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Abstract—The spectral performance as a function of the dielec-
tric layer thickness for several CdZnTe Frisch collar devices was
investigated. Seven different planar bar shaped detectors were fab-
ricated from Redlen Technologies CdZnTe, and many Frisch collar
devices were prepared from each planar device. The optimum di-
electric layer thickness was experimentally determined for each de-
vice. The result of the optimal thickness study was verified through
three-dimensional geometry modeling of the potential and electric
field. It is shown that there exists an optimal dielectric layer thick-
ness for best performance for CdZnTe Frisch collar devices with
aspect ratios (� �) greater than 2.5.

Index Terms—CdZnTe Frisch collar detector, dielectric
thickness.

I. INTRODUCTION

C dZnTe Frisch collar devices have shown promise for
numerous applications, such as medical imaging, as-

trophysics isotope identification, and remote gamma ray
spectroscopy. The Frisch collar detector consists of a block of
semiconductor material with opposing contacts at two ends of
the block. A dielectric insulating layer is coated around the
bar, followed by a conductive coating. In past work, Teflon
tape was used as the insulator and Cu shim was used as the
conductive coating [1]–[3]. The Cu shim can be connected
to one of the contacts, or it may be connected to a separate
potential, including ground. Details of the device configuration
are described elsewhere [1], [4], [5].

The thickness of the dielectric layer between the bare CdZnTe
semiconductor crystal and the conductive collar has been re-
ported to impact the device performance significantly [6]. Dif-
ferent methods of applying the dielectric and collar were also
investigated [6]. Further, the effect of device geometry on the
spectral performance of Frisch collar detectors was previously
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reported [7]. However, the limitations on the aspect ratio (AR,
length over width ) of the bar shaped Frisch collar detec-
tors were determined only for thin layers of dielectric [7]. In
this study, the optimal thicknesses of the dielectric layer for a
few specific Frisch collar device geometries were experimen-
tally determined. These results are verified through modeling of
the weighting potential and electric field of the desired device.
Teflon tape was used as the dielectric layer to fabricate CdZnTe
Frisch collar devices.

As the dielectric layer thickness of the two-terminal Frisch
collar device increases, the overall device AR decreases. A de-
crease in AR affects the nonlinearity of the weighting potential
distribution by forcing it towards a linear distribution. Unfortu-
nately, this change degrades the device performance, especially
if the aspect ratio of the device is significantly altered [7]. Simi-
larly, the great difference in permittivity of CdZnTe ( )
and the dielectric layer ( for Teflon) also forces the
weighting potential towards a linear distribution as the dielec-
tric thickness increases. Yet, the operating potential profile also
moves towards a linear distribution, thereby increasing the elec-
tric field near the cathode region, which can potentially improve
the device performance by improving charge carrier transport.
Hence, increasing the dielectric thickness has two different ef-
fects on device performance in which one effect improves de-
vice performance (operating potential or electric field), and the
other deteriorates device performance (weighting potential).

A nonlinear weighting potential is best for a single carrier de-
vice, which works to accent the influence on induced charge for
one charge carrier type over the other (for instance, electrons
over holes), thereby improving energy resolution [1]. Yet, for
two terminal devices, the operating potential mimics the shape
of the weighting potential, hence produces a low electric field
region near the cathode. A linear operating potential results in
a better electric field distribution throughout the device and re-
duced electron trapping in the region near the cathode of the de-
vice. Therefore, there is an optimum dielectric layer thickness
for a given crystal geometry, set of charge transport properties,
applied bias and permittivity of the dielectric layer.

II. THEORETICAL CONSIDERATIONS

Based on Green’s Reciprocation Theorem [8]–[10], if the
series of charges on a system of conductors
produce potentials of on each of the conductors
respectively (initial condition); and likewise, another series of
charges on the same system of conductors
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Fig. 1. The Shockley-Ramo theorem [9], [10] for three electrodes resembling a
two-terminal Frisch collar device. Two of the electrodes are held at zero poten-
tial or grounded, while the collecting electrode senses the generation and motion
of the excited charge as a result of a radiation interaction.

