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Abstract—Large-volume CdZnTe (CZT) single crystals with
electron lifetime exceeding 10 s have recently become commer-
cially available. This opened the opportunity for making room
temperature CZT gamma-ray detectors with extended thicknesses
and larger effective areas. However, the extended defects that are
present even in the highest-quality material remain a major draw-
back which affects the availability and cost of large CZT detectors.
In contrast to the point defects that control electron lifetime and
whose effects on the charge collection can be electronically cor-
rected, the extended defects introduce significant fluctuations in
the collected charge, which increase with a crystal’s thickness.
The extended defects limit the uniformity in the electrons’ drift
distance in CZT crystals, above which electron trapping cannot
effectively be corrected. In this paper, we illustrate the roles of
the extended defects in CZT detectors with different geome-
tries. We emphasize that the crystallinity of commercial CZT
materials remains a major obstacle on the path to developing
thick, large-volume CZT detectors for gamma-ray imaging and
spectroscopy.

Index Terms—CdZnTe, crystal defects, radiation detectors.

I. INTRODUCTION

L ARGE-VOLUME single crystal CdZnTe (CZT) with
electron lifetimes exceeding 10 s have recently become

available. This opened an opportunity for making CZT devices
with extended thicknesses and effective areas for detection
and imaging of gamma rays [1], [2] in the energy range up to
several MeV. Despite these improvements in crystal growth
techniques, today, the large-volume CZT detectors are still
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very rare. This signifies that other defects, which are present
even in the highest-quality material, remain a major drawback
which reduces availability and increases cost of large-volume
CZT detectors. So far, the largest CZT detectors reported in the
literature are 6-cm pixel devices developed by the University
of Michigan [3]; their total number is counted by tens.

The goal of this work is to emphasize that today’s commer-
cial spectroscopy grade CZT material has excessively high con-
centrations of extended defects that limit the performance and
production yield of large-volume CZT detectors, and whose im-
portance was less significant in thin devices.

Several types of extended defects can be identified in a typ-
ical commercial detector-grade CZT crystal: twins, sub-grain
boundaries, Te inclusions, and dislocations which are often ar-
ranged in, so-called, dislocation walls. Most of these defects are
not readily seen with the naked eye, or under an IR microscope,
so that crystal screening and selection is a time consuming and
difficult task.

The transmission IR microscope can reveal inclusions down
to m. Twins and grain boundaries crossing a crystal can
be identified on the lapped surface by observing the contrast
pattern in the reflection light images. This approach, however,
does not work in the cases of dislocations and low-angle bound-
aries. Special techniques, such as surface etching, diffraction
topography and transmission electron microscopy, are required
for their identification. Some of these techniques are destructive
and are not always available to vendors. Only when twin bound-
aries and grown-in-type dislocations are decorated by secondary
phases can they be identified with IR microscopy.

It is well known that the extended defects can impair the per-
formance of semiconductor devices. Their specific effects were
thoroughly studied in many semiconductors, especially Si and
Ge (see, e.g., [4]). In the latter case, the research, driven by semi-
conductor industry, helped to develop new techniques for crystal
growth that eventually resulted in a stable supply of relatively
defect-free wafers.

A cumulative effect of the extended defects increases with
the device’s thicknesses and can be seen as a reduction in the
overall device’s performance. The roles of the particular defects
can be identified by correlating their signatures with the non-
uniformities in the device’s response.

In this work, we studied commercial CZT detectors by
using the material characterization techniques available at
Brookhaven National Laboratory (BNL).

II. EXPERIMENTAL

We employed three experimental techniques to identify the
extended defects in CZT material: transmission IR microscopy,
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1776 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 4, AUGUST 2009

Fig. 1. X-ray attenuation length in CZT material.

white X-ray beam diffraction topography, and surface etching
with a Nakagawa solution. These techniques, widely used for
material characterizations, were described elsewhere [5]–[7].

