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Abstract:

The quest for cost-effective, high performing radiation detector materials operable at ambient
temperature has continued for more than three decades. One key to lower the overall detector cost
of productionis a high degree of compositional homogeneity. Spatial homogeneity of the charge-
transport properties of the detector material is also essential for increasing the yield and active
volume of high-performance detectors. Despite its commercial success as a room-temperature
radiation detection material, CdZnTe (or CZT) suffers from a lack of compositional homogeneity
on both a micro- and macro-scale and the presence of spatial inhomogeneity in the material’s
charge-transport properties. The underlying reasons for the spatial inhomogeneity in the charge-
transport properties of CZT are the presence of high concentrations of sub-grain boundary
(dislocation walls) networks and secondary phases (Te-rich inclusions) on a micro-scale and the
segregation of zinc during growth on a macro-scale. This book chapter focuses on the presence of
performance-limiting defects in CZT that hinder the yield and cost of high-quality detectors and
haverestricted wide-spread deployment for a variety of potential applications, particularly for uses
of large-volume detectors where the demands on material perfection are significantly greater. In
the recent past, the addition of selenium in CZT matrix was found to be very effective in a drastic
reduction of Te-rich secondary phases and dislocation networks, while demonstrating little or no
Se segregation duringingot growth. This chapter will provide an overview of recent developments
on the quaternary CdZnTeSe material as a potential next-generation detector material operable at

room temperature.



Introduction:

The availability of radiation detection technology with energy dispersive spectroscopic
capability in the energy range of X- and gamma-rays operating at room temperature has opened a
wide variety of applications in homelandsecurity, nonproliferation, medical imaging, astrophysics
and high energy physics!?. The enormous potential uses have motivated researchers to develop
better materials and processing technology to meet the growing demands worldwide. The
properties of candidate materials for radiation detector applications are very stringent and multi-
pronged. The basic requirement for the ideal radiation detector material is a high average effective
atomic number, hence a high electron density for increased stopping power of the high energy
radiation. In addition, the constituent elements should be non-radioactive to ensure low noise. For
room-temperature operation the foremost criterion is sufficiently high band gap energy to achieve
an electrical resistivity on the order of >101° ohm-cm. Such high resistivity is required to decrease
the dark currentin order to enhance the signal-to-noise ratio. Furthermore, as the radiation detector
users demand devices with larger thickness to enhance detection efficiency of high energy gamma
rays, the material should have adequately high mobility-lifetime product (ut) to ensure complete
charge collection. The operating thickness of the functional detector can be increased with
increased put value assuming the internal electric field can be maintained. From the standpoint of
the crystal growth, the material should be able to grow from congruent melt at a relatively low
temperature and be capable of scale-up to allow for growth of large volume ingots to keep a lower
costof production. The grown material should be compositionally homogeneous, possess very less
defects (intrinsic and extrinsic) and more importantly possess spatial uniformity of the charge

transport characteristics. The chemical and physical stability of the metal-to-semiconductor



junction is also an important aspect for prolonged lifetime of the detector. Over the last three
decades, only a handful of semiconductor materials have been discovered with the desired
attributes, and CdTe, CdZnTe (CZT), Hgl, and TIBr are the mostprominentones!?-14, In the recent
years, perovskites are evolving as a promising material for room-temperature semiconductor
detector (RTSD) applications for high energy radiation!s. John et al.!® listed a comprehensive list
of possible radiation detector materials in a review article. Each of these materials however do
suffer from unique issues associated with difficulty of crystal growth, high concentrations of
defects and device stability.

Despite intense research for the ideal material globally for more than three decades, CZT still
remains the gold standard and dominates the commercial sector. It is to be noted that CZT is a
byproduct of many years of R&D on CdTe. CdTe has multiple uses and has long been known as
a substrate material for IR and night vision applications, and since the 1970s it has been regarded
as a potential material for nuclear radiation detector applications!7 (and references therein) Tn Jater years
Zn was added to the CdTe matrix for better lattice matching to HgCdTe for night vision
applications, while Zn was added to CdTe to increase the band-gap of the material to achieve
higher resistivity and prevent polarization effects associated with Cl-doped CdTe radiation
detectors. Most of the CZT material used today for radiation detector applications contains ~10
atomic % of Zn in the CdTe matrix. CZT based radiation detector applications gained serious
momentum from early 1990°s after the onset of commercialization. The initial commercial process
started with high pressure Bridgman grown detector grade CZT material!®!°. Around the same
time in 1990, Triboulet et al.?® demonstrated the growth of CdTe and ZnTe by Cold Traveling
Heater Method (CTHM), and in 1994 the same group successfully grew CZT by the CTHM

technique. In the later years CTHM became commonly known as the Traveling Heater Method