give potentials of respectively (final condi-
tion), then

(1)

is valid for this system of conductors. Now, assume that four
points in space are labeled 1 through 4, with points 1 through
3 stationed on three conductors, as shown in Fig. 1. A finite
number of dielectric layers with specific values of permittivity
exist between conductors (two dielectric layers are shown Fig. 1
with different permittivity of and ). Point 4 is an arbitrary
point where the numerical value of potential is trivial. Applying
(1) for the system shown in Fig. 1,

Considering the fact that , then

(2)

The term ( ) is termed the induced charge , which
can be sensed on conductor 1 by a charge sensitive preampli-
fier. It should be noted that this amount of charge is first
induced as a result of generation of charge at point 4 (such
as a radiation interaction). As moves in space to a new point,
it continues inducing charge on the conductor 1 in the same
manner explained. The derivative of induced charge with
respect to time is the induced current . The term ( ) is
called weighting potential [11], where obviously .
It should be noted that is the potential at point 4 which can be
calculated with appropriate boundary conditions ( ,

), arrangement of conductors, and the permittivities of the ma-
terials. It is obvious that no space charge exists for the initial
condition as shown in Fig. 1.

In most cases, in order to estimate the induce charge, it would
be simpler to solve Laplace’s equation (no space charge ) for
the weighting potential ,

(3)

TABLE I
THE PLANAR AND FRISCH COLLAR DEVICES NAME AND DIMENSIONS

with the boundary condition of at the collecting electrode
and for all other electrodes considering the permittivities
of the materials. For the potential , Poisson’s equation must
be solved

(4)

with all the electrodes at their appropriate potential, considering
the permittivities of the materials and the space charges. How-
ever, it is generally assumed that space charges are negligible
in CdZnTe, hence is small and Poisson’s equation is simpli-
fied to Laplace’s equation. With this assumption, the weighting
potential distribution and the normalized operating potential
distribution are identical for a two-terminal Frisch collar device.

III. EXPERIMENTAL PROCEDURES AND SETUPS

A. Device Designs and Preparation

In order to investigate the effect of dielectric thickness on the
performance of Frisch collar CdZnTe devices, seven planar de-
vices in a variety of sizes were fabricated. Raw CdZnTe ma-
terials were acquired from Redlen Technologies and fabricated
into Frisch collar devices with different dielectric layer thick-
nesses. The planar devices were labeled as Device 1 through De-
vice 7. The size of the planar devices and the names of the sub-
sequently fabricated Frisch collar devices are listed in Table I.

Both planar and Frisch collar devices were prepared in the
manner previously reported in [2]. Teflon tape was used as the
dielectric layer in fabricating the Frisch collar devices. The di-
mensions of each Teflon wrapped device were measured using
a micrometer to evaluate the thickness of the dielectric layer.
Once the dielectric layer was applied, the conductive copper
shim was cut to size and used as the Frisch collar. The con-
ductive collar covered the entire lateral surface of the device
and was connected to the device cathode. As each Frisch collar
device was prepared, a spectral performance measurement was
conducted. The conductive collar was then removed to fabricate
the next Frisch collar device by either adding or removing Teflon
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TABLE II
THE PLANAR AND FRISCH COLLAR DEVICES EXPERIMENTAL SETUPS

Fig. 2. The pulse height spectra of Device 1 (���� � ���� �� � � �

��	� ��) taken with standard gamma ray source of 
�. The applied bias,
amplifier gain and the spectral testing time are presented in Table II. The dielec-
tric thickness � is presented in Table III for Frisch collar Device 1 #1 to Device
1 #4. The best spectral performance is for Device 1 #4 which has the thinnest
dielectric layer (� � ���� ��).

layer(s). Finally, a new conductive copper shim was added to
complete the new Frisch collar device.

B. Device Testing

Two measurements were taken with each device: a
pulse height spectrum and a current-voltage ( - ) curve. The
- curve measurement was performed only for the planar de-

vices, while a spectrum was recorded for every device in
planar and all Frisch collar configurations. The details are pro-
vided in the following sections.

1) The Spectral Measurement: The pulse height spectra were
acquired for devices in both planar and Frisch collar configu-
rations using standard calibration sources. The CdZnTe
detectors were mounted in aluminum test boxes such that the
detector cathode faced the gamma ray source. The gamma ray
source was placed outside the project box, except for Device

Fig. 3. The pulse height spectra of Device 2 (���� � ���� �� � � �

���
 ��) taken with a standard 
� gamma ray sources. The applied bias,
amplifier gain and the spectral testing time are presented in Table II. The dielec-
tric thickness � is presented in Table III for Frisch collar Device 2 #1 to Device
2 #4. The best spectral performance is for Device 2 #4, which has the thinnest
dielectric layer (� � ���� ��).

