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Abstract

We present results from two 1 cm® CdZnTe gamma-ray spectrometers with full 3-D position sensitivity. To our
knowledge, these are the first reported semiconductor spectrometers that provide independent spectral data for each of
over 2000 volume elements. Energy resolutions of 1.5-1.6% FWHM and position resolutions of 0.7 x 0.7 x 0.5 mm were
obtained at 662 keV gamma-ray energy from the central region of both detectors for single-pixel events. With the 3-D
position sensing capability, variations in spectral response over the detector volume were recorded using a '3’Cs source.
These measurements allow a study of full-energy peak efficiency, mean ionization energy and electron trapping as
a function of 3-D position. The effects of material non-uniformity on detector spectroscopic performance are dis-

cussed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the single polarity charge sensing method
was implemented on solid-state semiconductor
gamma-ray detectors [1], and the depth sensing
technique was employed [2], the spectroscopic per-
formance of CdZnTe gamma-ray detectors has
been improved dramatically compared with that
obtained on conventional detectors using planar
electrodes [3]. However, the best energy resolution
of ~1.8% FWHM obtained at 662 keV gamma-
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ray energy on a relatively large volume (1 cm?)
device [3] is still much worse than that predicted by
the limit set by charge carrier statistics ( ~ 0.2%
FWHM assuming a Fano factor of 0.1). Although
experimental studies [3] indicated that the
gamma-ray spectroscopic performance can be fur-
ther improved by reducing the difference between
weighting potentials of the collecting and the non-
collecting anodes, other factors such as the vari-
ation of ionization energy due to gradients in the
Zn concentration, the variation of electron trap-
ping, and the presence of material defects could also
degrade detector performance. This work investi-
gates the effects of some of these factors in CdZnTe
detectors.
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Two 3-D position sensitive gamma-ray spec-
trometers were fabricated using wide band-gap
semiconductor CdZnTe which can be operated at
room temperature [4]. The detectors are 1 cm?
cubic CdZnTe crystals with 11 x 11 pixellated an-
odes. The lateral (x and y) position of gamma-ray
interaction is obtained from the location of the
pixel anode that collects electrons, and the depth (z)
is obtained from the ratio of the cathode and the
anode signals. Energy spectra from 662 keV inci-
dent gamma-rays were obtained for each of the
~ 2400 voxels in both of the two 1 cm?® cube
CdZnTe devices. After 3-D corrections for the
non-uniformity of electron trapping of the detector
material and for the gain variation of the readout
circuitry, the measured energy resolution was 1.5%
and 1.6% FWHM from combined output of the
central 9x9 pixels on the first and the second
detectors, respectively, for single-pixel events.

Some properties, such as current-voltage charac-
teristics, thermally stimulated current, charge car-
rier mobilities and mean lifetimes, and the variation
of Zn concentrations have been measured across
the area of thin crystals by other groups [5,6].
However, with 3-D position sensitivity available for
the first time in CdZnTe detectors, the variation of
material characteristics throughout the detector
volume which are directly related to the spectro-
scopic performance of the detector can now be
observed with a spatial resolution of
0.7 x 0.7 x 0.5 mm. These spatially-varying charac-
teristics include: the gamma-ray detection efficien-
cy, electron trapping and the average ionization
energy of the CdZnTe material.

2. Data collection

Two discrimination grade CdZnTe crystals
(#eV — 1404 — 10 and #eV — 1404 — 11) were
used to construct the devices.! In order to avoid the
ambiguity of gamma-ray interaction position of
multiple-interaction events, only events which the
electrons generated by a gamma-ray interaction are

1eV Products, 375 Saxonburg Boulevard, Saxonburg, PA
16056, USA.

collected on a single anode pixel were selected for
obtaining energy spectra of each voxel. Monte-
Carlo simulations (Fig. 3, Ref. [7]) show that the
full-energy single-pixel events are dominated by
photoelectric interactions in which all gamma-ray
energy was deposited locally. The characteristics of
the photopeaks (photopeak areas, FWHM and am-
plitude centroids) were recorded to show their rela-
tive variation as a function of 3-D position within
the detector.

