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The high-pressure electro-dynamic gradient (HP-EDG) crystal-growth technol-
ogy has been recently developed and introduced at eV PRODUCTS to grow
large-volume, semi-insulating (SI) CdZnTe single crystals for room-tempera-
ture x-ray and gamma-ray detector applications. The new HP growth technol-
ogy significantly improves the downstream CdZnTe device-fabrication yield
compared to earlier versions of the HP crystal-growth technology because of the
improved structural and charge-transport properties of the CdZnTe ingots. The
new state-of-the-art, HP-EDG crystal-growth systems offer exceptional flexibil-
ity and thermal and mechanical stability and allow the growth of high-purity
CdZnTe ingots. The flexibility of the multi-zone heater system allows the
dynamic control of heat flow to optimize the growth-interface shape during
crystallization. This flexibility combined with an advanced control system, im-
proved system diagnostics, and realistic heat-transport modeling provides an
excellent platform for continuing process development. Initial results on large-
diameter (140 mm), SI Cd; Zn,/Te (x = 0.1) ingots grown in low temperature
gradients with the HP-EDG technique show reduced defect density and com-
plete elimination of ingot cracking. The increased single-crystal yield combined
with the improved charge transport allows the fabrication of large-volume,
high-sensitivity, high energy-resolution detector devices at increased yield.
The CdZnTe ingots grown to date produced large-volume crystals (=1 cm?®) with
electron mobility-lifetime product (ut,) in the (3-7) X 1072 cm?*V range. The
lower-than-desired charge-transport uniformity of the HP-EDG CdZnTe ingots
is associated with the high density of Te inclusions formed in the ingots during
crystallization. The latest process-development efforts show a reduction in
the Te-inclusion density, an increase of the charge-transport uniformity, and
improved energy resolution of the large-volume detectors fabricated from these
crystals.
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INTRODUCTION

an excellent material candidate for high-efficiency,
high-resolution room-temperature nuclear-radiation

The physical properties of semi-insulating (SI)
cadmium zinc telluride (CdZnTe), such as high
atomic number, high density, wide bandgap, low
chemical reactivity, and long-term stability, make it
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detectors. Intense research on electrical compensa-
tion and defect formation in Cd; ,Zn,Te,0 = X =< 1,in
the last 10-15 years led to the development of crys-
tal-growth processes that allow the growth of fully
compensated, SI CdZnTe crystals with low defect
density and very good charge-transport properties.
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Few industrial companies around the world signifi-
cantly contributed to this research and pioneered the
commercialization of both CdTe and CdZnTe crys-
tals. Today, SI CdZnTe crystals are available com-
mercially, and the CdZnTe-based, room-temperature
radiation detectors and detector arrays are steadily
gaining acceptance in many medical, industrial, se-
curity, safeguards, and scientific x-ray and vy-ray
imaging and spectroscopic applications.!™

While CdZnTe crystals are readily available for
simpler counting and monitoring applications, large
field-of-view imaging and high-sensitivity, high-res-
olution spectroscopic applications continuously de-
mand larger and larger and more and more uniform
CdZnTe single crystals. The growth of SI CdZnTe
crystals, with spatially uniform charge-transport
properties that are required by these applications,
poses a considerable challenge because of the inher-
ent complexity of the crystallization and defect-for-
mation processes in these II-VI compounds.*®

Commercially available SI CdZnTe with charge-
transport properties satisfactory for detector applica-
tions has been mostly grown by the high-pressure
Bridgman (HPB)®® or conventional horizontal-
Bridgman'® technique, while commercial SI CdTe
is typically grown by the traveling-heater method.!!
Recently, growth with the conventional vertical-
Bridgman approach has been also successfully intro-
duced.'?!® Most of the CdZnTe ingots are grown from
melt containing 10% Zn. Because of Zn segregation,
the Zn concentration varies along the growth direc-
tion of the ingot between 5% and 13%. The electrical
resistivity of the crystals is in the (1-4) X 10'° Qcm
range. Such a high resistivity is achieved with some
form of active electrical-compensation technique.
Typically, good electron transport is reported with
electron mobility-lifetime product in the pt, = (0.5-6)
X 1072 em?/V range, while hole transport is typically
found to be poor, ut, = (0.2-5) X 1075 cm?V (all mea-
sured at room temperature).

