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Abstract 
 

Homogeneity of properties related to material crystallinity is a critical parameter for achieving high-
performance CdZnTe (CZT) radiation detectors. Unfortunately, this requirement is not always satisfied in 
today’s commercial CZT material due to high concentrations of extended defects, in particular subgrain 
boundaries, which are believed to be part of the causes hampering the energy resolution and efficiency of 
CZT detectors. In the past, the effects of subgrain boundaries have been studied in Si, Ge and other 
semiconductors. It was demonstrated that subgrain boundaries tend to accumulate secondary phases and 
impurities causing inhomogeneous distributions of trapping centers. It was also demonstrated that subgrain 
boundaries result in local perturbations of the electric field, which affect the carrier transport and other 
properties of semiconductor devices. The subgrain boundaries in CZT material likely behave in a similar 
way, which makes them responsible for variations in the electron drift time and carrier trapping in CZT 
detectors. In this work, we employed the transient current technique to measure variations in the electron 
drift time and related the variations to the device performances and subgrain boundaries, whose presence in 
the crystals were confirmed with white beam X-ray diffraction topography and infrared transmission 
microscopy. 
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1. Introduction 

 
CdZnTe (CZT) is today’s most promising semiconductor material for room-temperature gamma-ray 

detectors. It is used in many applications, including nonproliferation, national security, medical imaging, 
and astrophysics [1]. However, the widespread use of CZT detectors is hampered by poor crystallinity of 
material that alters the device characteristics anticipated by users. Our group in Brookhaven National 
Laboratory (BNL) conducts systematic studies detailing the roles of crystal defects in CZT detectors and 
their underlying mechanisms. We routinely employ material and device characterization techniques such as 
infrared transmission microscopy, white beam X-ray diffraction topography, and high-spatial-resolution X-
ray response mapping to identify particular types of defects and define their relationship with device 
performance [2-4]. Our results from screening a large number of CZT samples indicate that amongst the 
different types of extended defects, subgrain boundaries—which are very common in commercial CZT 
regardless of growth methods and manufacture—could be as critical as large-size Te inclusions, which had 
been previously identified as a major cause of charge-transport non-uniformity [5].  

This work continues our studies of subgrain boundaries and their effects on carrier transport in CZT 
detectors. Following Rudolph’s works [6,7] there are several types of subgrain boundaries in CZT and 
other compound semiconductors. In general, they are treated as arrays of dislocations aligned along planes 
or three-dimensional surfaces of different sizes and geometries. They can be classified based on the density 
of dislocations, which can range from low dislocation density walls to high dislocation density boundaries 
consisting of nearly polycrystalline material.   

In the past, the effects of subgrain boundaries have been extensively studied in Si and Ge—two 
semiconductors which have drawn much attention because of their use in electronic devices. It was 
demonstrated that subgrain boundaries tend to accumulate secondary phases and impurities resulting in 
inhomogeneous distribution of trapping centers over device volumes. In addition, subgrain boundaries may 
cause local perturbations of the electric field, which affect carrier transport in semiconductors.  



The results of our previous studies indicate that subgrain boundaries play similar roles in CZT material. 
Using the X-ray response mapping technique, we have shown that subgrain boundaries correlate with the 
areas from which the charge collection efficiency is reduced, and that the magnitude of such reductions 
depends on the density of dislocations located within subgrain boundaries (different contrasts are produced 
by subgrain boundaries with different densities of dislocations, which can be clearly seen in diffraction 
topographs). Furthermore, by tracing electron-cloud drift trajectories, we have demonstrated variations in 
local electric fields, which were correlated with subgrain boundaries as well.  

One of the consequences of the electric field inhomogeneity in CZT detectors is potentially strong 
variations of the electron-cloud drift times. If subgrain boundaries change the magnitude and the direction 
of the local electric field, which is otherwise expected to be uniform in a CZT slab, the distance of total 
drift of the electron cloud and its average drift velocity should differ from event to event. The drift distance 
can be even shorter than the crystal’s length if the subgrain boundary steers the electron cloud towards the 
crystal’s side surface.  