We use transmitted X-rays to generate the diffraction topog-
raphy contrasts imaged with a photosensitive paper. The con-
trasts in the topography images allow us to identify crystal’s
diffracting planes and presence of the large extended defects,
e.g., subgrain boundaries and dislocation walls associated with
crystal’s strains. The interested reader is referred to Authier’s
book [8] for a complete description of the technique.

The high-resolution X-ray mapping system, which utilized a
synchrotron radiation beam, is our primary tool for measuring
the non-uniformities in the charge losses caused by the crystal
defects. The spatial resolution of the measured response maps
is limited by the diffusion of the electron (or hole) cloud gener-
ated by the low-energy X-rays, for which electrostatic repulsion
can be neglected [9]. By varying the photon energies from 15
to 30 keV, we can control the X-ray penetration depth and so
distinguish surface- and bulk-effects (Fig. 1).

The X-ray response maps can be generated by collecting ei-
ther electrons or holes, provided that the latter have the suffi-
ciently high -product and can generate signals with ampli-
tudes above the noise threshold. We term them electron (e-) and
hole (h-) collection maps, correspondingly. By collecting the
holes at a high bias applied across a device, we significantly in-
crease the sensitivity of the mapping system to the charge-trap-
ping defects and, at the same time, preserve high spatial-resolu-
tion. Indeed, the diffusion process is independent of a carriers’
type. The width (sigma) of the charge cloud is given by

(1)

where is the thermal energy measured in eV, is the elec-
tric-field’s strength, and is the drift distance. In contrast, the
amount of charge loss due to trapping depends on the carriers’
drift velocity, :

(2)

Fig. 2. Calculated spread (sigma) of the electron cloud generated by 5.5 MeV
alpha-particles, and 30 keV X-rays versus drift distance.

For holes, the drift velocity is 10 times smaller than that of
electrons. We note that due to strong electrostatic repulsion, the
width of the electron clouds generated by alpha particles, when
the latter are used for testing a device’s response, is about an
order-of-magnitude wider than the width of the cloud generated
by low energy X-rays (see Fig. 2) [9]. Consequently, alpha parti-
cles are sensitive to only the very large Te inclusions ( 20- m
diameter or larger).

Although most measurements we report here were taken with
spectroscopy grade Redlen crystals, our findings are equally ap-
plicable to the samples we receive from other vendors and insti-
tutions. Other supplier’s material suffers the similar problems.

III. RESULTS AND DISCUSSION

A. Twins and Sub-Grain Boundaries

Extensive studies have explored the effects of twins and
low-angle (sub-grain) boundaries on charge transport in CZT
crystals (see, e.g., [4]). The boundaries can be considered as
walls of edge dislocations that affect the transport of charge
carriers in several ways [10]–[13]. Dangling bonds, existing
within dislocation cores, accumulate space charge. Accord-
ingly, the boundary planes form potential barriers for drifting
carriers. Electrical conduction along dislocation cores also may
affect the local electric field. Enhanced diffusion within twin
and sub-grain boundaries causes the dislocations to accumulate
secondary phases that are opaque to carriers. Finally, charged
dislocations may attract impurities that increase charge trapping
along the boundaries. We note that all these effects strongly
depend on the boundaries’ orientations with respect to the
direction of electron drift.

Fig. 3 shows IR photographs of the etched CZT samples
containing twins taken under mixed lighting, transmission and
reflection, to reveal the texture of the surface and the inclu-
sion-decorated boundaries in the bulk. Etching clearly revealed
the locations of the twin boundaries exiting the crystal surfaces.
One can also see the Te inclusions decorating the dislocations
within the boundaries. The inclusions precisely follow the
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Fig. 3. IR photographs of the etched CZT samples containing twins taken under
reflection and transmission light. Te inclusions, seen in transmission IR light,
help to localize the twin boundaries in the bulk: twin terminating (B1) and lateral
(B2) with high densities of dislocations. The dislocation-free the first order twin
boundary (B3) contains no secondary phases.

shape of the twin terminating boundary (B1) and the lateral
twin boundaries (B2) that have high density of dislocations. In
contrast, no inclusions are visible within the dislocations-free
boundary (B3) which is probably the {111}-{111} first order
twin boundary. Since Te inclusions tend to decorate disloca-
tions, IR transmission microscopy reveals both the dislocations
within twin boundaries and individual linear dislocations
formed during the crystal’s growth. We note that dislocations
arranged in the walls or networks forming sub-grain boundaries
are not decorated.