(THM). The THM technique uses the growth of the material from a Te-rich solution, which allows
the ingots to grow well below its melting point. The THM technique offers several advantages as
compared to melt grown techniques. Because of the lower temperature growth, the ingots possess
less defects and thermal stress. The investigators also confirmed that THM-grown ingots show
better axial and radial compositional homogeneity with a higher purity as compared to melt-grown
ingots?!. Based on the THM growth technique, Redlen Technologies was founded in 1999 for
commercial production of detector-grade CZT. As a consequence of the advantages and successes
on the newly invented technique, other companies began using THM to produce detector-grade
CZT materials. Over time the THM technique has proven to be the most viable technique to grow
CdTe and CZT commercially, and very large diameter ingots up to 10 cm can be produced?.
Despite the intense research for the last three decades, CZT still possesses several shortcomings
that severely limit the widespread deployment, especially for large-volume detectors. Although
these shortcomings have been very difficult to fully resolve, the quality of CZT material has
improved considerably since its early years, and the production cost has steadily decreased. The
presence of high concentrations of sub-grain boundary networks and Te inclusions remains as a
long-standing issue associated with CZT material. These defects act as the charge trapping and
recombination centers and severely affect the uniformity of the charge transport characteristics of
the material resulting in limitations on the thickness of high-performing detectors. Incremental
increases in performance have been demonstrated as the size and concentration of Te inclusions
has decreased through modifications in the growth and post-processing conditions. In addition to
these extended structural defects, CZT suffers heavily from axial and radial compositional
inhomogeneity due to the non-unity segregation of Zn in the CdTe matrix?3. The compositional

non-uniformity affects the overall yield of detector-grade material from the grown ingot. In



addition the compositional gradient is known to impose considerable strain in the CZT ingot6-24,
The present article will discuss the sub-grain boundary networks in CZT and their effect on device
performance. One effective way to mitigate such defects is by adding selenium into the CZT
matrix, which can increase the yield of high-quality detector grade material from a grown ingot by

reducing the large-scale variations in the alloy composition.

Sub-grain boundaries and their networks in CZT:

Unlike conventional elemental semiconductors such as Si and Ge, various structural defects are
present in CZT, which adversely affect the charge transport characteristics of the material and the
performance of fabricated devices. Sub-grain boundaries and their networks and Te inclusions are
the most prominent extended defects in CZT, and they are the main defects responsible for
compromising the detector performance and lowering the yield of high-quality detector grade
material from a given ingot. The broadening of photo-peaks in detectors is often attributed to the
presence of sub-grain boundaries and their networks and Te inclusions, although point defects and
leakage currentcan be problematic as well. Sub-grain boundaries are in principle dislocation walls,
where the dislocations are arranged along the boundary walls?>-2, In most cases, these sub-grain
boundaries and dislocation walls are arranged in cellular structures because of polygonalization®’
and are highly decorated in CZT material. The configuration of dislocation walls is typically called
the sub-grain boundary network. These dislocations are visible after preferential etching of
polished surfaces. The sub-grain boundary networks can also be observed by X-ray topographic
images, preferably in reflectionmode. Figure 1a shows a preferentially etched CZT sample surface
with dimensions of 9x3 mm? and the corresponding X-ray topographic image (Fig. 1b). The dark

lines in the cellular structure are arrangements of dislocations along the sub-grain boundary in the