Fig. 4. The pulse height spectra of Device 3 (
�
� � 
�
� �� � � �

���	 ��) taken with a standard 
� gamma ray source. The applied bias,
amplifier gain and the spectral testing time are presented in Table II. The dielec-
tric thickness � is presented in Table III for Frisch collar Device 3 #1 to Device
3 #6. The best spectral performance is for Device 3 #6, which has the thinnest
dielectric layer (� � ���� ��). Device 3 #6 shows ����� ���� FWHM en-
ergy resolution at 662 keV.

6, in which the source was placed directly underneath the de-
tector. The aluminum test box was then connected to a pream-
plifier with an appropriate connector (see Table II). The alu-
minum test box and the preamplifier were then placed inside a
copper Faraday cage to minimize electronic noise. The pream-
plifier was connected to a high-voltage supply, amplifier (CAN-
BERRA Model 2021), and a pulse generator. An oscilloscope,
a multichannel analyzer (MCA), and a personal computer were
used to monitor and acquire the data.

The temperature and the relative humidity were recorded to
be and , respectively for all experiments. An
amplifier shaping time of 1 was held constant for all spectra
collected. However, the amplifier gain, the operating bias and
the device to source distance were different. These settings are
presented in Table II for all the spectral measurements. The bias
was held constant for each device when operated either as planar
or Frisch collar devices. Data collection time also varied for
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Fig. 5. The pulse height spectra of Device 4 (���� � ���� �� � � 	

����� ��) taken with standard 
� gamma ray sources. The applied bias,
amplifier gain and the spectral testing time are presented in Table II. The dielec-
tric thickness �, the energy resolution and the peak-to-valley are presented in
Table IV for Frisch collar Device 4 #1 to Device 4 #13. The best spectral perfor-
mance is for Device 4 #10, which has the optimum dielectric layer thickness of
� 	 ���
��. Device 4 #10 shows ��������� FWHM energy resolution
at 662 keV.

Fig. 6. The pulse height spectra of Device 4 taken with a standard 
�

gamma ray source. The best spectral performance is for Device 4 #10, which
has the optimum dielectric layer thickness of � 	 ���
 ��. Device 4 #10
shows ����� ���� FWHM energy resolution at 662 keV and peak-to-valley
of ����� ���.

different detectors, which are recorded in Table II. However, the
collection time was the same for each device in both planar and
all Frisch collar configurations as mentioned in Table II.

2) The Current-Voltage Characteristic Measurement: A
Keithley - Curve Tracer was used to perform the - curve
measurements. The voltage increment was set to 5.0 V while
the delay at each voltage point was set to 0.5 seconds. The
maximum/minimum regulated voltage was set to .

IV. RESULTS

Figs. 2–12 display the energy spectra for the devices listed in
Tables I and II in both planar and Frisch collar configurations
with standard gamma ray sources. Figs. 2–4 show the
energy spectra for Device 1 to Device 3, respectively. The re-
sults show device improvement for the thinnest dielectric layer

Fig. 7. The pulse height spectra of Device 5 (���� � ���� �� � � 	

����� ��) taken with a standard 
� gamma ray source. The applied bias,
amplifier gain and the spectral testing time are presented in Table II. The dielec-
tric thickness �, the energy resolution and the peak-to-valley are presented in
Table IV for Frisch collar Device 5 #1 to Device 5 #11. The best spectral perfor-
mance is for Device 5 #8, which has the optimum dielectric layer thickness of
� 	 ������. Device 5 #8 shows ����� ���� FWHM energy resolution
at 662 keV.

Fig. 8. The pulse height spectra of Device 5, taken with a standard 
�

gamma ray source, for specific dielectric thicknesses. The best spectral perfor-
mance is for Device 5 #8, which has the optimum dielectric layer thickness of
� 	 ������. Device 5 #8 shows ����� ���� FWHM energy resolution
at 662 keV and peak-to-valley of ����� ��
.

for Device 1 to Device 3. It should be noted that for Device 1
and Device 2, there is not a great enhancement as a result of
the Frisch collar effect, even with a thin dielectric layer. This is
due to fact that the aspect ratio of the planar devices are smaller
than 1.5, and do not meet the minimum aspect ratio as reported
previously [7]. The dielectric layer thicknesses for Device 1 to
Device 3 in Frisch collar configurations are also summarized in
Table III.

