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In this study, the charge collection efficiencies (CCEs)
ofa 7.8- X 7.8- X 15.6-mm> CdZnTe Frisch collar de-
tector and a 2.1- X 2.1- X 4.1-mm? Hgl, Frisch collar
detector were measured and compared. Two Frisch col-
lar devices were designed and fabricated to have identi-

cal aspect ratios of 2.0 to maintain similar weighting

potential distributions. Pulse-height spectra were ac-
quired from both Frisch collar devices with a standard
calibration gamma-ray source of 13’Cs, and the results
are presented. As known, the Frisch collar alters the
weighting potential within the planar device and enhances
the CCE distributions. Thus, the parameters affecting
these distributions have great impact on the pulse-height
spectrum. The device length and mobility-lifetime prod-
uct ut have great impacts on CCE. Primarily, crystal
(device) length L directly affects CCE because more charge

carriers are trapped in longer devices with longer trav-
eling distances. Alternatively, the better mobility-lifetime
product of the charge carriers enhances CCE of the fab-
ricated device. It is shown in this study that as a result of
similarity in shape for both devices (equal aspect ratio),
the weighting potential distributions resemble each other.
However, as a result of the trapping effect (due to both
length and ), the CCE profiles are not the same, and
the CdZnTe detector shows more uniform response to
gamma rays and, therefore, better spectroscopic perfor-
mance (even with a longer device length), which is con-
firmed through CCE simulations. Finally, by applying
the CCE model to the Hgl, Frisch collar device, the
mobility-lifetime products w., , 7., of electrons and holes
were estimated to be 0.0008 and 0.00003 cm?-V 1, re-
spectively, for the HgI, crystal.

I. INTRODUCTION

In this study, the spectroscopic performance of a
7.8- X 7.8- X 15.6-mm?* CdZnTe Frisch collar detector is
compared with a 2.1- X 2.1- X 4.1-mm?> Hgl, Frisch
collar detector. It was shown previously that CdZnTe and
Hgl, planar devices can be turned into single carrier de-
vices by applying Frisch collars to the planar detectors.!+2
The Frisch collar alters the weighting potential within the
device and enhances the charge collection efficiency
(CCE) distributions. This enhancement in spectroscopic
performance is mainly due to a uniformity of the re-
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sponse to the gamma rays over the Frisch collar device

" length.?

Because the device aspect ratio AR (length-to-width
ratio) is one of the most important parameters in deter-
mining the weighting potential distribution, and con-
sequently CCE, the ideal ARs of both devices were
determined to be 2, as described elsewhere.** It has been
shown previously that for the CdZnTe Frisch collar de-
vices with the same aspect ratio and similar electron trans-
port properties, the shorter devices show more uniform
responses to gamma rays.* Despite equal ARs for both de-
vices in this study and a shorter length for the Hgl, Frisch
collar detector, the CdZnTe Frisch collar device shows
better spectroscopic performance compared to its Hgl,
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counterpart. This advantage is mainly due to a better elec-
tron mobility-lifetime product u7. Nevertheless, both
CdZnTe and Hgl, Frisch collar detectors showed excel-
lent spectroscopic performance when compared to their
operation as planar devices.

For some specific applications where a large detect-
ing area is desired, pixelated devices are the most com-
monly used method.®” However, there are several issues
with large detectors using pixelated devices. First, ac-
quiring a large-volume single crystal can be costly, es-
pecially when the crystal is difficult to grow, and hence,
the material is not readily available. Second, the crystal
may require very expensive and complicated readout elec-
tronics. Third, fabricating and handling a large-volume
pixelated device is also time-consuming and requires
complicated equipment. Fourth, there are some technical
issues and limitations with pixelated devices, such as
charge-sharing and cross-talking.