CZT sample. The density of sub-grain boundaries is particularly high for this sample. The dark
spots in the ellipses denoted in Fig. 1a are commonly known as punching defects, which form on
sites of Te inclusions that have been removed by post-growth annealing process. The X-ray
topographic image of the same sample also shows the presence of sub-grain boundaries and their
network with the appearance of dark and bright lines. The punching defects appear as white spots
on the X-ray topographic images as highlighted inside the ellipses. As depicted in Fig 1, the sub-

grain boundary networks are often found to be randomly distributed in the CZT matrix, and the

Fig. 1. Sub-grain boundaries and prismatic dislocations, usually generated around Te inclusions after post-
growth annealing, are apparent on the surface of a 9x3 mm? area of the crystal treated with the Nakagawa-
etching technique (top) and with X-ray diffraction topography (bottom). The circles denote the prismatic
dislocations defects seenin bothimages. (Taken from A. Bolotnikov etal., Reference # 25).

sub-grain boundaries are also known to be decorated with Te inclusions?> 28. The sub-grain
boundaries are invisible through infrared (IR) transmission microscopy. Since Te inclusions are
opaque in the infrared wavelength range, sub-grain boundaries and their networks often can be
tracked through the decoration of Te inclusions seen in IR transmission images2328, The sub-grain
boundary network was also observed by bright field Transmission Electron Microscopy (TEM) by
Zeng et al.28; they also confirmed the decoration of sub-grain boundaries by Te precipitates as

shown in Fig. 2. The sub-grain boundaries and their networks are possibly the most concerning
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Figure 2. Sub-grain boundary networks and their Te precipitates a) Bright fieldimage of sub-grain boundary
networks, and b) Agglomerated Te precipitates present along sub-grain boundary networks. (Taken from D.
Zeng etal.,Reference# 28).

defectsin CZT materialamongthose affectingthe detector performance. The sub-grain boundaries
and their networks were found to be presentin CZT samples irrespective of growth techniques.
Bolotnikov et al.?> reported the presence of sub-grain boundaries and their networks in CZT
samples by X-ray topographic measurements produced from seven different vendors across the
globe. The dislocations and their networks are known to introduce during growth/solidification
and subsequent cooling process due to thermal stress related to the inherent poor thermo-physical
properties of CdTe/CZT. Moreover, the energy of creation of dislocations and stacking faults are
inversely proportional to the ionicity®. This makes the highly ionic II-VI crystal lattice very
sensitive to any strain and prone to introduction of stress-related defects. Thus, the drastic
improvement of CdTe/CZT material is limited due to its inherent poor thermo-physical properties.
The sub-grain boundaries and their network cannot be removed by post-growth annealing;
however, eliminating the Te inclusions from the CZT matrix by post-growth annealing is a
common practice in CZT detector manufacturing process. Unfortunately, the process is known to

produce large star-like defects (punching defects) at the locations of relatively large Te inclusions



in post-annealed samples. The star-like defects are invisible in an IR transmission measurement,
but they are detectable by charge collection mapping, preferential etching, and X-ray topographic
experiments. Depending on their concentration and size, these star-like defects can severely
hamperthe charge-transport properties? and the device performance?(. Furthermore, Te inclusions
are known to be surrounded by a dense field of dislocations, and those remain even after removing
the inclusions by thermal annealing?’. Because of the high concentrations of defects at the
dislocation walls viz. sub-grain boundaries are prone to accumulate impurities?’ in addition to the
Te inclusions. In addition to the dislocations itself, all these impurities and the Te inclusions are
responsible for creating charge trapping centers at different binding energies within the band-gap
of the material. It has been observed that the dislocations introduced by deformation of CZT
produces a trap state at an energy of ~0.27 eV3!. Te inclusions are reported to introduce a trap level
at 1.1 eV above the valence band32. Impurities are responsible for shallow and/or deep trap states
depending on their position in the energy gap and the Fermi level. For example, the impurities
from group Il produce shallow levels and the transition elements are accountable for deep states.
Most of these defects actas electron trapping centers and can severely hamper the charge-transport
characteristics of the material depending on their concentration and electron capture cross
section26-27:33_ Carini et al.3?> demonstrated direct evidence of the charge loss due to the presence of
Te inclusions. The mobility-lifetime product for electrons [(ut).] in CZT can vary over a larger
range of between (0.2-20)x10-3 cm?/V for the regions with Te inclusions compared to the clear
regions that are relatively free from large inclusions?. This indicates that the random distribution
of these localized defects in CZT matrix imposes severe spatial charge-transport inhomogeneity,

which eventually broadens the photo-peaks and degrades the detector performance.