eV PRODUCTS (Saxonburg, PA) has been practic-
ing the HPB growth of CdZnTe since 1992. Between
1992 and 1998, the process development team intro-
duced two new, improved HPB crystal-growth sys-
tems and scaled up the growth from 3.5-in. (90 mm)
diameter, 4-kg ingots to 5.5-in. (140 mm) diameter,
10-kg ingots. Between 1998 and 2000, the high-
pressure gradient freeze (HPGF) technique was de-
veloped and introduced to production. The HPGF
technique eliminates the motion of the crucible rela-
tive to the heater and reduces some of the heat-
transport problems associated with HPB growth.*
The HPGF technique improved the single-crystal
yield and virtually eliminated the formation of pipes
in the CdZnTe ingots. The HPGF-grown CdZnTe
ingots, however, still suffered from cracking caused
by excessive thermal stress during crystallization
and cool down of the ingots. In 2000, eV PRODUCTS
initiated the development of a multi-zone high-pres-
sure electro-dynamic gradient (HP-EDG) crystal-
growth system and process to reduce thermal stress
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in the CdZnTe ingots and eliminate ingot cracking
and improve the downstream detector-device fabri-
cation yield. In the EDG technique, the crucible and
the heater are stationary, and the gradient is trans-
lated through the molten CdZnTe electronically.'*
The EDG technique avoids many of the inherent
problems of the Bridgman and gradient-freeze tech-
niques that lead to poor control of heat transport
during crystallization. The goal of the project was to
develop an advanced HP crystal-growth system
with flexibility and stability that will allow the
growth of CdZnTe ingots (a) without cracking, (b)
with higher single-crystal yield, and (¢) with im-
proved charge-transport properties reproducibly.

In this paper, we discuss the development of the
vertical HP-EDG crystal-growth system and the
properties of the large-diameter (140 mm), SI Cd;.
Zn/Te (x = 0.1) ingots grown by the technique.
The experimental results confirm the predictions of
the computational fluid-dynamics (CFD) model for
the dramatic reduction of thermal stress and the
elimination of cracking of the ingots grown in mod-
erate temperature gradients. The CdZnTe 10-kg
ingots grown by the HP-EDG systems also show
increased single-crystal yield and improved electron
transport. The increased single-crystal volume is
associated with more stable growth conditions
throughout the crystallization of the ingot using
the EDG technique. The 16 ingots grown to date
with the two new HP-EDG systems show electron
mobility-lifetime product (ut,) in the (2.5-7.5) X
102 ecm?V range and display excellent ingot-to-
ingot reproducibility.

HP-EDG SYSTEM DEVELOPMENT

Because the main goal of the HP-EDG development
project was to improve the control over heat transport
in the HP growth system, we chose to employ heat-
transport modeling and thermal stress analysis to
design the new crystal-growth system. The eV PROD-
UCTS process development team worked with Cape
Simulations Inc.!® to develop the CFD model of heat
and mass transport. The two-dimensional CFD model
uses the Fluent CFD package (Lebanon, NH) and
describes heat and mass transport in the whole HP
chamber including radiative, convective, and conduc-
tive transport in the solid, liquid, and gas phases. It
predicts the shape of the crystallization interface,
convection patterns in the molten CdZnTe, and
performs a stress analysis in the solidified CdZnTe
ingot. The modeling tool has been installed at eV
PRODUCTS to aid further process development and
growth-system engineering efforts.

The thermal modeling project was set up in four
phases. In the first phase, the CFD model of the
HPB/HPGF furnace (Gen-2+) was developed. In
the second phase, the validity of the CFD model
was evaluated and verified. The transport model,
geometry, and material properties were adjusted
to describe the experimentally measured tempera-
ture distribution in the furnace with satisfactory
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accuracy. Once the heat-transport model was exper-
imentally validated for the Gen-2+ HPB/HPGF
furnace, in the third phase, the CFD model of the
HP-EDG furnace was developed. Finally, in phase
four, various growth scenarios were evaluated, and
the predicted thermal stress analyzed. Results from
the CFD model and stress analysis are discussed
later.