3. Variation of full-energy peak efficiency

To observe whether the full-energy peak efficien-
cy is uniform through the detector volume, a **’Cs
source was located ~ 5 cm from the cathode sur-
face. The energy spectra were simultaneously col-
lected at each voxel corresponding to a volume of

~ 0.7 x0.7 x 0.5 mm within each detector [8], and

the photopeak areas were measured. The photo-
peak area is the number of events in which all
gamma-ray energy is deposited locally within one
voxel during the data collection time. Because the
attenuation length of 662 keV gamma-rays in
CdZnTe is about 2.3 cm based on our simulations
using GEANT3,? more than twice the detector
thickness of 1 cm, it is expected that 662 keV
gamma-rays interact with the detector material at
all depths with an exponential attenuation. The
experiment provides a depth parameter for each
gamma-ray event, which is the ratio of pulse ampli-
tudes of the cathode and the pixel anode signals.
This depth parameter is quite linear with the geo-
metrical depth of gamma-ray interaction between
the cathode and about 1 mm from the anode sur-
face, but is non-linear in the immediate vicinities of
both the cathode and the anode. Our measure-
ments on the first detector (#1) show that the
variation of the photopeak area as a function of the
depth parameter under each anode pixel is quite
flat between the cathode and the anode, and has
a pile-up peak near the cathode surface. An
example of such a measurement under an anode
pixel of detector #1 is shown in Fig. 1.

2 GEANTS3, CERN, Geneva, Switzerland.
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Fig. 1. Photopeak area as a function of gamma-ray interaction
depth parameter under an anode pixel of detector # 1.

However, when the photopeak area as a function
of the depth parameter was obtained from the sec-
ond detector (#2), significant variations were ob-
served. We can loosely categorize the behavior of
the full-energy peak efficiency under each anode
pixel into three groups: (1) Normal pixels: there is
no significant loss of efficiency between the cathode
and the anode. An example is shown at the top of
Fig. 2. (2) Pixels with defects located in the middle:
there is severe loss of efficiency between the cathode
and the anode, such as the example shown in the
center of Fig. 2. Interestingly, the efficiency near
both the cathode and the anode looks normal.
Since these are relative measurements, the loss of
full-energy peak efficiency must originate from the
detector material, not from the readout electronic
system. This indicates that some regions of the
crystal produce significantly lower number of full-
energy absorption events than other parts of the
crystal. (3) Pixels with defects near the cathode side:
there is severe loss of efficiency on the cathode side
as shown at the bottom of Fig. 2. This loss could be
caused by electron traps, such as a grain boundary
which prevents a significant fraction of electrons
from reaching the anode surface. Therefore, the
event was not registered within the photopeak en-
ergy window.
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Fig. 2. Pixel categorized by the location of defects under each
anode pixel (detector #2).

In order to display our observations, each anode
pixel was classified according to one of the three
categories defined above. Their lateral distribution
is shown in Fig. 3. It is evident that each type tends
to occupy a continuous region. This behavior sup-
ports the observation that the material defects are
real and not from the result of readout error. In



462 Z. He et al. | Nuclear Instruments and Methods in Physics Research A 441 (2000) 459-467

- -
o =
I |
] 1
I 1
-
] I
g B
|
|
-
|
1
-

N W R N W

-

1 2 3 4 5 6 7 8 9 10 1

X
D Normal pixels

|:| Pixels with defects between the cathode and the anode
|:| Pixels with defects near the cathode side

. Pixels without signal (bad wire connection)

Fig. 3. The lateral location of each type of defect obtained from
detector #2.

addition, the geometrical distribution shows the
lateral scale of the defect structures.

In contrast, no defective region was observed
within the central region of the first detector, except
under a column of peripheral pixels and a corner
pixel. The mapping of detection efficiency of de-
tector #1 is shown in Fig. 4. It was observed that
the full-energy peak efficiency also varies as a func-
tion of lateral location of anode pixels. Further
investigation is needed.

4. Observation of electron traps

Although no significant loss of full-energy peak
efficiency was observed in the central region of the
first 3-D CdZnTe detector, significant degradation
of energy resolution was recorded in some of its
regions (the same phenomenon was seen in both
detectors). Energy spectra of '*’Cs were obtained
as a function of the depth parameter under each
anode pixel, and the results from two typical pixels
are shown in Figs. 5 and 6.
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Fig. 4. The lateral location of each type of defect obtained from
detector #1.