Il. THEORY

The CCE at a given point x5, CCE(x,), within a
gamma-ray detector and along the device central line is
defined as the normalized change in induced charge
between the interaction location xo and the collecting
electrode. For instance, if Qg is generated by a single
photon interaction at point x, within the device and
0.(xo) is the total induced charge sensed by the collect-
ing electrode after the remaining charges are collected,
including trapping effects, then the CCE at point xo,
CCE(x,) is defined by

Q:(xo)
Q

In most compound semiconductors, there is significant
charge carrier trapping that degrades the device perfor-
mance because of incomplete and nonuniform charge
collection. Therefore, the CCE is typically smaller than
unity.

The electron and hole contribution to charge induc-
tion is the summation of the change in induced charge
due to electron motion AQ, and the change in induced
charge due to hole motion AQ, over the entire path of
their motion from where they are generated at x,, until
they are trapped or collected (see Fig. 1). In other words,
if an interaction occurs at x, within the detector, then
the holes travel from point x, to the cathode, while the
electrons travel from x, to the anode. By applying the
Shockley-Ramo theorem,®? the contribution of elec-
trons and holes to the change in induced charge can be
defined as small differences over the entire length of
the device L as

AQe,h(xi+1) = AP (x;41,%;) Q(xi41) (2)

CCE(x,) = (1)
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Fig. 1. Application of Shockley-Ramo theorem to a two-
dimensional Frisch collar device along the central axis.
The conductive Frisch collar is coupled to the cathode,
and both are grounded, while the collar covers the en-
tire lateral side of both devices.

where x,, is the position of the charge carriers as they
travel incrementally from x;. In Eq. (2), ¢/(x) is the weight-
ing potential distribution, which can be evaluated by using
Laplace’s equation,

V-[r;eVp] =0 , (3)

with the boundary conditions of ¢ = 1 at the collecting
electrode, and ¢ = 0 for all other electrodes, where «; is
the dielectric constant of material i. The weighting po-
tential distributions for the 7.8- X 7.8- X 15.6-mm3
CdZnTe Frisch collar detector and the 2.1- X 2.1- X
4.1-mm? Hgl, Frisch collar detector are plotted in Fig. 2.
On the other hand, as charge carriers move, they are
trapped, and the effect of trapping can be considered as
the following description. If charge Q, exists at time ¢ =
0 at x,, the amount of charge Q(#) at time 7 = At is

—A
(1) = QoeXP[*T—E] . @)

By considering either of these weighting potential
distributions, the total induced charge Q,(x(), due to Qy
charges generated at xo, is

Anode Cathode
Q,(x0) = 2 AQ,(x;) + Z AQ,(x;) , (5)

where x is the position of the charge carriers. Note that
appropriate signs are needed for the charge carrier type
(negative or positive) and the direction of the charge
carrier. Applying Eqgs. (1) through (5), while considering
the effect of trapping,>!? allows for calculation of the
CCE for any symmetric device, given the material prop-
erties,*!! device electrodes,!! device geometry,*> and
applied voltage.!>!3
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Fig. 2. The weighting potential distributions along the central
axis of the CdZnTe and Hgl, Frisch collar devices with
aspect ratios of ~2 and different crystal lengths. Both
distributions were calculated using LORENTZ, while
considering different thicknesses of insulator layer pro-
portional to Frisch collar device lengths. The graph
shows that the weighting potential distributions for
Frisch collar devices with the same aspect ratio but
different lengths are identical.

A commercial simulation package from Integrated
Engineering Software, LORENTZ, was employed to ob-

tain full three-dimensional potential models of the de-

vices in this study. A FORTRAN code was written to
produce the CCE distribution, where the weighting po-
tential distribution along the device’s central line, ob-
tained from the LORENTZ calculations, was the input.
Other input parameters to model the CCE using the FOR-
TRAN code, such as the electrical property of the semi-
conductor material u, ;7. ,, device length L, and the
number of segments n, are entered within the FORTRAN
code main body. Also noteworthy, the number of seg-
ments n (see Fig. 1) needs to be the same for both the
FORTRAN code and the outputs of LORENTZ and was
considered to be 1000 nodes.