Fig. 4 shows the response maps measured for a 1.2-mm thin
planar detector mm area with the coherent twin
boundaries crossing the crystal nearly perpendicular to its sur-
face. The top image is a photograph of the etched CZT surface
before contacting, revealing twin boundaries exiting at the sur-
face. The image in the middle depicts the e-collection map (mea-
sured by collecting the electrons); these boundaries have a very
small visible effect on the electron collection, giving the impres-
sion that they are not important. However, the h-collection map
(bottom) clearly reveals charge losses associated with these twin
boundaries.

Fig. 5 is another example of the (a) electron and (b) hole re-
sponse maps measured for a mm area and the same
1-mm thick planar detector with sub-grain boundaries and the
dislocations arranged in the walls and networks. Fig. 5(c) is the
corresponding white X-ray beam diffraction-topography image;
it undoubtedly illustrates why the presence of twin and sub-
grain boundaries is deleterious for prospective CZT detectors.

Another example, in Fig. 6, depicts sub-grain boundaries
identified by diffraction topography inside a mm
crystal, and how they affect the response of the virtual
Frisch-grid detector made of this crystal to 662-keV gamma
rays. The contrast in the diffraction image (a) indicates
sub-grain boundaries along the long side of the crystal. The
negative consequence of the presence of these defects on the
device’s performance is verified in the pulse-height spectrum
(b) measured with 662 keV gamma-rays and the e-collection
response maps (c) and (d). The response maps clearly show
that a part of the detector (near the two edges) has poor charge

Fig. 4. Measured response maps for a 1.2-mm thin planar detector �� ����
� mm area� with the twin boundaries. (a) a photograph of the etched CZT
surface. (b) and (c) X-ray response maps measured by collecting the electrons
and holes.

collection that corresponds to the large background and low
peak-to-Compton ratio in the pulse-height spectrum. Due to the
incomplete charge collection the full energy absorption events
move from the photopeak peak area to the left side of the spec-
trum. The charge losses are so strong that this practically does
not affect the width of the photopeak. [14] has more examples.

B. Te Inclusions

Te inclusions are responsible for the significant carrier trap-
ping and for fluctuations in the collected charge in thick (long-
drift) CZT detectors, thereby limiting their size and performance
[15]–[17]. Vendors use different approaches in attempting to re-
duce the size and concentration of Te inclusions in their crystals
below the limits at which their effects on the device’s energy
resolution can be corrected or even neglected.

Te inclusions that form during CZT growth [18] are 1–30 m
in diameter, typical of Te inclusions seen with IR microscopy in
commercial CZT material (optical resolution is limited to 1 m).
They differ from Te precipitates that form from the nucleation
of native defects. Transmission electron microscopy shows that
generally they are 10–50-nm size. The concentration of Te in-
clusions may exceed cm , which is several orders-of-mag-
nitude less than that of the Te precipitates.

Both Te precipitates and inclusions trap the charge carriers.
Because of small size, precipitates behave like point defects
and their collective effect is denoted only by a reduction in the
total collected charge. In contrast, the charge trapped by indi-
vidual inclusions can be observed directly with a highly colli-
mated X-ray beam [5]. This signifies a difference between the
charge-trapping mechanisms associated with the point-like de-
fects and Te inclusions. In the former, the electron capture-rate
is proportional to the collision frequency that is determined by
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Fig. 5. (a) Electrons and (b) holes response maps measured for the
�� � �� mm area and a 1-mm thick planar detector with the sub-grain
boundaries and the dislocations arranged in the walls and networks, also seen
in an X-ray diffraction topography image (c). The step size is 25 �m, and the
bias is 150 V.

the electrons’ thermal velocity. Thus, the trapping process is de-
scribed in terms of the electrons’ lifetime, :

(3)

Because there are many collisions, the fluctuations of charge
loss are negligible and enable the correction for the total charge-
loss via a drift-time sensing technique.