In this work, we employed transient current signals, induced by alpha particles, to evaluate variations in 
electron drift-time and correlate them with subgrain boundaries and the device response as measured with 
gamma-rays. Knowledge of a typical scale of the drift-time variations in CZT detectors is crucial because 
different drift times corresponding to the same drift distance can cause additional fluctuations in continuous 
charge loss due to trapping by point defects. Since the continuous charge loss is a function of the electron 
drift time only, the latter should be measured for each interaction event (instead of depths of interactions) to 
assure a proper charge-loss correction. The drift-time variations should also play critical roles in pixel 
detectors employing Compton kinematics and other algorithms for reconstructing directions of incident 
gamma-ray imaging and rejecting incomplete charge collection events. Kim et al. has recently reported the 
uncertainties in determining distances for the multiple interaction point-events resulting in poor angular 
resolution of 3D position sensitive pixel detectors [10].  
 
2. Experimental setup 
 

We used alpha particles from an 241Am source to generate transient events in long, >10 mm, 
parallelepiped-shaped CZT crystals with cross sections of 6x6 mm2 configured as planar detectors with 
monolithic contacts. Detector-grade CZT crystals with high-resistivity, >3x1010 Ohm-cm, high mu-tau 
product (>10-2 cm2/V) and low concentrations of small-size Te inclusions were acquired from two vendors, 
Endicott Interconnects and Redlen Technologies. The vendor can control and verify these parameters; 
however, they cannot control and measure the content of the subgrain boundaries in their crystals.  

During the measurements, a detector was mounted inside a standard eV-Product’s device holder with 
the alpha-particle source also placed inside the holder at ~3-mm distance from the cathode. To reduce the 
count rate and avoid signal pileups during the measurements, we partially screened the cathode using 
several layers of thin metal mesh. The anode signals were read out with the charge-sensitive preamplifier 
eV-5093 and recorded with a LeCroy WaveRunner. The output signals from the preamplifier were also sent 
to the delay line amplifier used to generate triggers for the WaveRunner. Fig. 1 (a) shows a typical 
waveform, containing 1000 sampling points taken with 5-ns intervals.  

The following algorithm was employed to evaluate the waveforms’ rise times that represent the drift 
times of the electron clouds generated near the cathode [8]. The event’s arrival time is identified 
approximately when the signal rises above one sigma of the baseline’s noise. Due to the noise, several 
signal crossings may occur. To eliminate such false starting times, only the last crossing is used. The exact 
arrival time is calculated as an intersection of two lines: one is a forward interpolation of the baseline and 
the other a backward interpolation of the pulse’s leading edge. Previously, we demonstrated that this 
method provides ~10 ns statistical uncertainty for finding the time of the interaction’s occurrence. The 
electron cloud’s arrival time to the anode is signified as the transition of the fast-rising to slow-changing 
slope of the pulse. However, due to several factors, this moment can not be well defined. So, we assign the 
arrival time as an intersection of two lines: One is the forward interpolation of the leading edge of the pulse 
as its amplitude raises between 65% and 90% of its maximum; and second is the backward interpolation of 
the slow-changing portion of the pulse (typically the last 200-400 data points).  

 



 
  
Fig. 1. Typical waveforms generated by alpha particles in a 15-mm-thick planar detector (a), and 662-

keV gamma rays in a 15-mm-thik virtual Frisch-grid detector (b). 
 
