,
high electron mobility—lifetime product, and avail-
ability of materials with large cross-sectional area
and thickness.! These merits fulfill the needs of a
wealth of diverse applications, such as nuclear
medical imaging, nonproliferation inspections,
industrial monitoring, environmental safety and
remediation, astronomical observations, and basic
physics investigations. However, it is still a chal-
lenge to achieve good-quality CZT crystals at low
cost. As-grown CZT crystals usually include differ-
ent material defects that lower the yield of the
ingots, and increase the expense of production. For
example, Te inclusions are one of most common
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defects in as-grown CZT."? Their presence at high
densities lowers the efficiency of charge collection
and degrades the detector performance.? Therefore,
suitable approaches are being sought to eliminate
Te inclusions in CZT crystals. Many efforts have
been made to modify the conditions during growth
to avoid their formation. However, CZT crystals for
radiation detectors usually are grown under Te-rich
conditions to assure their high resistivity; this poses
the problem of supplementing properly with extra
Cd to suppress sublimation of Cd from CZT during
growth. As another choice, post-growth annealing
offers more controllable, reproducible ways for
reducing Te inclusions. In this work, we conducted
post-growth annealing of CZT crystals at different
temperatures and under controlled atmospheres.
We compared the changes in CZT crystals annealed
under Cd vapor only with those annealed under
combinations of Cd and Zn vapors. Here, we report
the effects of these different annealing conditions on
their properties.

EXPERIMENTAL PROCEDURES

In this study, the CZT crystals were grown by
the high-pressure Bridgman method and the
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conventional Bridgman method. All the as-grown
CZT crystals had resistivity above 10® Q cm. The
thicknesses of the samples varied from 2 mm to
3.5 mm. We polished the crystals’ surfaces sequen-
tially with suspensions of alumina particles of 5 ym,
1 ym, and 0.1 ym. Then, we removed their damaged
surface layers with a solution of bromine in meth-
anol. For the annealing experiments, the CZT
crystals and the annealing source (Cd, or Cd + Zn)
were put into quartz ampoules that then were
sealed under vacuum of 107° Torr. These sealed
ampoules were placed in an annealing furnace with
predetermined temperature profiles, so ensuring
that the annealing source provided a suitable over-
pressure around CZT crystals.

The effects of annealing were evaluated by
infrared (IR) transmission microscopy, current—
voltage (I-V) curves, and low-temperature photolu-
minescence (PL) spectroscopy. Te inclusions are
opaque to IR light, while the matrix of the CZT
crystals is transparent. Hence, the IR transmission
images can reflect changes of Te inclusions before
and after annealing. For the I-V measurements, we
placed planar Au electrodes on the crystals’ top and
bottom surfaces by electroless chemical deposition,
and then measured the I-V curves with a Keithley
237 high-voltage source-measure unit. The change
of resistivity prior and after annealing, calculated
from I-V results, can be ascribed to the properties of
bulk crystals, since the side-surface treatment is the
same for the as-grown and annealed samples. For
our PL measurements, the CZT samples were
attached to a cold copper finger within a continuous-
flow helium cryostat keeping the sample tempera-
ture at ~4.2 K. We employed a laser operating at
488 nm to excite the CZT, and the PL signal was
collected by an iHR 550 tri-grating monochromator
controlled by an external computer.

RESULTS AND DISCUSSION

Figure 1 shows representative IR images of a CZT
crystal annealed at 670°C for 50 h in Cd overpres-
sure. A temperature gradient of about 30°C/cm
was applied across the sample. Clearly, all the small
Te inclusions (1 ym to 5 ym in this sample) were
removed after annealing. The large Te inclusions
(15 um to 30 um) migrated towards the high-
temperature end; some of them became elongated into
narrow bands during their migration, leaving small
black spots behind. We ascribed the elimination of
the small Te inclusions to diffusion: Cd diffuses into
the CZT and forms the compound CdTe with them;
alternatively, Te atoms from these inclusions may
diffuse out and react with Cd interstitials within the
surface of the crystal or Cd atoms in the near-
surface region. It would take much longer to totally
remove the large Te inclusions if the diffusion
mechanism of Cd or Te atoms only is operative.
However, a temperature gradient would apply a
driving force for migration of such Te inclusions.
When the annealing temperature is higher than the
melting point of Te, i.e., 449°C, the Te inclusions
will transform into Te-rich liquid droplets. At the
high-temperature end of Te inclusions, CZT dis-
solves into these Te-rich liquid droplets; in contrast,
the CZT becomes solidified at the cold end of the
droplets. Consequently, the Te inclusions will move
towards the high-temperature end. Vydyanath
et al.* first proposed such a migratory mechanism
during their annealing work to improve the quality
of CdTe and CdggeZngosTe as a substrate for
HgCdTe epilayer. We note that, compared with
large-size Te inclusions, small ones are relatively
difficult to migrate even under the same tempera-
ture gradient. The possible reason can be ascribed
to the higher surface tension of the small Te
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Fig. 1. Representative IR images of as-grown and annealed CZT crystal, showing the change of Te inclusions (the CZT was annealed at 670°C

for 50 h in Cd overpressure). The area is 0.66 mm x 0.90 mm.
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inclusions; also, it is possible that the temperature
difference across them might be insufficient to drive
such a process. We noticed that, after the migration
of some large Te inclusions, small black spots were
left behind. Further, it was often observed that
voids exist inside Te inclusions.® Such voids might
have originated from the strong stress field around
the Te inclusions, because the thermal expansion
coefficient of Te is considerably higher than that
of CZT, or by coalescence of Cd vacancies at the
Te-rich secondary phase. During the migration of
these large Te inclusions, the voids cannot move
with the main portion of the inclusions, so leaving
behind small spots that scatter the IR light.