In contrast, the electron mean-free-path, m at room
temperature, is much smaller than the typical diameter of the Te
inclusions. Thus, we equate the carrier trapping with a drift-dif-
fusion process in a discontinuous medium filled with ball-like
inclusions. In the first approximation, the charge loss is propor-
tional to the total number of inclusions that “collide” with the
electron cloud, and described in terms of the attenuation length

.

(4)

Because of the few “collisions” and larger fraction of charge
loss per “collision”, the fluctuations in the total collected charge
cannot be neglected. Modeling [16], [17] electron transport in
the CZT material with Te inclusions demonstrated that the mag-
nitude of the effect strongly depends on the ratio of the sizes of
the inclusions and the electron cloud. The type of the ionization
particles determines the latter. For gamma rays, simulations pre-
dicted that inclusions with diameters of less than m be-
have as ordinary traps associated with point defects in the mate-
rial. As mentioned, alpha-particles produce 10 times broader
electron clouds, so then, the inclusions with diameters up to

10 m can be considered as point-like defects. In other words,
alpha particles are less sensitive to fluctuations caused by Te in-
clusions and can only see a relatively small fraction of the Te
inclusions ( 1%).

Fig. 7 gives an example of a mm virtual Frisch
detector made of the crystal with Te inclusions of the size and
concentrations that (a) can be considered reasonably small for a
given thickness of the crystal since the energy spectrum (b) ac-
quired remains practically unaffected. The total concentration
of the inclusions measured in this sample was cm .
Thus, this sample contains Te inclusions of small sizes and low
concentration that have little or no effect on the device’s perfor-
mance. The energy resolution of 1.3% FWHM at 662 keV mea-
sured for this sample is attributable almost entirely to charge
trapping by point defects.

The model proposed in [9], [17] considers Te inclusions as ge-
ometrical spheres that render opaque a fraction of the electrons
from a cloud located within the effective diameter of the inclu-
sion. This simplified model, depending upon a single adjustable
parameter defined as the ratio of the effective- and actual-diam-
eters of Te inclusions, described well the cumulative effects of
Te inclusions on energy resolution. However, with this single
parameter we were unable to reproduce precisely the “images”
of the Te inclusions seen in the X-ray response maps (especially
those from a wide range of the cathode biases) when the diame-
ters and locations of Te inclusions obtained from IR microscopy
measurements constituted the input data for the model. Satis-
factory agreements were reached with the experiment only after
individually adjusting the effective diameter for each inclusion.

These discrepancies can be explained by assuming that Te
inclusions are surrounded by areas with a higher-than- average
concentration of impurities-related trapping centers. Te inclu-
sions could accumulate impurities (the gettering effect); such ef-
fects were found in other semiconductor materials grown under
conditions when secondary phases are formed. Some impurities
could be released back during crystal cooling. The high trapping
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Fig. 6. Topographic image indicating a presence of sub-grain boundaries along the long side of the �� �� �� mm CZT bar (a), responses measured for this
detector with a �� source (b), and, the collimated X-ray beam (c) and (d).

areas surrounding Te inclusions change their apparent diame-
ters, as seen in the X-ray response maps. However, generating
the response maps by collecting the electrons at high biases ex-
pectedly would entail a very small additional charge loss. To
enhance the electron trapping, measurements might be taken at
the low cathode bias, but then electron diffusion would obscure
the anticipated effect.