lll. EXPERIMENTAL PROCEDURE

lllLA. Device Preparation and Setup

The Hgl; crystals for this study were grown in the
Semiconductor Materials and Radiological Technologies
(S.M.AR.T.) Laboratory at Kansas State University,>
while the CdZnTe material was obtained from Redlen
Technologies.'* Both Hgl, and CdZnTe Frisch collar de-
vices were fabricated and characterized in situ in the
S.M.A.R.T. Laboratory. The details of the fabrication
process are reported elsewhere.>!3
NUCLEAR TECHNOLOGY
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The CCE characterization for both Hgl, and CdZnTe
Frisch collar detectors was performed using a 43.0- X
43.0- X 43.0-mm? Pb collimator. The collimator had a
0.6-mm-diam hole and was placed in such a way that
there was an 8.7-mm gap between the detectors and the
collimator. The arrangement allowed for the detectors to
be irradiated with a '37Cs gamma-ray source over a 0.72-
mm-diam circular area (see Fig. 3). The Pb collimator
was mounted on a linear stage with two degrees of free-
dom; hence, the Frisch collar devices could be probed by
the highly collimated source at 0.65-mm increments along
the device length. The Frisch collar detectors were placed
8.7 mm away from the Pb collimator and were held in
place for the entire experiment, while the '3’Cs gamma-
ray source was aligned with the collimator hole. The
detector, gamma-ray source, Pb collimator, and linear
stage were placed inside an aluminum test box.

l11.B. Charge Collection Efficiency Measurement

The Hgl, and CdZnTe Frisch collar devices were
probed with the highly collimated '3”Cs gamma-ray source
to investigate the response uniformity of the Frisch collar
devices to high-energy gamma rays. Each Frisch collar
detector and the linear stage were placed inside an alu-
minum test box, while the detector was connected to an
€V-550 preamplifier through an SHV connector. The alu-
minum test box and the preamplifier were then placed
inside a copper Faraday cage, and the preamplifier was
connected to a high-voltage supply, amplifier, and pulse

Fully irradiated points
Diameter=0.72 mm - Cathode

65432

/{——E—mmj—’ Hgl, device
2.1x2.1%4.1 mm? Hgl,  central fine
Frisch collar detector

Anode ~~

Fig. 3. The irradiated points on the 7.8- X 7.8- X 15.6-mm?>
CdZnTe Frisch collar device and the 2.1- X 2.1- X 4.1-
mm?> Hgl, Frisch collar device for the CCE measure-
ment. The collimated gamma-ray source on a linear stage
allowed for irradiating the desired points shown on both
devices. The CdZnTe and Hgl, Frisch collar devices were
irradiated in increments of 1.3 and 0.65 mm, respec-
tively, along the device’s central line.
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generator. An oscilloscope, multichannel analyzer, and
personal computer were used to monitor and acquire the
data. Before probing the devices for the CCE experi-
ments, a '37Cs spectrum was taken with each Frisch col-
lar device, with the gamma-ray source placed near the
cathode of the device.

To conduct the CCE experiment, the lateral sides of
the devices were probed with the collimated 662-keV
gamma rays. Pulse-height spectra were collected for the
Hgl, detector over 4 h real time at 1500-V bias and for 2 h
real time at 1700-V bias for the CdZnTe detector. It should
be noted that the the Hgl, detector was biased at 1500 V
for 24 h (see Ref. 2) before collecting the pulse-height
spectra. The amplifier gain was set to 69X for all mea-
surements. The source was displaced by moving the col-
limated source using the two-dimensional linear stage in
increments of 0.65 mm along the length of the device
(points 1 through 6) for the Hgl, detector. The same
procedure was repeated for the CdZnTe detector in in-
crements of 1.3 mm for the CdZnTe detector (points 1
through 12) as shown in Fig. 3.