The spatial variation of charge-transport characteristics was evaluated by high spatial resolution
X-ray response mapping with a spatial resolution of better than 10 um?3334. The experiments were
conducted using collimated synchrotron light source of beam size ~10x10 um?2. Planar CZT
detectors were raster scanned across the whole area with a step size of a few microns, and the
detectorresponse was registered ateach pointof interaction foran incident low energy X-ray beam
with an energy of 7-40 keV. The pulse height (i.e., the channel numbers at each point) was then
mapped over the whole area of the sample. The schematic of the experimental set up is shown in
Figure 3. The experimental setup and procedure are detailed elsewhere33-34as reported by Carini

etal.33and Camardaetal3*. Charge loss orincomplete charge collection due to the localized defects
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Figure 3. Block diagram of the X-ray response mapping system (Taken from G. A. Carini etal., Ref. #33).

such as Te inclusions and sub-grain boundaries and their networks were also reported to be
dependenton the applied bias, as was demonstrated by Camarda etal.3* Figure 4a shows IR image
of etched surface of a typical CZT sample revealing different defects such as dislocation walls,
viz. sub-grain boundaries and star-shaped defects. The corresponding X-ray response map of the
planar detector fabricated with the same sample of dimensions 12x5x5 mm? is shown in Fig. 4b

under an applied bias of 500 V using a 30-keV energy synchrotron beam. Non-uniform charge



collection was observed throughout the entire area. The bright area corresponds to higher charge
collection efficiency, while the grey or dark areas are associated with reduced charge collection
due to the presence of localized defects. The appearance of dark lines in Fig. 4b shows the presence
of sub-grain boundaries (dislocation walls) as a result of incomplete charge collection at the
boundary walls. Severe charge loss is also evident for the star-shaped defects as shown in Fig. 4b.
Fairly good correlation between the regions of low charge collection and the locations of defects

in the crystal displayed in Figs. 4a and 4b was observed?3>.
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Figure4.a)IR image of etched surface ofa CZT sample and b) raster-scanned image of X-ray response map

of the same CZT sample. Sample dimensions: 12x5x5 mm?. (Taken from A. Hossain et al., Ref. 35).

Different pulse heights are produced at different locations of the detector sample due to the
random distribution of extended defects, whichsmears the resultingphotopeak of the detector after
integrating detectors responses over the entire active volume. The performance degradation
becomes more prominent with increased thickness. Thus, the spatial homogeneity of charge
transport characteristics in detector material is critically important in achieving high-quality
detectors and maximizingtheiryield. Apartfrom spatial charge-collectionuniformity, high-quality
detector material also demands spatial homogeneity of radiation-induced charge generation, and
the presence of extended defects and other band-gap variations also adversely affects such
uniformity. The effect of sub-grain boundaries on the performance of Frisch grid detectors was

very prominent as compared for two different detector samples of the same dimensions?3. Both the
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detectors showed the presence of ahigh density of sub-grain boundary networks, while the sample
containing a greater number of major sub-grain boundaries displayed larger broadening of the
photopeaks and low energy continuum?3. The presence of sub-grain boundaries/dislocation walls
in CdTe family entails a serious issue for medical imaging applications as well. Buis et al.3¢
demonstrated thatthe image of a cowry shell taken with CdTe pixelated detector contained various
lines corresponding to dislocation walls and sub-grain boundaries. The defects had to eliminate
after the flat-field correction. It is thus necessary to develop material free from large Te inclusions
and sub-grain boundary networks to avoid the need for charge-loss correction schemes, which
impact measurement time, power consumption and cost effectiveness. Moreover, material free
from the secondary phase and sub-grain boundary networks drastically enhances the yield of high-
quality detectors with can potentially lead to a substantial cost reduction.