Figs. 5–8 presents the energy spectra for Device 4 and Device
5, in both planar and Frisch collar configuration with standard
gamma ray sources of . The results indicate an optimum
dielectric layer thickness for which both Device 4 and De-
vice 5 reach their best spectral performance. The optimum di-
electric layer thickness for Device 4 is around 0.27 mm and
for Device 5 is around 0.39 mm. The dielectric layer thicknesses
for Device 4 and Device 5 in Frisch collar configurations, the full
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Fig. 9. The pulse height spectra of Device 6 (���� � ���� �� � � 	

�
��� ��) taken with a standard �
 gamma ray source. The applied bias,
amplifier gain and the spectral testing time are presented in Table II. The dielec-
tric thickness �, the energy resolution and the peak-to-valley are presented in
Table V for Frisch collar Device 6 #1 to Device 6 #7. The best spectral perfor-
mance is for Device 6 #5, which has the optimum dielectric layer thickness of
� 	 ������. Device 6 #5 shows ����� ���� FWHM energy resolution
at 662 keV.

Fig. 10. The pulse height spectra of Device 6, taken with a standard �


gamma ray source, for specific dielectric thicknesses. The best spectral perfor-
mance is for Device 6 #5, which has the optimum dielectric layer thickness of
� 	 ������. Device 6 #5 shows ����� ���� FWHM energy resolution
at 662 keV and peak-to-valley of ����� ���.

width half maximum (FWHM) energy resolution at 662 keV and
the peak-to-valley ratio (P:V) of the full energy peak (FEP) are
also summarized in Table IV.

A similar effect occurs for Device 6 and Device 7, as shown
in Figs. 9–12 showing the energy spectra with standard
gamma ray sources. The optimum dielectric layer thickness

for Device 6 is around 1.10 mm and for Device 7 is around
0.70 mm. The summary of the dielectric layer thicknesses
for Device 6 and Device 7 in Frisch collar configurations, the
FWHM energy resolution at 662 keV and the P:V of the FEP
are listed in Table V. The current-voltage ( ) characteristics

Fig. 11. The pulse height spectra of Device 7 (���� � ���� �� � � 	

�
��� ��) taken with a standard �
 gamma ray source. The applied bias,
amplifier gain and the spectral testing time are presented in Table II. The dielec-
tric thickness �, the energy resolution and the peak-to-valley are presented in
Table V for Frisch collar Device 7 #1 to Device 7 #14. The best spectral perfor-
mance is for Device 7 #10, which has the optimum dielectric layer thickness of
� 	 ������. Device 7 #10 shows ��������� FWHM energy resolution
at 662 keV.

Fig. 12. The pulse height spectra of Device 7, taken with a standard �


gamma ray source, for specific dielectric thicknesses. The best spectral perfor-
mance is for Device 7 #10, which has the optimum dielectric layer thickness of
� 	 ������. Device 7 #10 shows ��������� FWHM energy resolution
at 662 keV and peak-to-valley of ��
� ����.

TABLE III
SUMMARY OF DIELECTRIC LAYER THICKNESSES FOR DEVICE 1 TO DEVICE 3
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TABLE IV
SUMMARY OF ENERGY RESOLUTION AND PEAK-TO-VALLEY FOR DIFFERENT

DIELECTRIC LAYER THICKNESSES OF DEVICE 4 AND DEVICE 5

curves obtained for planar devices listed in Table II are pre-
sented in Fig. 13.

V. DISCUSSIONS

It can be determined from the experimental results of the
seven Frisch collar devices tested that, for those devices with
the aspect ratio greater than 2.5 (Device 4 to Device 7), there
appears to be an optimum dielectric thickness for best perfor-
mance. For the Frisch collar devices with aspect ratios smaller
than 2.0, the thinnest possible dielectric thickness appears to
perform better, however, the dielectric layer should be thick
enough to stop extra leakage current from the conductive collar
to the anode. Therefore, the main role of the dielectric layer in
Frisch collar devices with is to prevent extra leakage
current between the conductive collar and the anode.