After taking the data with alpha particles, we reconfigured the CZT samples as virtual Frisch-grid 

detectors and acquired pulse-height spectra from the uncollimated 137Cs source. A device fabrication 
procedure was described elsewhere [9]; we encapsulated the crystals in ultra-thin polyester shrink shells, 
and then placed 5-mm wide shielding electrodes around the sides near the anodes. During the 
measurements, a detector was placed inside a custom-made holder with two BNC connectors to apply a 
high-voltage bias on the cathode and to read the signals from both the cathode and anode. The signals from 
the cathode and the anode were recorded with the WaveRunner and digitally processed to evaluate the 
dependencies of the signals’ amplitudes versus the electrons’ drift-times (for the charge-loss correction). 
The measured spectra, representing the quality of the detector’s responses, were correlated with the drift-
time distributions, measured with alpha particles, and the X-ray diffraction topographs revealing the 
subgrain boundaries. To illustrate the waveform processing algorithm, Fig. 1(b) shows an example of the 
anode and cathode signals generated by an interaction event. We applied a similar algorithm that we used 
to evaluate drift times in the case of alpha-particle measurements. The cathode signals were used to 
calculate the interaction moments or starting moments of the electron clouds’ drift. The electron clouds’ 
arrival times to the anode were calculated by using the anode signals that have faster rising times in the 
virtual Frisch-grid device. The amplitudes of the cathode and anode signals were assessed by taking the 
differences between the baselines and the step heights averaged over 50 points. The baselines were 
determined by averaging the data points right before the interaction moment, while the step heights were 
measured with a 25-point delay after the arrival times.   

We also took measurements of the electron cloud drift time variations in a 3D position sensitive 
20x20x10 mm3 detector readout with a data acquisition system based on the H3D ASIC.  To plot the drift 
time distributions we selected the total-energy-absorption single-point-interaction events generated by 662-
keV photons from the 137Cs source. The descriptions of the H3D ASIC readout system and time 
reconstruction algorithm are given in Ref. [11].  

Finally, we employed the White Beam X-Ray Diffraction Topography (WBXDT) at BNL’s National 
Synchrotron Light Source [12] and the automated IR transmission microscopy system [13] to reveal 
extended defects inside the CZT detectors used in these measurements.  

 
3. Results and Discussion  

 
It is well known that shapes of the transient signals in CZT detectors differ from the ones that would be 

expected for a homogeneous detector with a uniform distribution of the electric field. In the case of the 
planar geometry, the rising edges in the signals reflect changes of the electron clouds drift velocity in a z-
direction, which in turn corresponds to the local variations in the electric field. As we expected, our 
measurements demonstrated large variations in the shapes of the transient signals and electron-drift times 
whose magnitudes were correlated with the presence of subgrain boundaries in the CZT material. Fig. 1(a) 



shows an example of a transient signal whose rising slope indicates a lowering of the electric field in the 
middle of the detector. We noticed that on average detectors fabricated from the Bridgman-grown material 
exhibit sub-linear slopes, as we would expect if the electric field gradually decays towards the anode. In 
contrast, the pulses in detectors fabricated from the material grown by the traveling heater method have S-
shaped slopes suggesting that the electric field decays slightly halfway between the cathode and the anode 
and then regains its strength. These observations are relevant to the long-drift detectors. We note that in 
detectors with a planar geometry, the lateral (parallel to the anode plane) movements of the electron clouds 
are also seen by the anode as a slowing drift in the anode’s direction.  

 
1.1 Results from testing bar-shaped detector 
 
The results from the measurements taken with alpha particles are summarized in Fig. 2 for three 

representative detectors. Shown on the left are the diffraction topographs, and on the right are the 
distributions of the drift times measured for two crystal orientations with respect to the cathode and anode 
sides. The samples’ dimensions and applied biases are indicated in the plots along with the expected drift 
times evaluated—assuming a uniform distribution of the electric field inside the detectors—and an electron 
mobility of 1000 cm2/V-s. The expected drift times are denoted as dashed lines in the drift-time 
distributions (plots on the right).  