In Fig. 5, there is no abrupt change either in the
photopeak area and in energy resolution when
the interaction depth varies from the anode to the
cathode surface. The results shown in Fig. 6, in
contrast, show that even when no significant loss of
efficiency was seen along the depth coordinate, the
energy resolution becomes noticeably worse from
certain depths between the anode and the cathode,
and continuously deteriorates towards the cathode
surface. There are two possibilities for the cause of
this degradation of energy resolution. The first is
that there is an region of enhanced electron trap-
ping, such as a grain boundary, located at where
the energy resolution starts to deteriorate. Its pres-
ence would degrade the energy resolution for those
events for which electrons must pass through this
region, i.e., when the interaction depth is between
the trap and the cathode. The second possibility
could be the variation of material properties in that
region, such as the variation of Zn concentration
within the crystal. Based on the results by Toney et
al. [6], the change of 1-2% of pulse amplitude
shown in our measurements (which broadens the
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Fig. 5. The energy spectra (*37Cs) of single-pixel events obtained
as a function of gamma-ray interaction depth from detector # 1.
No significant change of energy resolution is observed.

photopeak) requires a change of 2.6-5.2% in the Zn
concentration. This is not likely to happen within
the scale of ~ mm (the dimension of one voxel)
from previous measurements [6]. In addition, it has
been observed that the energy resolution always
deteriorates more severely at depths that are near
to the cathode surface. This regularity is a strong
evidence that counters the explanation that the
energy degradation is linked to the variation of
mean ionization energy of CdZnTe. It would be
very unlikely that the fluctuation of mean ioniz-
ation energy always increases towards the cathode
side, since the relative orientation of the cathode
was chosen randomly. From these observations,
although the possibility of degradation of energy
resolution caused by the fluctuation of mean ioniz-
ation energy cannot be ruled out, it is more likely
that the effect is caused by electron traps, such as
grain boundaries, voids, Tl inclusions and twins,
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Fig. 6. The energy spectra (*37Cs) of single-pixel events obtained
as a function of gamma-ray interaction depth from detector # 1.
The energy resolution degrades significantly when the depth
parameter is greater than 14.

located between the cathode and the anode that
affect only a small fraction of transiting electrons.

5. Variation of electron trapping

Although the full-energy peak efficiency of de-
tector # 2 varies significantly within its volume, the
amplitude of the photopeak centroid decreases
smoothly from the anode to the cathode due to
electron trapping. This indicates that the mean
ionization energy does not change abruptly within
the detector volume. An example is shown in Fig. 7.
The sharp decrease corresponding to depth param-
eters less than 3 is from the non-linear region of the
weighting potential in the vicinity of each anode
pixel. It is evident from Fig. 7 that about 10% and
5% of the electrons are trapped through 1 cm thick
CdZnTe at cathode biases of 1400 and 2400 V,
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Fig. 7. The amplitude of the photopeak centroid versus the
depth parameter measured at three cathode bias voltages. The
data were collected from pixel #6 of detector #1 at 662 keV
gamma-ray energy.

respectively. This behavior demonstrates that
a good gamma-ray spectrometer using CdZnTe of
this material quality must not only overcome the
severe hole trapping problem, but must also be able
to correct for electron trapping.

From measurements on the variation of the am-
plitude of photopeak centroid as a function of
gamma-ray interaction depth, the mean p.t. of
detector material can be estimated under each an-
ode pixel. This estimation is based on the following
conditions: (1) The electron trapping follows the
simple exponential relationship:

NG) = N exp< - E) 1)

where z is the electron drift distance, E is the electric
field intensity and N is the number of free electrons
at a drift distance of z. (2) The pulse amplitude
obtained from each anode pixel is proportional to
the number of electrons collected on the anode
electrode. This simplified assumption ignores the
variation of weighting potentials of each anode
pixel within the linear region of the device. This
underestimates the pulse amplitudes towards the
anode side (N), and therefore tends to give a high-
er estimated p.7t. value. However, based on our
calculations, this systematic error does not change
our results significantly. (3) Photopeak events hav-

ing the largest depth parameter (highest cath-
ode/anode ratio) are believed to come from the
cathode surface, and those having the smallest
depth parameter (lowest cathode/anode ratio)
before the photopeak amplitude drops rapidly
(the depth parameter =3 in Fig. 7) are as-
sumed to originate ~ 1 mm from the anode sur-
face (about one anode pitch into the detector vol-
ume from the anode surface). For intermediate
depth parameters that correspond to gamma-ray
interactions between the cathode and 1 mm from
the anode surface, the depth parameter is assumed
to be linear with the geometrical depth and the
measurement data is used for estimating the .7,
values. Data collected in the vicinity of the anode
surface (when the depth parameter is less than 3)
were not used because the pulse amplitude is re-
duced severely in the non-linear region of the
weighting potential.