Effects of Se addition to the CdZnTe matrix:

Most II-VI compounds are prone to strain and extended defects in as-grown ingots due to their
high ionicity. Due to the high ionicity of CdTe at 0.559, it is not surprising that CdTe ingots show
the presence of sub-grain boundaries and their networks and residual strain. The ionicity is
inversely proportional to the energy of creation for dislocations and for stacking faults®. Higher
ionicity and the poor thermo-physical properties of CdTe limit the improvement of the material
quality and makes it difficult to grow large-volume high quality crystals with less defects. In
addition to the growth-related defects, CdTe also suffers from a lower band-gap, which hinders
achieving high resistivity material on the order of >10!° ohm-cm. The ternary material CZT came
up as the consequence of the desire to improve the properties of CdTe. Adding Zn in CdTe matrix
offered several advantages for different applications. For example, adding Zn in CdTe provides

better lattice matching substrates to HgCdTe epilayers for IR or night vision applications. For
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detector applications, the band-gap is enhanced to help satisfy the required resistivity of over 101
ohm-cm for making low-noise nuclear detectors with improved performance. The most beneficial
reason for adding Zn in CdTe is the higher binding energy of the Zn-Te bond and lower ionicity.
Thus, the addition of Zn in CdTe was reported to reduce the dislocation density and sub-grains and
enhance the micro-hardness due to the lattice hardening effect of Zn.% 3739 If we define CdTe as
the first-generation radiation detector material, then the ternary compound CZT is the second-
generation detector material. Although some lattice hardening was observed after addition of Zn
in the CdTe matrix, CZT still comprises a relatively high density of sub-grain boundaries and their
networks as discussed in the last section, which affects the yield of high-quality detectors and
limits the wide spread deployment of CZT especially for large-volume detectors.

Despite incremental improvements over the last three decades, it has been extremely difficult
to overcome the inherent poor thermo-physical properties of CdTe/CZT and grow large-volume
crystals free from sub-grain boundaries and their networks. To improve the crystallinity and
increase the volume of defect-free material, one approach has been to pursue isoelectronic doping
as an effective means for solid-solution hardening. The substrate community observed a profound
reduction of sub-grain boundaries and their networks after doping CdTe by as low as 04 %
(atomic) selenium, and they also showed that solid solution hardening with Se is more effective
than with Zn (see, for example, Refs. 7 and 40). Later, the advantage of Se doping was realized by
adding it to the CZT matrix for substrate applications*!. At the early stage of CZT development in
1994, Fiederle et al.#? reported a better put product for electrons (4.2x10“ ¢cm?/V) and superior
charge-collection efficiency for Bridgman-grown CdTe( ¢Seo 1 (CTS) crystals compared to CZT.
In recent years the addition of selenium in the CdTe matrix was also shown to greatly reduce the

sub-grain boundaries and produce crystals free from sub-grain boundary networks, plus a reduction
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in the concentration of Te-rich secondary phases and an improvement in the compositional
uniformity43-43.

White Beam X-ray Diffraction Topography (WBXDT), especially in the reflection mode is very
sensitive in revealing the presence of sub-grain boundaries and their networks. The technique is
also sensitive to localized strain present in the crystal. The localized strain results in lattice
distortion, which consequently deforms the topographic image. In general, X-ray topographic
images in the reflection mode reveal the presence of sub-grain boundaries as the appearance of
white and dark lines based on the tilt angle of adjacent sub-grains. The white and dark lines appear
due to the separated and overlapping diffracted images of adjacent sub-grains respectively, subject
to angle of the adjacent sub-grains.

The experimental procedure for WBXDT is rather simple. An intense X-ray beam with an energy
range of 6—40 keV from a synchrotron light source reaches the sample's surface, commonly at a
grazing incident angle of 4—5 degrees. The diffracted images are recorded on high-resolution X-

ray films. The schematic of the setup is shown in Figure 5.