Analysis of the waveform data showed the experimental drift times to vary significantly from sample to 
sample. Judging from the diffraction topography data, the sample on top has a dense network of low 
dislocation-density subgrain boundaries relative to the middle and bottom samples. Accordingly, this 
sample shows a relatively narrow, symmetrical distribution of drift times. The tails on the right side extend 
up to 2000 ns indicating a slow drift for some fraction of events. The left-side tails represent the events 
when the electron clouds were steered to the crystal’s side surfaces (edge effect), and hence, for such events 
the electron-drift times were shorter than expected. This feature is especially apparent in the middle and 
bottom samples, which revealed a distribution in the electron drift times over two peaks, as opposed to a 
predicted single, narrow peak. The diffraction topographs taken for these two samples demonstrated that, in 
addition to the network of low-dislocation-density boundaries, there were several very pronounced subgrain 
boundaries with high dislocation densities, which significantly distorted the crystal lattice locally. In turn, 
this affects the local electric field, entailing broad and multiple-peak distributions of the drift times. The 
presence of the high-dislocation-density boundaries can also explain the marked difference in the 
distributions of drift time measured for two orientations of these samples. In principle, by using the 
collimated source and more complex pulse-shape analysis, it is possible to trace the electron clouds’ drift 
paths and evaluate their drift times in relation to the specific types of the subgrain boundaries and their 
orientations. Such measurements currently are underway.  

 
 
 
 



 
 
Fig. 2. Diffraction topographs (left), and the distributions of the drift times (right) measured for three 
representative crystals at two different orientations with respect to the cathode and anode sides. The 
samples’ dimensions and applied biases are provided in the pictures, along with the expected drift times 
evaluated, assuming a uniform distribution of the electric field inside the detectors and an electron mobility 
of 1000 cm2/V-s.  
 

 
Many effects of the subgrain boundaries on carrier transport in semiconductor materials have been 

attributed to the presence of potential barriers along the boundaries, thereby changing the local electric field 
[14]. This likely happens in low resistivity semiconductors and devices operating at low biases. However, 
for high-resistivity CZT detectors with internal electric fields of > 1000 V/cm, the variations of the electric 
field are probably due to the formation of domains with different concentrations of accumulated space 
charge. The subgrain boundaries that accumulate impurities and secondary phases represent highly 
conductive regions in comparison to the bulk surfaces that divide the crystal volume into numerous 
domains. In terms of the electrostatic problem for the distribution of the electric field inside the weakly 
conducting bulk, we can consider the strong conducting subgrain boundaries as bounding conditions that 
define the electric fields inside individual domains. Accordingly, the electron clouds move across these 
regions with different velocities. The side surfaces of the crystals play similar roles setting the boundary 
conditions that shape the distribution of the electric field inside.  

 Our measurements indicate that, in addition to the variations of the drift times caused by random 
distribution of interaction points inside detectors, there are significant variations caused by differences in 
the electric field. If left uncorrected, both effects engender variability in charge loss due to the continuous 
trapping by uniformly distributed point-defects that degrade the energy resolution of the CZT detectors. 
Fortunately, these effects can be minimized. Since the charge loss due to continuous trapping is 
proportional to the drift time, we can use the latter to correct the amount of charge loss for each interaction 
event. We note that variations caused by the random distribution of interaction points can be corrected by 



using depth-sensing techniques, e.g., by measuring the ratio of the cathode- and anode-signals as proposed 
for pixel detectors [15]. To rectify both effects, direct measurements of the electron-cloud drift times are 
required; the depth-sensing technique alone is inadequate for detectors containing networks of subgrain 
boundaries.  

Unfortunately, variable drift times are not the only problem related to the presence of subgrain 
boundaries; they also cause an inhomogeneous distribution of trapping centers, which are typically 
assumed to be uniformly distributed inside a detector. If such non-uniformities in the CZT material are 
relatively small and modulated only gradually, the corresponding variations of charge loss due to trapping 
can be corrected partially with pixel anodes and a 3D readout scheme. However, to establish such 
corrections, the responses generated by the electron clouds produced in every voxel of a detector must be 
calibrated accurately. In general, for a certain fraction of the events, the charge loss associated with 
subgrain boundaries (or big Te inclusions) cannot be corrected because of the lack of a one-to-one 
relationship between the amount of charge loss and the drift times and voxel coordinates. Such incomplete 
charge-collection events may cause broadening of the photopeaks, and can primarily contribute to the 
continuums in the pulse-height spectra. In devices that provide information on drift time, such events can 
be identified and rejected from the energy spectra [16].  