Once the thermal model was completed, and the
model calculations suggested that the conceptual-
ized system will meet the design goals and will
allow the growth of CdZnTe with much reduced
thermal stress, the mechanical design of the crystal-
growth system was completed. The design and
process development retained the 5.5-in. (140 mm)
ingot diameter and pressure chamber size. This
allowed us to keep some of the mechanical compo-
nents of the existing Gen-2+ HP systems and, more
importantly, will allow faster future upgrades of the
Gen-2+ HPB/HPGF systems to the Gen-3 HP-EDG
system. The power, control, and data acquisition
systems for the new HP-EDG systems also included
several upgrades to improve the stability and relia-
bility of the systems. The flexibility of the multi-zone
heater system allows dynamic control of heat flow to
optimize the growth-interface shape during crystal-
lization. This flexibility combined with an advanced
control system, improved system diagnostics, and
realistic thermal modeling provides an excellent
platform for further process development.

Thermal Model

Figure 1 shows an example of the simulated
temperature distribution and melt-flow pattern for
CdZnTe growth in the HP-EDG furnace. In this
example, about one third of the melt is solidified.
The model predicts the existence of convection vor-
tices centered in the proximity of the ampoule wall
and the strong flattening of the melt/solid interface
because of the strong convective-heat transport. The
model also predicts a concave melt/solid interface
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Fig. 1. Calculated temperature distribution and melt-flow pattern in
CdZnTe grown in the HP-EDG CdZnTe crystal-growth system.
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along the crucible wall. This is a highly undesirable
effect as it stimulates parasitic secondary-grain nu-
cleation and growth from the crucible wall and is
one of the main hindrances for the growth of large
CdZnTe single crystals in the vertical configuration
in containers with strong melt-wall interactions.
The effect is the direct consequence of the large
latent heat of CdZnTe released during solidification
at the interface, low thermal conductivity of solid
CdZnTe, and the large thermal conductivity of the
graphite container. Our further process develop-
ment will focus on optimizing the growth conditions
to obtain a favorable heat-transport pattern in the
system and suppressing parasitic secondary-grain
growth originating at the crucible wall.

Stress Analysis

Figure 2 compares the calculated temperature dis-
tribution and distribution of von Mises stresses for
CdZnTe ingots solidified in the Gen-2+ HPB/HPGF
and Gen-3 HP-EDG systems. The results confirm the
excessive stress in ingots grown in the Gen-2+
HPB/HPGF systems and the 8-10 fold reduction of
thermal stress in the HP-EDG system. The maxi-
mum stress predicted for the Gen-2+ HPB/HPGF
system (~350 N/cm?) is well above the critical-
resolved stress reported for CdZnTe (~43 N/cm?).1
In the Gen-3 HP-EDG system, the maximum stress
(~38 N/cm?) is below the critical-resolved stress, so
no ingot cracking is expected with the calculated
temperature distribution. The model also predicts
stress distribution similar to those predicted by oth-
ers in the literature. More importantly, the model
correctly predicts the maximum stress points in the
CdZnTe ingots and shows excellent agreement with
the cracking pattern observed experimentally. This
result provides further confirmation that the model
gives a correct description of the heat-transport
phenomena in the HP-EDG system.

CRYSTAL-GROWTH RESULTS
Structural Properties

We have performed 16 CdZnTe crystal growths
in the two new Gen-3 HP-EDG furnaces to date.
Figure 3 shows a typical ingot and axial slices from
the ingot. No cracking is observed in these ingots,
verifying that the furnaces perform according to the
design specifications, and the thermal stress is suffi-
ciently low during crystallization and cool down of
the ingot. The axial slice from the CdZnTe ingot
shows few large-volume single crystals dominating
a large fraction of the slice. Numerous smaller
secondary grains are also observed particularly in
the first-to-freeze (tip) section and along the periph-
ery of the ingot. This indicates that considerable
secondary-grain nucleation takes place along the
crucible wall. Some of the grains show twins. Over-
all, the concentration of twins is lower than in ingots
grown by the HPB and HPGF processes. The origin
of twinning is not fully understood in CdZnTe, but
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Fig. 2. Temperature distribution (left panes) and von Mises stress distribution (right panes) in the Gen-2+ HPB/HPGF and HP-EDG furnace for
completed solidification. Note the factor of 10 higher stress in the HPB/HPGF system. The CFD model predicts high stress points at locations

where cracking occurs experimentally.

it is often associated with unstable growth condi-
tions.1” The observed less twinning correlates well
with the improved heat-flow control and more stable
growth conditions in the HP-EDG systems.