X-ray film

Diffracted beam

Sample Incident X-ray beam

Fig.5.Schematic of the X-ray diffraction topographic experimental setup in the reflection mode. (Taken
from U.N. Roy et al., Ref.#45)

Significant improvements of the microstructural properties regarding sub-grain boundaries and

their networks were demonstrated by adding selenium to the CdTe matrix®4°. They confirmed the
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resulting CdTeSe to be free from sub-grain boundary networks by using preferential etching to
reveal dislocations. Recently, we also confirmed the efficacy of Se addition in CdTe matrix using
X-ray topographic studies®. Figure 6a shows the results for a lapped wafer along the length of a
THM-grown CdTe ¢9Seo ; ingot. The arrow indicates the growth direction. The left end is ~1.5 cm
from the tip, and the right end is ~1.5 cm from the top of the ingot. The occurrence of a few twins
in the material is evident from this figure. The wafer contains two large grains indicated as (a) and
(b), as shown in Fig. 6a. The X-ray topographic investigation was carried out for these two large
grains. The topographic experiments were carried out on a mirror-finished polished surface
followed by etchingin a bromine-methanol solution. X-ray topography,especially in the reflection

mode, is very sensitive to the surface preparation. Care was taken to remove surface damage from
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Fig. 6.a) The wafer cutalong the length fromthe central partof the THM-grown CdTesSeo.; ingot. The
arrow shows the growth direction. b) X-ray diffraction topographicimage ofthe grain “a”, and c) “b” of
the CTSsample. (Taken from U. N. Roy et al., Ref. #45).

the polishing process by etching the polished samples prior to the experiments. The X-ray
diffraction topographic images of the grains “a” and “b” as indicated in Fig. 6a are shown in Figs.
6b and c, respectively. As shown in Fig. 6b, the ingot surface touching the ampoule wall shows
little orno deformation in the topographic image indicatingthatthe contactis relatively stress free.
A slight deformation on the ingot surface touching the ampoule wall is evident from Fig. 6¢

depicting a small amount of stress-induced lattice deformation. Ampoule walls very commonly
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introduce strain in melt-grown ingots, especially in CdTe-based compounds?*. Severe lattice
distortions, as observed by the streaky nature of the X-ray topographic images near the periphery
of the wafers, were also observed for contact-less vapor grown CdTe and CZT#7-48. The distortion
near the periphery for the contact-less wafer was however reported to be due to possible turbulence
in the vapor flow around the periphery of the grown ingot*8. Due to their inherent structure, twins
are very straight in nature. Thus, twins are a good reference frame to observe the presence of any
residual stress present in the crystal. Any stress presentin the crystal results in localized lattice
distortion, hence the twins in the topographic image would be deformed. As shown in Fig. 6b, the
topographic image shows the presence of twinning almostdiagonally across the entire grain, which
is very straight. The appearance of the straight twins in the X-ray topographic image indicates that
the entire grain is practically strain free. A similar straight appearance of straight twin lamellae is
also evident on the left upper part of the grain “b” as shown in Fig. 6¢. No sub-grain boundary was
detected in the X-ray topographic image of the grain “b” as shown in Fig. 6b, while few sub-grain
boundaries are evident near the lower middle part of the grain “b”. These sub-grain boundaries are
shown in Fig. 6¢ as the appearance of white and dark lines in the topographic image. However, no
cellular structure viz. sub-grain boundary networks were observed in any part of the ingot, which
agrees well with earlier results demonstrated back in the mid 1990s%2°. The addition of selenium
in the CdTe matrix proved to be an effective solution-hardening element in producing ingots free
from sub-grain boundary networks and with greatly reduced residual thermal stress.

Despite profound improvement of the higher quality, the material does not qualify for radiation
detectorapplications,especially foruses demandinghigh detection efficiency wherelower leakage
currents are required. Although the band-gap of CdSe is higher than CdTe, the band gap of the