The p.t. values corresponding to the central
9 x9 anode pixels were obtained using the linear
least-squares method. To do so, the exponential
relationship between N(z) and z in Eq. (1) was
converted to a linear relationship between In N(z)
and z as follows:

1n<N(Z)>= -z 2)
NO ,ueTeE

The slopes of the best linear fit provide values for
UeTe- N is the maximum value of the photopeak
centroid (corresponding to that when the depth
parameter = 3 in Fig. 7) and z is the electron drift
distance from the location of the gamma-ray inter-
action to 1 mm from the anode surface.

The estimated values of p.7, were confirmed by
measurements at three different cathode biases
(— 1400, — 2000 and — 2400 V), and the results
are consistent. For example, the values of p.7,
obtained from anode pixel # 6 of detector #1 are
5.8, 6.1 and 6.1 x 10~ 3 cm?/V at cathode biases of
— 1400, — 2000 and — 2400 V, respectively. The
small discrepancy between these values is probably
due to systematic errors, such as the variation of
weighting potentials within the linear region of the
detector or the uncertainty in the calibration be-
tween the depth parameter and the geometrical
depth. Since we divided the depth parameter
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equally into ~ 20 bins, it is expected that the depth
parameter could change by up to 55 (5%) between
measurements at different biases. This would result
in a change of up to 5% in the estimated values of
U7, following from the linear relationship between
U.7. and z in Eq. (2).

The measured p.t. values obtained from the
central 9 x 9 anode pixels of detector # 1 are sum-
marized in Fig. 8. The mean pu.t. value and its
standard deviation are 5.4 4+ 0.5x107* cm?/V.
The lateral distribution of u.t. values, as shown in
the bottom of Fig. 8, shows no systematic correla-
tion with location.

A similar result was obtained from the sec-
ond detector. Since about % of the volume in
detector #2 has severe material defects (loss
of full-energy peak efficiency), the u.7. values
cannot be obtained from some of the pixels.
Especially when the defects are located on the
cathode side, no depth calibration can be obtained
from the cathode surface (corresponding to the
maximum depth parameter). However, based on
the results obtained from good anode pixels, under
which no severe loss of efficiency was observed,
values measured for y. 7. were quite similar to those
from the first detector.

6. Summary

Some performance characteristics directly re-
lated to gamma-ray spectroscopy have been mea-
sured for the first time as a function of 3-D position
within two 1 cm® cubic CdZnTe crystals. These
include full-energy peak efficiency, the presence of
electron traps, mean ionization energy, mean g7,
values and their fluctuation. These measurements
are made possible only with the newly available
3-D position sensitive CdZnTe gamma-ray spec-
trometers.

Severe loss of full-energy peak efficiency was
observed in regions of one of the two detectors,
but no significant loss of photopeak amplitude
was seen. The effects of electron traps were ob-
served and the locations of these traps can be
identified with an accuracy of one voxel dimen-
sions ( ~ 1 x 1 x 0.5 mm). The variation with lateral
position of the mean electron p.7. (underneath

each anode pixel) was measured. The observed
fluctuation (standard deviation) in u.t. is about
10%. Since the typical losses of electrons from
the mid-point of the detector have absolute values
of 2.5-5% at biases of 2400-1400 V between
the cathode and the anode, the fluctuations in
electron loss will be about 0.25-0.5% (standard
deviation). Because FWHM = 2.35q, this gives
an estimation of 0.6-1.2% FWHM caused by
the variation of electron trapping within the de-
tector. This estimate shows that 3-D position sens-
ing is necessary if better than 1% FWHM energy
resolution is desired from our CdZnTe detectors.
The material of detector #1 represents a quality
typical of today’s commercially available CdZnTe
crystals.

Although the readout electronic system is com-
plex, 3-D position sensitive semiconductor
gamma-ray detectors offer great advantages in
many imaging applications. In addition, they could
achieve much lower noise level than other types of
detectors because the leakage current through the
bulk is shared by an array of anodes and the
capacitance of each anode pixel is very small. If
material non-uniformity of room temperature
semiconductors, such as CdZnTe and Hgl,, re-
mains a limiting factor in detector performance, the
best energy resolution can only be achieved by
employing 3-D position sensitive detectors. Effects
due to the non-uniformity of detector material can
be corrected to the scale of one voxel in such
a detector. Furthermore, when there are defects
within the detector volume, such as inactive detec-
tion volume or electron traps, a 3-D position sensi-
tive detector can identify the defect locations and
allows the selection of detector volume for opti-
mum gamma-ray spectroscopy.
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