Figure 4 shows an infrared (IR) microscopy map of
an axial slice from the first ingot grown by the HP-
EDG furnace. The IR microscopy is a convenient tool
to visualize Te inclusions in CdZnTe ingots. Because
the inclusions are pure Te phases, they strongly ab-
sorb IR light and appear as dark features in the IR
images. The formation of Te inclusions is expected, as
we chose to grow the ingots from Te-rich melt. It is to
be noted here that the Te phases resolved by IR mi-
croscopy with diameter =1 um are often incorrectly
called Te precipitates in the literature. Although Te
precipitates form in large concentration during

CdZnTe crystallization from Te-rich melt; their aver-
age diameter is in the 10-30-nm range and cannot
be resolved using IR microscopy. Precipitates origi-
nate from the retrograde solubility of Te in CdZnTe
and their nucleation and growth is controlled by
atomic diffusion and the precipitation process.'®®
In contrast to precipitates, the typical diameter of Te
inclusions is in the 1-50-um range. The maximum
solubility of Te in CdZnTe cannot supply enough
excess Te to form such large-size Te agglomerates.!®
Inclusions originate from morphological instabilities
at the growth interface, as Te-rich melt droplets
are captured from the boundary layer ahead of the
interface.'®

Most of the inclusions seen in Fig. 4 have a trian-
gular- or faceted-polyhedron shape, indicating that
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Fig. 3. Typical 5.5-in. (140 mm) diameter, 10-kg CdZnTe ingot grown by the HP-EDG system. Two 5-mm-thick axial slices are also shown.
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Fig. 4. The IR microscopy map of an axial slice from an early CdZnTe ingot grown by the HP-EDG technique. In the full area map, Te-inclusion-

rich areas appear as dark sections. These are typically grain boundaries decorated with Te inclusions. The inset shows a high Te-inclusion den-
sity area close to the heel (last-to-freeze) section. Individual inclusions up to 50 um in diameter are clearly resolved in this image.

they have a well-defined crystallographic orientation
relative to the surrounding CdZnTe matrix.*?°
Figure 5 shows a higher magnification IR image of
triangular- and polyhedron-shaped Te inclusions.
The Te inclusions have an elongated plate or saucer
shape within grain boundaries; but even here, they
tend to line up with neighboring grains and form
sharp boundaries.?! There is significant evidence
that Te inclusions and the surrounding defect field
have a strong detrimental effect on electron trans-
port in CdZnTe crystals and on the poor performance
of the fabricated detector devices.?>?3 It was also
shown that the region of degraded charge transport

near Te inclusions extends well beyond the volume of
the inclusions themselves.?? This might be due to the
field of dislocations and Te precipitates surrounding
Te inclusions.* Recently, it was indeed shown that
dislocations cause severe carrier trapping and ham-
per charge transport in CdZnTe.?* It is, therefore,
reasonable to expect that suppression of the forma-
tion of Te inclusions and the defect-field around them
will improve carrier transport in CdZnTe crystals
and the performance of radiation detector devices
fabricated from these crystals.

The two main parameters controlling the forma-
tion of Te inclusions are the melt composition and
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Fig. 5. The IR images of triangular and faceted polyhedron-shaped
Te inclusions in the HP-EDG-grown CdZnTe ingots.

the temperature gradient at the solidification inter-
face. Because of the noncongruent nature of CdZnTe
solidification from the non-stoichiometric melt, the
solid rejects a fraction of the excess Te in the melt,
which is gradually enriched in Te as solidification
proceeds. In addition, because of the limited mixing
of the melt near the solidification interface, a Te-rich
boundary layer is formed at the interface. This Te-
rich boundary layer provides the supply of the ex-
cess Te that is captured at instability locations along
the interface. By controlling the melt stoichiometry,
the Te enrichment of the boundary layer can be re-
duced, and the formation of Te inclusions can be
suppressed. This can be achieved by passive (load
composition) or active (component partial pressure)
control of the melt stoichiometry. The growth of vir-
tually Te-inclusion-free SI CdZnTe crystals has been
demonstrated with this technique.*?® Alternatively,
imposing a larger temperature gradient during
the growth can also reduce Te-inclusion formation.
Indeed, we observe a lower Te-inclusion density in
CdZnTe ingots grown using much larger tempera-
ture gradients in our older HPB systems.