The effects described above are evident in the pulse-height spectra measured from the five 
representative virtual Frisch-grid detectors of 15- and 20-mm thicknesses (Fig. 3). These detectors were cut 
from the same wafer with similar distributions of Te inclusions, viz., mostly small, <5 µm. The left column 
in Fig. 3 contains their diffraction-topography images, the second the drift-time distribution measured with 
alpha particles, while the two right-most columns show the pulse-height spectra before and after correcting 
the drift time. As expected, the widths of the photopeak in the uncorrected spectra measured for all 
detectors correlate with the drift-time distributions: The wider photopeaks correspond to the wider drift-
time distributions. In contrast, the photopeaks in the corrected spectra seem to correlate with the diffraction 
topography images. As a general trend, the dense networks of low-dislocation-density subgrain boundaries 
broaden the photopeaks (detectors illustrated in the second and fourth rows), while the high-dislocation-
density subgrain boundaries with a few branches have little effect on the photopeaks’ widths, but 
significantly reduce their heights or photoefficiency (detectors illustrated in the first, third, and last rows). 
In the latter case, the correction for charge loss improves the photopeak widths. However, we mention that 
it is not always possible to predict the degree of degradation of the energy resolution based on the subgrain 
boundaries as seen in the diffraction topographs. Similarly, as was shown in Fig. 2, for some events, the 
drift times are shorter than the theoretical limits indicating that the electron clouds reach the detectors’ side 
surfaces where they become trapped. We note that the electronic noise, evaluated by applying the test 
pulses during the measurements (not shown in the pulse-height spectra) was < 0.8% at 662 keV for all 
detectors, a small value compared to the measured widths of the photopeaks.  

 
 



 
 
Fig. 3. Diffraction topographs, drift-time distributions, and corresponding pulse-height spectra (from 

right to left) measured for the five virtual Frisch-grid detectors (from top to bottom). The rightmost pulse-
height spectra were corrected for charge loss due to trapping by directly measuring the drift times of the 
electron cloud.  

 
 
 
 



1.2 Results from testing a pixel detector  
 

The variations in drift time can cause uncertainties in determining the distances for the multiple 
interaction point events in pixel detectors. From this point of view, a 3D-position-sensitive detector is 
very convenient for measuring the local variations of the drift time in CZT crystals with poor 
homogeneity. Here, we tested a 10-mm thick detector biased at 800 V. The cathode- and anode-peaking 
times were 2 µs. We note that despite the long peaking time used in these measurements, the amplitudes 
of the long-rising cathode signals still suffered from the ballistic deficit. Out of 121, we selected 10 
representative pixels from which we plotted dependencies of the amplitudes of the signals from the 
anode, A, and the cathode, C, versus drift times, T.  Fig. 4 shows the plotted distributions A vs. T (right) 
and C vs. T (left) for each of the selected pixels. The plots A vs. T contain both the photoabsorption 
(photopeak) and the Compton-scattering events. We used these plots to select the photopeak events; 
they are represented by a narrow track of dots following the topmost edge of the continua. This was 
done by fitting the center of gravity of the track with a spline function, and selecting the events whose 
amplitudes lie within +/-1% of the fitting spline (for illustration, the fitting splines are shown for two 
pixels only). By selecting the photopeak events, we cut all but those events for which the numbers of 
generated carriers corresponded to the same deposited energy of 662 keV; the corresponding electron 
clouds were fully collected at the pixel anodes. In other words, the events in the C vs. T plots 
correspond to the narrow “slice” of the photopeak events in A vs. T. Since in a detector with planar 
geometry, the cathode signal is a direct measure of an interaction point’s distance from the cathode, 
then the C vs. T represents the correction between the drift time and the interaction depth. In an ideal 
detector, such a distribution should follow a narrow line, whose width is determined by the electronic 
noise, while the drift time spans between 0 and its maximum value L/µE, where L, µ, and E are, 
respectively, the device’s thickness, electron mobility, and the strength of the electric field (1250 ns in 
this case). In reality, as evident from Fig. 4, the measured correlations of C vs. T are represented by 
broad distributions of dots with curvatures indicating the variations of the electric field along the depth, 
and also within the pixel areas. For this particular detector, the midsection (between the anode and 
cathode) has a weaker electric field resulting in the S-shape of C vs. T. In our case, Pixel 1 exhibits 
almost normal behavior with a total drift time, ~1250 ns, corresponding to the 800-V bias applied to the 
detector, while Pixels 7-10 indicate drift times of ~1.5 times longer, with significant variations over the 
pixel areas.  
 