A presence of the trapping centers around Te inclusions is re-
vealed by comparing the e- and h-collection maps. As discussed
previously, holes are more sensitive to the trapping de-
fects, while their broadening can be suppressed by taking mea-
surements at high electric fields. Figs. 8 and 9 show the e- and
h-collection response maps measured for two areas of 1.2-mm
thin CZT sample. These isometric plots show the inverted re-
sponse maps with the peaks representing the charge losses by
Te inclusions. The inverted response maps are generated by sub-
tracting them from the response baseline: the deeps in the re-
sponse maps become the peaks. As apparent, the footprints of
Te inclusions in the h-response maps are significantly larger than
those in the e-response maps, suggesting that high trapping areas
surround Te inclusions. We note that the diameters of Te inclu-
sions seen in e-response maps are very close to those seen with
IR microscopy. These results are in agreement with our mea-
surements of the impurities gettering by Te inclusions [19].

C. Dislocations

It is well established that dislocations in CZT crystals are
formed during thermoplastic relaxation taking place behind the
melt-solid interface [20]. At high concentrations, the disloca-
tions arrange themselves into dislocation walls that determine
tilt sub-grain boundaries.

Fig. 7. Measured size distribution of inclusions for a �� �� �� mm crystal
(a), and the energy spectrum acquired with the same crystal configured as a
virtual Frisch detector (b).
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Fig. 8. X-ray response maps measured for a ����� mm area of 1.2-mm thin
CZT sample by collecting the electrons (top) and holes (bottom). The cathode
biases are 180- and 260- V for the electrons and holes, correspondingly. Step
size is 5 �m. Isometric plots show the inverted response maps with the peaks
indicating the charge losses by Te inclusions. The isometric maps are rotated by
90 degree clockwise.

Fig. 9. Same conditions as in Fig. 8, but the sample’s area is ���� ��� mm .

Using white X-ray beam diffraction topography, we often
distinguish strong internal stresses in commercial CZT crystals

Fig. 10. Photographs of the etched surface of a commercial �� �� �� mm
crystal (a), (b) with clear dislocations patterns representing the dislocation walls.
In some cases, the dislocations form very dense, complicated patterns (c).

[14]. Generally, the detectors fabricated from such crystals have
poor spectral responses. Further, X-ray mappings of such crys-
tals show significant non-uniformities in the charge transport,
likely caused by distortions in the electric field. To verify that
the crystals have high concentrations of dislocations, we em-
ployed a surface etching with a Nakagawa solution. The details
of the experimental procedures and results of these studies are
described elsewhere [7]. By polishing and etching the crystals
several times, we traced the dislocation walls stretching deep in-
side the crystal’s bulk. The presence of such walls that, by their
nature, behave similarly to the twin and subgrain boundaries, ex-
plains why some detectors fail to perform satisfactorily. As an
example, Fig. 10(a) and (b) shows the photographs of the etched
surface of a commercial mm crystal used to fab-
ricate a virtual Frisch-grid detector [14]; the aligned etch pits
represent walls of dislocations exiting at the crystal’s surface.
In some cases, the dislocations form very dense, complicated
linear patterns, as shown in Fig. 10(c).

We measured the response maps [14] for the detectors made
from crystals containing walls of dislocations to see their effect
on the efficiency of charge collection. Fig. 11 shows the e-re-
sponse maps measured for two representative samples (a) and
(b), wherein the darker areas correspond to the areas in the de-
vice from which we obtained smaller signals. We filtered the
map to enhance the faded features. The dark curved lines seen
in the X-ray maps correlate with the dislocation lines in the pho-
tograph, verifying that dislocation walls affect charge transport.

Fig. 12 shows a different type of dislocation patterns that
sometimes exists in commercial CZT crystals. These features,

500- m diameter size, appear in low magnification images as
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Fig. 11. Correlations between the dislocation walls seen on the etched surfaces
of CZT crystals (top), and e-collection response maps (bottom) measured for
two representative samples (a) and (b). Step sizes: (a) 50 �m, and (b) size 10
�m.