Charge-Transport Properties

To transport the charge carriers through CdZnTe
devices several millimeters or centimeters thick,
the mobility (u) and lifetime (t) of the carriers has
to be sufficiently high to avoid carrier trapping
and recombination and the deterioration of the
signal pulse amplitude. While the electron mobility
(ue = 1,000-800 cm?/Vs) and lifetime (1, = (1-5) X
1079 s) are relatively high, the hole mobility (w, =
80-30 cm?Vs) and lifetime (1, = 1075-1077 s) are
typically very low in CdZnTe. The low hole transport
poses a significant problem at high photon energies,
where a significant fraction of the photon absorption
takes place deep in the device, and a large fraction
of the preamplifier voltage pulse is generated by in-
tegration of the hole current. In most applications
requiring good spectral-resolution, CdZnTe-detector
readout schemes that use only (or largely) the elec-
tron signal and suppress the hole contribution are
used.?2® Among these the coplanar-grid (CPG)
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detector configuration and readout scheme is the
most widely used in high-energy spectroscopic
applications.?8

To study the charge-transport properties of the
CdZnTe crystals grown by the HP-EDG process,
10 X 10 X 2 mm?® samples were fabricated from
radial slices cut close to the first-to-freeze (tip, ~ 0.1
solidified fraction) and last-to-freeze (heel, ~ 0.95
solidified fraction) sections of the ingot. The samples
were etched in a dilute Br-methanol solution to re-
move the surface damage introduced during cutting.
Platinum electrodes were deposited by sputtering
onto the 10 X 10 mm? area surfaces of the crystals
to form detector structures. The bulk electrical resis-
tivity of the material is determined from the low-
voltage region of current-voltage measurements.
The measured resistivity of the ingots is in the (2-3)
X 10'° Qem range and shows very little variation
between the tip and heel section of the ingots. The
measured resistivity variation from tip to heel is
less than the one expected from the bandgap varia-
tion because of the Zn distribution (~12% tip and
~6% heel). This suggests that impurity segregation
compensates for the bandgap variation. The high
measured resistivity indicates that the material
is fully compensated throughout the ingot volume
(at least within the 0.1-0.95 solidified-fraction
region studied).

The mobility-lifetime product (ut) of the charge
carriers was determined from the bias dependence
of the charge collection efficiency. To evaluate the
collection efficiency and estimate the ut values,
the shift of the pulse height of the photo peak from
the 5.5-MeV alpha particles from a ?*! Am source
was measured as a function of the bias voltage, and
the resulting data fitted to the Hecht equation.?*
Figure 6 shows the experimental setup for ut mea-
surements. Because the 5.5-MeV alpha particles are
fully absorbed within 18 um of the entrance surface
of the samples, essentially, only one type of carrier
has to traverse the volume of the device. Depending
on the polarity of the applied bias voltage, the
charge-transport properties of electrons and holes
can be independently studied. With the employment
of a collimated alpha source, the technique can be
also used to map the charge-transport properties of
large-volume CdZnTe crystals.?3

Figure 7 shows the Hecht curves for electrons
obtained on 14 samples from a CdZnTe ingot grown
by the HP-EDG process. The average electron mobil-
ity-lifetime product was ut, = 5.3 X 1072 cm?V for
these 14 samples. The Hecht curves and electron
mobility-lifetime products show very little variation
from sample to sample, indicating that the material is
very uniform on a macroscopic scale (microscale vari-
ation is discussed later). The hole mobility-lifetime
product of the material was estimated to be in the pt,
=(0.2-1) X 107° em?V range. For such a low value, it
is difficult to reliably measure pt, with the current
technique. For the 14 ingots grown to date in the two
HP-EDG systems, we find ut, to vary in the (2.5-7.5)
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Fig. 6. The principle of charge-transport measurements in CdZnTe
crystals using alpha particles. The alpha particles create a cloud of
electron-hole pairs close to the entrance electrode. The electrons and
holes are separated and move to the opposite electrodes in the elec-
tric field. The current is integrated with a charge-sensitive preamplifier
to create a voltage pulse. The voltage pulses are amplified and col-
lected as a histogram in a multichannel analyzer. Charge trapping in
the device causes a reduction of the voltage pulse amplitude and the
shift of the peak to lower channels. Measurement of the peak position
(or voltage pulse amplitude) as a function of the bias voltage allows
the determination of the mobility-lifetime product of the carriers.