ternary decreases with Se concentration up to a concentration of ~40%?%. The bowing of the band
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gap with Se concentration was ascribed to a compositional disorder effect*. Thus, the band-gap
of the ternary turns out to be lower than that for CdTe, which restricts the material from attaining
the requisite electrical resistivity for room temperature operation. To achieve the advantages of
selenium and also obtain a larger band-gap than CTS, we pursued a quaternary compound by
adding selenium to Cd ¢Zng ;Te. Different compositions were evaluated with varying selenium
concentrations from 1.5% to 7% (atomic), while keeping the concentration of zinc constant at the
value of 10% (atomic). For all the tested concentrations, the resulting CZTS ingots were found to
be free from a sub-grain boundary network. Figure 8 shows an optical photograph of a grain (left)
from atwo-inch Cdg 9Zng 1 Tego3Se o7wafer cut perpendicular to the growth axis foran ingot grown
by the THM, and the corresponding X-ray topographic image of the same grain shown in the right
side of the photograph>?. In order to evaluate the effectiveness of selenium as a solution hardening
agent, the ingot was naturally cooled to room temperature after the completion of growth to force
introduction of thermal stress. It is to be noted that no lattice distortion was observed near the
periphery of the wafer touching the ampoule wall, as indicated by the blue arrow, depicting the
absence of any stress introduced from the ampoule wall. This observation agrees well with prior
measurements for CTS ingots. However, slight lattice distortion was indeed observed at the wall
contact of the CTS ingots, while in case of CZTS, we did not observe any lattice distortion in the
X-ray topographic image of the wafer touching the ampoule wall. This observation suggests that
the presence of Se and Zn is more effective in arresting the introduction of thermal stress than
compared to individually doped Se or Zn in CdTe ingots. Furthermore, the undistorted twins in
the X-ray topographic image, as indicated by the green arrows in Fig. 7, provide evidence that the

material is free from any thermal stress. The undistorted grain boundaries of the X-ray topographic
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image also corroborate the effectiveness of selenium as an effective solid solution hardening
element in CZT matrix. The material was observed to be free from sub-grain boundary networks

Wafer periphery, touching the ampoule wall

Sub-grain boundaries

p VAN

.
|

Twins Grain boundary

Figure 7. Optical photograph of the grain (left) and the corresponding X-ray topographic image of the grain.
(Taken from U.N. Roy etal., Ref.# 50).

with the presence of very few sub-grain boundaries as illustrated in Fig. 7, albeit the ingot was
cooled at a faster rate.

To counter the large thermal stress associated with the higher temperature growth process,
similar studies were also carried out with melt-grown CZTS ingots with the same composition.
Very large thermal stress is known to introduce during the growth and cooling processes of melt-
grown ingots by the Bridgman method as compared to the THM. We recently reported an X-ray
topographic study of vertical Bridgman grown Cdg ¢Zny Teo935€¢.07 ingot with a diameter of 4
cm’!. Figure 8 shows the photograph of lapped wafers cut perpendicular to the ~11-cm-long
Cdg.9Zng 1 Teg.935¢0.07ingot with diameter of 4 cm grown by the vertical Bridgman technique'. As
is evident from Fig. 8, the ingot is composed of two mono-crystals with one very large grain except
for the conical part of the ingot. A few twins are visible near the conical part of the ingot, and most

of the ingot is twin-free. As mentioned earlier, all the X-ray topographic diffraction experiments
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3 Near the conical
-,/ part of the ingot

Fig. 8. Optical photograph ofthe wafers cut perpendicular to the ingot axis. (Taken from

U.N. Roy et al., Ref.#51).

were carried out on mirror-finished surfaces followed by bromine-methanol etching. X-ray
topographic analyses were carried out for three different wafers taken from top, middle and bottom
(~ 1.5 cm above the conical part) parts of the ingot. The very top of the Bridgman grown ingot
undergoes the maximum thermal stress since this part of the ingot remained at the highest
temperature for the longestamount of time during growth as well as during the subsequentcooling

process.

<3

‘V Sub-grain boundaries

(@) (b)
Figure9.a) Photograph of the 4-cm diameter Cdo.oZno.1 T eo.93Seo.07 lapped wafer cut fromthe very top of the
ingot, and the X-ray topographicimages of the region denoted by the white rectangle and the grain on the
rightside of the wafer.b) Photograph of the bottom partofthe wafer and the corresponding X-ray
topographic image of the region denoted by the white rectangle (The white rectangles and the corresponding
X-ray topographic images arenot to scale). Thickness of the wafer: 6.3 mm. (Taken from U.N. Roy etal., Ref.
#51).