 
 



 
 
Fig. 4. Correlations of A vs. T (right) and C vs. T (left) plotted for 10 selected pixels. The distributions, 

A vs. T, contain all events (the photoabsorption (photopeak) and Compton scattering), while the 
distributions C vs. T contain only photopeak events. See text for details. The total drift time expected from 
this 10-mm thick detector biased at 800 V is 1250 ns. 

 
 
 
 
 
 
 



 
Fig. 5 shows the inverted distributions T vs. C plotted for the first 9 pixels in Fig.  4. (Again, we note 

that the cathode signal is a measure of a Z coordinate (depth) of the interaction point.) Such distributions 
should be used to make corrections for variations in drift time to correctly evaluate Z-coordinates. 
However, if the drift time differs within the pixel areas (Pixels 4-9), such corrections may not be accurate; 
using a smaller pixel size can help to minimize this problem. 
 

 
 
Fig. 5. Distributions of T vs. C plotted for the first 9 pixels shown in Fig. 4.  Such distributions should 

be used to make corrections for the variations in drift-time variations to evaluate Z coordinates correctly. 
 
4. Conclusions 
 
Subgrain boundaries are critical for the performance of CZT detectors; they accumulate impurities and 

secondary phases that affect the detectors’ energy and spatial resolution. In this work, we evaluated over 20 
15- and 20-mm-thick virtual Frisch-grid detectors fabricated from CZT crystals containing subgrain 
boundaries, but practically free from big Te inclusions and other defects; this allowed us to neglect the 
effect of Te inclusions, and investigate the roles of the subgrain boundaries. We also have tested a 
20x20x10 mm3 pixel detector, which is convenient for measuring the local variations of the drift time in 
CZT crystals with poor homogeneity. 

We employed the transient-current technique to directly measure the variations in the electron drift  
times and correlate them with the presence of subgrain boundaries. We used diffraction-topography images 
to confirm the presence of the subgrain boundaries in our samples, and linked them to the distribution of 
drift times and the detectors’ responses to gamma rays.  

We observed significant variations of the drift times that we related to two kinds of subgrain boundaries 
typically present in today’s CZT detector-grade crystals. The dense networks of low-dislocation-density 
subgrain boundaries slow down the electrons’ drift; high-dislocation-density subgrain boundaries with a 
few pronounced branches also cause major variations in the drift times.  



These variations in drift times, which we have attributed to variations in the electric field, can be 
explained by the higher conductivity of the subgrain boundaries, in comparison to the bulk, due to their 
accumulation of impurities and secondary phases that divide the crystal’s volume into individual high-
resistivity domains. The electric potential along the boundaries set up the boundary conditions that define 
the electric fields inside individual domains. Consequently, electron clouds move across these regions with 
different velocities. 

Because of the non-uniformity of the electric field, the correction for charge loss due to trapping in 
thick detectors must rely on measurements of drift time rather than upon the interaction depths.  
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