X 1072 em?V range; however, some ingot sections
yield material with pt, = 8 X 102 cm?V.

The detector response of 15 X 15 X 7.5 mm?®
crystals from an early CdZnTe ingot grown by the
HP-EDG technique is illustrated in Fig. 8. These
data were taken in the CPG configuration with bias
voltage and differential bias optimized to get the
best energy resolution for the 662-keV photo peak
from 37Cs. The 3% and 3.5% resolution full width
half maximum is worse than expected from the elec-
tron mobility-lifetime product and biasing condi-
tions. One possible explanation for the poor energy
resolution is the microscopic-scale spatial nonuni-
formity of the charge transport in the volume of the
detectors.?%23

Charge-Transport Uniformity

To study the charge-transport uniformity of the SI
CdZnTe crystals, we constructed an alpha-particle
mapping system.?® The system is illustrated in Fig. 6.
For charge-transport mapping purposes, a collimated
21Am alpha source is placed on an X-Y stage. To
avoid the scattering and energy loss of the alpha par-
ticles as they travel from the source to the CdZnTe
crystal, we placed the alpha source, X-Y stage, sample
fixture, and preamplifier in a vacuum chamber.
The system currently employs a 1-mm-diameter colli-
mator. The stage control and data acquisition is fully
automatic and can do point-by-point put measure-
ments in the crystals. Because the alpha particles
produce a sharp peak even simple peak position or
peak shape analysis can provide excellent assess-
ment of the charge-transport uniformity of the crys-
tals. Figure 9 shows an example of alpha-particle
charge-transport mapping. The studied 12 X 12 X 5.4
mm? CdZnTe crystal contains significant concentra-
tion of Te inclusions, some of which decorate a twin

Szeles, Cameron, Soldner, Ndap, and Reed

800 T T T T T T T T T T
r‘f—r_——_'_—_' ]
700 oW L_ .
. le:| ]
—600f § " -
[ o c| |
£
= | A D| |
E 500 v E
L MO5 ingot * F
s 400 - 10%10%2 mm’ : g ]
=] _ a 2
= ur =5.3x107 em/V &
g so0f ‘ . o]
® K
T 200 * L
o o
x N
100 + # 0|
L 1 L L 1 1 1 1 1

0 P " s " . L I PR —
0 20 40 60 80 100 120 140 160 180 200 220
Bias voltage (V)

Fig. 7. Peak position versus bias voltage (Hecht curve) for 14 sam-
ples from the same CdZnTe ingot grown by the HP-EDG technique.
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Fig. 8. The detector response of 15 X 15 X 7.5 mm?® crystals from
an early CdZnTe ingot grown by the HP-EDG technique in the CPG
configuration to '3Cs radiation.

plane. Because of the trapping of electrons, the alpha-
particle spectrum strongly deteriorates in the area of
the decorated twin plane. The peak position of the
alpha spectrum shifts to a lower channel, and a low
energy tail distorts the spectrum. In other sections of
the crystal, away from the decorated twin plane
where only randomly distributed Te inclusions are
visible in the IR image, the alpha spectrum has a
more ideal, symmetrical shape and is positioned at a
higher channel number. This shows much less trap-
ping in this area of the crystal.

In large-volume CdZnTe detectors, the signals from
various parts of the crystal are collected, and the
resulting cumulative gamma-ray spectrum reflects
the spatial charge-transport uniformity of the crys-
tal. Alpha-particle mapping studies confirmed that
charge-transport nonuniformity, similar to that ob-
served for the CdZnTe crystal in Fig. 9, is responsible
for the poor performance of the CPG detectors in
Fig. 8. Our combined IR and alpha-particle mapping
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Fig. 9. Alpha-particle mapping of a 12 X 12 X 5.4 mm® CdZnTe crystal. The IR mapping reveals large Te inclusions, in a twin plane in the crys-
tal. Strong deterioration of the alpha spectrum is found in the area of the decorated twin plane.

results so far support previous observations that cor-
related clusters of large-size Te inclusions deteriorate
charge-transport uniformity in CdZnTe crystals.?>2
It is anticipated, therefore, that, by suppressing
Te-inclusion formation in the CdZnTe ingots, the mi-
croscopic-scale charge-transport nonuniformity can
be reduced, and the energy resolution of these devices
can be significantly improved.