IV. RESULTS AND DISCUSSION

IV.A. Pulse-Height Spectra

Figures 4 and 5 show the '37Cs spectra taken with the

CdZnTe and Hgl, Frisch collar detectors, respectively,"

while both devices were fully irradiated (no collimation)
with the gamma-ray source from the cathode side. Notice

4000
7.8x7.8 mm* L=15.6 mm
Counting time(Real): 1h
Preampilifier: eV550
Amplifier gain: 69X
Shaping time: 1 us

HV= 1700V

662 keV

No electronic corrections

2000 -
-~ FWHM = 1.1%+0.1%

Counts per channel

Pulser

—>.

= Frisch collar

Source: s
0 T . -
0 500 1000 1500 2000

Channel Number

Fig. 4. Apulse-height spectrum of '37Cs taken with the CdZnTe
Frisch collar device (7.8 X 7.8 X 15.6 mm?) for 1 hreal
counting time. The device was fully irradiated (no col-
limation) with the gamma-ray source at the cathode. A
1.1% full-width at half-maximum (FWHM) energy res-
olution is achieved at 662 keV after the Frisch collar
device was biased at 1700 V.
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Fig. 5. The '3’Cs pulse-height spectra taken with the Hgl,
device (2.1 X 2.1 X 4.1 mm?) in both Frisch collar and
planar configurations for 10 h real counting time. The
device was fully irradiated (no collimation) with the
gamma-ray source at the cathode. A 1.8% full-width at
half-maximum (FWHM) energy resolution is achieved
at 662 keV after the Frisch collar device was biased at
1500 V for 24 h (see Ref. 2). The spectra clearly show
the performance enhancement due to the application of
the Frisch collar to the planar device.

that the CdZnTe Frisch collar device has a higher energy
resolution and peak-to-valley ratio, thus a better perfor-
mance, compared to the Hgl, Frisch collar device.

IV.B. Comparison of the CCE Prediction to the Photopeak
Channel for the CdZnTe Frisch Collar Device

The collected spectra in Figs. 6 and 7 for the CdZnTe
Frisch collar device show the uniformity of the device
response to gamma rays. This uniformity is further con-
firmed by plotting the normalized peak channel number
of each spectrum versus the irradiated points (Fig. 8). As
plotted in Fig. 8 the peak channel of the photopeak re-
mained unchanged as the collimated gamma-ray source
probed more than half of the device length (points 1
through 7). The comparison between the experimentally
obtained CCE and the theoretical predicted values, as
shown in Fig. 8, reveals that the device response follows
the prediction. For the CCE calculation, the mobility-
lifetime products u., ;7. of 0.045 and 0.0001 cm?. V™!
are used for the electrons and holes in CdZnTe, respec-
tively; as provided by Redlen Technologies'* and the

previous studies.>!?

IV.C. Comparison of the CCE Prediction to the Photopeak
Channel for the Hgl, Frisch Collar Device

Figures 9 and 10 show *’Cs spectra from the colli-
mated gamma-ray source collected with the Hgl, Frisch
collar device operated at 1500 V. Similar to the results for
JULY 2011
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CdZnTe Frisch collar detector: 7.8x7.8mm’ xL=15.6mm
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Fig. 6. Pulse-height spectra collected from the collimated '3’Cs
gamma-ray source with the 7.8- X 7.8- X 15.6-mm?
CdZnTe Frisch collar device biased at 1700 V. The
device was probed with the highly collimated source
along the central line at points 1 through 12 for 1 h real
counting time at each point.

CdZnTe Frisch collar detector:7.8x7.8mm>xL=15.6mm
2500 ’
0 | Bias=1700 V

———
Preamplifier eV-550
Amplifier gain: 69X
Shaping time: 1 us
i Source: "'Cs

662 keV

se90ee

1000 1500 2000

Channel Number

Fig. 7. Pulse-height spectra collected from the collimated 30y
gamma-ray source with the CdZnTe Frisch collar device.