The ingot was cooled to room temperature atthe rate of ~4°C/hrafter the completion of the growth

process. Figure 9 shows the wafer cut from the top of the ingot and the associated X-ray
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topographic images. Fig. 9a shows the top surface of the ingot. The top of the ingot was barely
lapped to a flatsurface in orderto investigate the X-ray topographic characteristics of the top-most
part of the ingot. The X-ray topographic image of the region “a” denoted by the white rectangle in
Fig. 9a shows slight lattice distortion near the periphery of the wafer (i.e., the region touching the
ampoule wall). The streaky nature of the X-ray topographic image (for grain “b”) for the region
contacting the ampoule wall illustrates the presence of high lattice distortion. Note that the shape
of the grain “b” in the topographic image is undistorted depicting the absence of overall thermal
stress in the wafer. Figure 9b shows the opposite face of the top wafer of thickness ~6.3 mm; the

X-ray topographic image of the portion indicated as arectangle “a” is also shown. One outstanding

d B
1 Sub-grain boundary

Figure 10. Photograph of the 4-cm diameter Cdo.sZno.1TeossSeo.o7 lapped wafer cut near the middle of the
ingotand the X-ray topographicimage of the region denoted by the white rectangle. (The white rectangle and
the corresponding X-ray topographic images arenotto scale). (Taken from U.N. Roy etal., Ref.# 51).

feature of the X-ray topographic image is the absence of any lattice distortion on the periphery of
the wafer. Even for the portion near the top of the ingot, very few sub-grain boundaries were
evident from the topographic image, and no sub-grain boundary network was seen. As expected,
the X-ray topographic analyses for the wafers from the middle and the lower parts of the ingot also
showed the absence of significant lattice distortion, hence lower thermal stress along the periphery
of the wafers for those regions in touch with the ampoule wall. The optical photograph and their
corresponding X-ray topographic images are shown in Figs. 10 and 11, respectively. The overall

undistorted topographic image also exemplifies the absence of thermal stress in the crystal. Very
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few sub-grain boundaries were observed for all the wafers from different parts of the ingot. The
straight nature of the twin in the topographic image shown in Fig. 11 also indicates that the wafer
is stress free. The defect indicated inside the blue ellipse in the topographic image (Fig. 11) is

possibly a sub-grain boundary in a closed loop.

Figure 11.Photograph of the 4-cm diameter Cdo.sZno.1Teo.035e¢.07 lapped wafer cutfrombottom of the ingot
and the X-ray topographic image of the region denoted by the white rectangle. (The white rectangle and the
corresponding X-ray topographicimages are notto scale). (Taken from U.N. Roy et al., Ref.# 51).

The circular nature of the periphery of the wafers, the undeformed grain boundaries and straight
nature of the twins in the topographic images implies the absence of overall thermal stress in the
wafers as well as the ingots. The features were found to be similar for both THM and Bridgman
grown CZTS ingots. The addition of selenium in the CZT matrix thus proved to be an effective
solution-hardening element in arresting the formation of sub-grain boundaries and their networks.
It is thus evident that addition of selenium in CdZnTe successfully resolves persistent unsolved
issues associated with difficulties encountered in the CZT crystal growth and provides significant
material improvements of importance for radiation-detection applications.

In conclusion selenium was found to play a significant role in improving the material quality of
CZT. The microhardness of the new quaternary compound CZTS was observed to be significantly
higher3?2 as compared to CdTe and CZT. The compositional homogeneity was also greatly

enhanced in CTS and CZTS as compared to CZT4330:533, The concentrations of the secondary

20



phases viz. Te-inclusions were also observed to be greatly reduced after adding selenium to the
CdTe and the CZT matrix4450.53:54, The reduced performance-limiting defects and enhanced
compositional homogeneity ensure higher spatial charge transport homogeneity in CZTS material
resulting in increased yield of high-quality detectors. The achieved energy resolution of Frisch-
grid detectors fabricated from as-grown CZTS ingots at 662 keV was in the range of 1£0.1%72.
CZTS is thus found to be a very promising material with tremendous potential to replace CZT due
a better yield of high-quality detector material and a reduced cost of production. Due to the multi-
faceted advantages, CZTS has attracted quick attention from the commercial sector for medical
imaging applications. Very recently Yakimov et al.’>> reported superior detector quality as
compared to conventional CZT for the intensity of high flux X-rays expected in many medical
imaging applications. Thus, considering the overall superior material properties and homogeneity
of CZTS, the material shows potential to supersede CZT in the future, particularly as the purity of

the Se is further increased.
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