Fig. 12. Prismatic dislocations revealed by Nakagawa etching on a surface of
a � � � � �� mm crystal: (a) Low and (b), (c) high magnifications. These
features, seen on the crystal surface as � ��� �m diameter star-shaped etch
pits patterns, are called prismatic dislocations, whose origin in CZT crystals is
unclear.

dark spots (a); they actually cause star-shaped etch-pits patterns
(b), (c) called prismatic dislocations. Such dislocation patterns
are generated by punching a crystal surface, but their origin in
the bulk is not easy to explain. Two mechanisms were proposed
as being responsible for such defects. Thus, prismatic disloca-
tions can be caused by localized strains built up around inclu-
sions due to their misfit with CZT bulk properties [21]. The

Fig. 13. The e-collection response map of a CZT sample with prismatic dislo-
cations. A low-resolution (50 �m step) map reveals dark sports corresponding
to the prismatic dislocations, while the high-resolution map (5-�m step) clearly
shows the features also seen in IR photographs. The low- and high-resolution
maps cover a � �� �� mm (a) and � ���� ��� mm (b) areas.

second mechanism deals with the moving dislocations, wherein
their interactions with inclusions (or precipitates) generate pris-
matic dislocations [22]. Interestingly, no remnants of inclusions
or precipitates are seen in the centers of the “stars” (b), (c).

Although the origin of the prismatic dislocations in CZT crys-
tals is uncertain, for our purpose it is more important to illus-
trate their effects on charge collection in CZT detectors. We
employed X-ray mapping to measure the response map of the
CZT sample with prismatic defects shown in Fig. 12(a). The
scan was taken over a mm area with a 50- m resolu-
tion. The response map is shown in Fig. 13(a) wherein the dark
sports correspond to the prismatic dislocations. By carrying out
a 5- m step scan [Fig. 13(b)], we resolved similar features in a
single prismatic defect seen with IR microscopy.

Figs. 14 and 15 show more examples of dislocations patterns
that occasionally occur in commercial CZT crystals.

D. Electric Fields Variations

We also employed high-resolution X-ray mapping to study
lateral variations in the electric field of CZT detectors. Since our
first measurements (reported in [23] and [24]), we tested over
ten CZT detectors of different origins, geometries, and thick-
nesses. We confirmed our first finding that virtually all CZT de-
tectors with thicknesses greater than 2 mm have significant
lateral variations in their electric field. In some cases, the lateral
shifts of the electron trajectories exceeded 1–2 mm over 10 mm
drift distance in the Z-directions. The example in Fig. 16 shows
the response map of a mm area of a 1-cm thick CPG
device with a grounded non-collecting grid. The step size was
50 m. The dark lines, representing the grounded strips, are not
straight pointing to lateral variations in the electric field. Also,
numerous small defects associated with Te inclusions appear in
the map.
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Fig. 14. Prismatic dislocations revealed on a CZT surface by Nakagawa
etching: (a) Photograph of a ��� � � mm area of a crystal surface; (b)
magnified region.

Fig. 15. Photographs of the prismatic dislocations revealed on a CZT surface:
(a) ���mm area of a crystal surface; (b) magnified regions around a triangle-
shaped pattern.

Fig. 16. The e-collection response map of a 1-cm-thick CPG device with a
grounded non-collecting grid. The step size was 50 �m. Dark lines representing
the grounded strips are not straight, signifying lateral variations in the electric
field. The numerous small dark spots represent the Te inclusions. The area of
the map is � � � �� mm .

The origin of such variations is unclear, but their presence
correlates with the occurrence of high concentrations of dislo-
cations and of crystal strains. The non-uniformities of the elec-
tric field make electrons travel different pathways, so causing

fluctuations in the collected charge. We believe that these are
the main factors affecting energy resolution in current CZT de-
tectors.

IV. CONCLUSION

Using several crystal characterization techniques, we demon-
strated that today’s commercial CZT single crystals contain ex-
cessively high concentrations of extended defects, viz., twins,
sub-grain boundaries, dislocations, and Te inclusions that affect
the performance of actual CZT detectors and limit their thick-
ness.

Many of these defects are not readily visible by eye, or under
IR microscopes. Hence, vendors and detector developers often
overlook them.

Extended defects are less important in thin detectors than in
thick devices where they also play an important role in deter-
mining the electrical field.
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