High resistivity is one of the prerequisites for CZT
material used for radiation detection; it helps to
reduce the leakage current and, therefore, lowers
the system noise. Unfortunately, the resistivity of
CZT declined after annealing in Cd vapor, even
though the Te inclusions effectively were eliminated.
In fact, the resistivity was reduced by five orders of
magnitude after annealing at 670°C for 50 h, as
shown by the I-V curves in Fig. 2. Such a change
turns the semi-insulating CZT into a semi-conducting
material, and no energy spectra were observed in a
detector fabricated from the CZT annealed only in
Cd. The compensation between the deep-level Te
antisites, the Cd interstitials, and the Cd vacancies
is considered responsible for the high resistivity of
CZT.%" This compensation could be lost due to extra
Cd interstitials introduced during annealing in Cd
vapor, thereby shifting the Fermi level toward the
bottom of the conduction band or the top of the
valence band. Furthermore, we measured the low-
temperature PL spectrum of as-grown and annealed
CZT (Fig. 3). It is well known that the exciton peak
position serves as an indicator of the bandgap in
CZT.®° Since this bandgap is enlarged with
increasing Zn concentration,®® the red-shift of the
exciton peak clearly indicates that the Zn concen-
tration is less after annealing in Cd vapor. This sig-
nifies that we cannot ignore the loss of Zn component
when devising the approach to annealing CZT.
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Consequently, we annealed CZT under both Cd
vapor and Zn vapor to avoid loss of Zn during the
process. During annealing, the CZT was kept at
750°C for 12 h and the temperatures of Cd and

2.0x10° DAP

1.5x10*
Exciton

1.0x10*

PL Intensity / a.u.

5.0x10° 1

0.0

1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70
Energy / eV

As-grown

Exciton

8.0x10° 1

4.0x10°

PL Intensity / a.u.

DAP
0.0 1

T T T T T T T T T 1

1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70
Energy / eV

After annealing

Fig. 3. Low-temperature PL spectrum of as-grown and Cd-vapor
annealed CZT (donor-acceptor pair, DAP). A red-shift of exciton
peak was observed (from 1.63 eV to 1.60 eV). The PL measure-
ments were taken at 4.2 K.
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Fig. 2. -V curves of CZT after the annealing at 670°C for 50 h in Cd overpressure (dimensions of the sample are 7.0 mm x 7.0 mm x 4.5 mm).

The resistivity was lowered by five orders of magnitude after annealing.
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As-grown After annealing

Fig. 4. Surface morphology of as-grown CZT and annealed (750°C
under Cd + Zn vapor) CZT. New line patterns were formed on the
surfaces of CZT during the annealing.

Zn sources were controlled at 720°C and 820°C
separately. Figure 4 shows the surface morphology
of as-grown CZT and annealed (under Cd + Zn
vapor) CZT. As is apparent, some new patterns of
lines formed on the surfaces of CZT during this
annealing that did not appear after annealing in Cd
vapor alone. It should be noted that these patterns
are always present after annealing involving Zn
overpressure. Most are parallel, and they resemble
newly generated “twin bands.” Jones et al.'®
reported that a ternary compound, Zn,Cd;_,Te
(x = 0.8), forms on the surface of CdTe when the
mass of Zn placed in the ampoule exceeds 2 mg.
Possibly, this situation is applicable to our experi-
ments. This newly formed compound, Zn,Cd;_,Te
(x = 0.8) is brittle, and readily fractures to produce
ductile slips due to the differential stresses between
this surface layer and the CZT matrix.!!

To clarify whether the involvement of Zn affects the
elimination of Te inclusions in CZT, we compared the
change of Te inclusions before and after annealing
under Cd and Zn vapor, as shown in Fig. 5. We found
that all the Te inclusions were eliminated effectively
by annealing under Cd and Zn vapor, which is similar
to that for annealing in Cd vapor alone.

More importantly, we measured the I-V charac-
teristics of CZT after annealing under Cd and Zn
vapor (Fig. 6). Clearly, the resistivity of CZT was
maintained at a relatively high level of 10° Q cm
after this annealing process. In our opinion,
in-diffusion of Zn possibly limits the introduction of
extra Cd interstitials, so helping to maintain pin-
ning of the Fermi level and, thus, yielding high
resistivity.

CONCLUSIONS

We investigated the effects of post-growth
annealing on CZT crystals intended for use in room-
temperature radiation detectors. Annealing under
Cd vapor effectively reduced the density of Te
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Fig. 5. IR images of as-grown and annealed (750°C under Cd + Zn
vapor) CZT crystal, showing the reduction of Te inclusions. The area
is 0.66 mm x 0.90 mm.
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Fig. 6. -V curves of CZT after annealing at 750°C under Cd and Zn
vapor (dimensions of the sample are 5.0 mm x 5.0 mm x 2.3 mm).
The resistivity was maintained at a level of 10° Q cm after annealing.

inclusions. We suggest that the elimination of Te
inclusions of different sizes involves two mecha-
nisms, viz. a diffusion mechanism and a thermal-
migration mechanism driven by a temperature
gradient field. Annealing under Cd vapor lowered
the resistivity of CZT, and loss of Zn component in
the near-surface region was observed. Annealing
under both Cd and Zn vapors had similar effects in
removing Te inclusions as those found under Cd
vapor only. Furthermore, we observed a change in
the crystal surface morphology; i.e., new patterns of
parallel lines formed after annealing under Cd and
Zn vapor. We achieved high resistivity after suit-
ably controlling the Cd and Zn pressures.
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