We continue our crystal-growth process develop-
ment experiments in an attempt to suppress Te-
inclusion formation in SI CdZnTe ingots. Because
Cd loss from the crucible cannot be completely elim-
inated in the current version of our HP-EDG sys-
tem, we opted to explore the use of somewhat larger
temperature gradients to suppress Te-inclusion for-
mation. Figure 10 shows an IR microscopy map of
an axial slice from a CdZnTe ingot grown with a
nominally larger temperature gradient. Note that
only the nominal temperature gradient imposed by
the heater can be measured. The actual tempera-
ture gradient controlling crystallization is expected
to be lower than the imposed gradient and to vary
along the growth interface with distance from the
ingot axis. Figure 10 shows an overall reduction in
the density of Te inclusions. The larger magnifica-
tion inset shows a single-crystal area with a more
dispersed distribution of Te inclusions.

Figure 11 shows the performance of 15 X 15 X
7.5 mm? CdZnTe detectors in the CPG device config-
uration for 662-keV gamma rays. The detector with
higher density of Te inclusions shows a rather poor
energy resolution of 3.2%. In contrast, the detector

employing a CdZnTe crystal grown in a larger tem-
perature gradient and containing a lower density of
Te inclusions shows an excellent 2.6% energy reso-
lution. Such a good energy resolution is sufficient for
a number of practical applications.

CONCLUSIONS

The HP-EDG crystal-growth technology has been
recently developed and introduced at eV PRODUCTS
to grow large-volume, SI CdZnTe single crystals
for room-temperature x-ray and gamma-ray detector
applications. The new HP growth technology signifi-
cantly improves the downstream CdZnTe device-
fabrication yield compared to earlier versions of the
HP crystal-growth technology because of the im-
proved structural and charge-transport properties
of the CdZnTe ingots. The new state-of-the-art, HP-
EDG crystal-growth systems offer exceptional flexi-
bility and thermal and mechanical stability and
allow the growth of high-purity CdZnTe ingots. This
flexibility combined with an advanced control sys-
tem, improved system diagnostics, and realistic heat-
transport modeling provides an excellent platform
for continuing process development. Initial results
on large-diameter (140 mm), SI Cd,_Zn,Te (x = 0.1)
ingots grown in low temperature gradients with the
HP-EDG technique show reduced defect density and
complete elimination of ingot cracking. The increased
single-crystal yield combined with the improved
charge transport allows the fabrication of large-
volume, high-sensitivity, high energy-resolution de-
tector devices at increased yield. The CdZnTe ingots
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Fig. 10. The IR microscopy map of an axial slice from a CdZnTe ingot grown by the HP-EDG technique with larger temperature
gradient. In the full area map, Te-inclusion-rich areas appear as dark sections. These are typically grain boundaries decorated with Te inclusions.
The inset shows an area close to the heel (last-to-freeze) section of the ingot containing randomly dispersed Te inclusions. Individual inclusions
up to 50 um in diameter are visible in this image. The diagonal crack occurred during cutting the slice.
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Fig. 11. The detector response of 15 X 15 X 7.5 mm? crystals from
CdZnTe grown by the HP-EDG technique in the CPG configuration to
87Cs radiation. The CdZnTe crystal for the 2.6% energy-resolution
detector was grown in a larger temperature gradient and contains a
lower concentration of Te inclusions.

grown to date produced large-volume crystals (=1
cm?®) with electron mobility-lifetime product (ut.)
in the (3-7) X 1072 ecm?V range. The lower-than-
desired charge-transport uniformity of the HP-EDG
CdZnTe ingots is associated with the high density of
Te inclusions formed in the ingots during crystalliza-
tion. The latest process-development efforts show
a reduction in the Te-inclusion density, an increase
of the charge-transport uniformity, and improved
energy resolution of the large-volume detectors fabri-
cated from these crystals.
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