the CdZnTe device, the collected spectra show the uni-
formity of the device response to gamma rays along the
device length. This uniformity is further confirmed by
plotting the normalized peak channel number of each
spectrum versus the irradiated points (Fig. 11). As plot-
ted in Fig. 11, the peak channel of the photopeak re-
mained unchanged as the collimated gamma-ray source
probed more than half of the device length (points 1
through 4). Applying the CCE model presented in Secs. I
and IV.B to the 2.1- X 2.1- X 4.1-mm3 Hgl, Frisch collar
JULY 2011
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Fig. 8. The CCE profile along the central line of the CdZnTe
Frisch collar device biased at 1700 V. The experimental
data points are the normalized peak channel of the photo-
peak for the irradiated points (1 through 12) of the
Frisch collar device. The error bars represent the photo-
peak full-width at half-maximum at 662 keV for the
collected spectrum at that point. The mobility-lifetime
products g, 7., of 0.045 and 0.0001 cm?-V~! are
assumed for the electrons and holes, respectively.

Hgl, Frisch collar detector: 2.1x2.1mm’ xL=4.1mm

 canode Applied bias=1500V

Real time=4 h

\soume:mcs

M

P,

"~

—
——

5 A
.8 Qaé\dp

Fig. 9. Pulse-height spectra collected from the collimated '37Cs
gamma-ray source with Hgl, Frisch collar device bi-
ased at 1500 V. The device was probed with the highly
collimated source along the central line at points 1
through 6 for 4 h real counting time at each point.

device at 1500 V results in the estimated values of elec-
tron and hole mobility-lifetime products . 7. » of 0.0008
and 0.00003 cm?-V L, respectively, for the Hgl, crys-
tal.'® The . ;7. , values for the Hgl, were evaluated by
a trial-and-error method to fit the best CCE profile through
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Fig. 10. Pulse-height spectra collected from the collimated '3’Cs
gamma-ray source with the Hgl, Frisch collar device.
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Fig. 11. The CCE profile along the central line of the Hgl,
Frisch collar device biased at 1500 V. The experimen-
tal data points are the normalized peak channel of the
photopeak for the irradiated points (1 through 6) of
the Frisch collar device. The error bars represent the
photopeak full-width at half-maximum at 662 keV.
For the best CCE profile, the mobility-lifetime prod-
ucts e 5 7en of 0.0008 and 0.00003 cm?-V~! are
estimated for the electrons and holes, respectively.

the peak channel of the photopeak, as presented in Fig. 11.
These w, n7. n values for Hgl, crystals are comparable to
the commercially available Hgl, crystals grown by Con-
stellation Technology, as reported to be 0.0002 and
0.00005 cm?-V~1, for electrons and holes, respective-
ly.!7 It should be noted that because of the significantly
higher resistivity of Hgl, materials to that of CdZnTe, the
fabricated Hgl, detector can withstand a higher electric
field before reaching a breakdown voltage.
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V. SUMMARY

The CCEs of a 7.8- X 7.8- X 15.6-mm?* CdZnTe
Frisch collar detector and a 2.1- X 2.1- X 4.1-mm?> Hgl,
Frisch collar detector were measured by probing both
devices with highly collimated 662-keV gamma rays.
The experimental results showed uniform CCEs in more
than half of the device volumes (consistent peak channel
of photopeak). The experimental results were confirmed
through the simulation of the CdZnTe Frisch collar
device and the theoretical prediction of the CCE pro-
files (Fig. 8) with known values of the mobility-lifetime
products for electrons and holes in CdZnTe (u,.7, =
0.045 cm2-V~! and w71, = 0.0001 cm?-V~1!). Simi-
larly, for the Hgl, detector the experimental results were
confirmed with the simulation of the device and the pre-
diction of the CCE profiles with x,7, = 0.0008 cm?-V !
and w7, = 0.00003 cm?- V™! Despite equal aspect ra-
tios for both devices in this study, and a shorter length for
the Hgl, Frisch collar detector, the CdZnTe Frisch collar
device performs better than its Hgl, counterpart. This
advantage is mainly due to the better electron and hole
mobility-lifetime products of CdZnTe. Nevertheless, the
spectroscopic performance of both CdZnTe and Hgl, de-
vices in planar configurations showed significant im-
provement with the Frisch collars applied.
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