For the Frisch collar devices with (Device 4 to De-
vice 7) and very thin dielectric layers (thick enough
to stop the leakage current), the relatively low performance of
the device is due to low electric field region in a large portion
of the device. This low electric field region results in electron
trapping which degrades the device performance. This effect be-
comes more important for Frisch collar devices with
(Frisch collar Device 6 #7 and Device 7 #14). The effect can
be predicted by modeling the weighting/operating potential and
the electric field for a specific device and configuration. The
Frisch collar devices, in this study, were modeled in three-di-
mensional geometry, and the weighting/operating potential and

TABLE V
SUMMARY OF ENERGY RESOLUTION AND PEAK-TO-VALLEY FOR DIFFERENT

DIELECTRIC LAYER THICKNESSES OF DEVICE 6 AND DEVICE 7

Fig. 13. The current-voltage (��) characteristics curve of all devices in planar
configurations.

electric field distributions were determined using Integrated En-
gineering Software, LORENTZ. The weighting/operating po-
tential and electric field distribution along the device central
axis for Device 4 and Device 7 are presented in Figs. 14–17.
For very thin dielectric layer, more than half of the volume of
Frisch collar Device 4 suffers from extremely low electric field
(close to zero as shown in Fig. 15). The very low electric field
region occurs in two-thirds of Frisch collar Device 7 (and De-
vice 6) with very thin dielectric layer. The abovementioned ex-
planation gives reasons for the low performance of Frisch collar
Device 6 #7 and Device 7 #14 (Figs. 9–12).
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Fig. 14. The operating and weighting potential distributions for Device 4 in
Frisch collar configurations along the central axis. The plot shows the potential
distributions for the maximum and minimum dielectric thickness �, and in the
vicinity of the optimum dielectric thickness � , where the Frisch collar Device
4 #10 shows the best performance.

Fig. 15. The electric field distribution for Device 4 in Frisch collar configu-
rations along the central axis. The plot shows the electric field distribution for
the maximum and minimum dielectric thickness �, and in the vicinity of the op-
timum dielectric thickness � , where the Frisch collar Device 4 #10 shows the
best performance.

Fig. 16. The operating and weighting potential distributions for Device 7 in
Frisch collar configurations along the central axis. The plot shows the potential
distributions for the maximum and minimum dielectric thickness �, and in the
vicinity of the optimum dielectric thickness � , where the Frisch collar Device
7 #10 shows the best performance.

As the dielectric layer thickness of the Frisch collar device
increases, a more uniform electric field distribution is achieved

Fig. 17. The electric field distribution for Device 7 in Frisch collar configu-
rations along the central axis. The plot shows the electric field distribution for
the maximum and minimum dielectric thickness �, and in the vicinity of the op-
timum dielectric thickness � , where the Frisch collar Device 7 #10 shows the
best performance.

Fig. 18. The weighting potential distributions for Device 3, Device 4, Device
5, Device 6 and Device 7 in Frisch collar configurations along the normalized
central axis. The plot shows the weighting potential distributions for the op-
timum dielectric thickness � , where the Frisch collar devices show the best
performance. The graph shows a region of optimum distribution for weighting
potentials for all Frisch collar devices with a normalized length, which falls be-
tween Frisch collar Device 5#8 (upper limit) and Device 7#11 (lower limit).

(Figs. 15 and 17); but, the weighting potential distribution be-
comes more linear (Figs. 14 and 16). The more linear weighting
potential distribution, which approaches the weighting potential
of a planar device, reduces the single carrier charge induction
effect for electrons. Hence, the device no longer performs as a
single carrier device (Device 1 #1 through Device 7 #1).

A Frisch collar device of , with too thin or thick
of a dielectric layer, has compromised spectral performance.
Hence, the challenge is to determine the optimum dielectric
layer thickness , for such a Frisch collar device. Fig. 18
shows the weighting potential distribution along the device nor-
malized length of Frisch collar Device 3 to Device 7 for their
best performance (optimum dielectric layer thickness ). Ob-
viously, there is an optimum region of best performance for
weighting potential distribution (or normalized operating po-
tential in two-terminal device). In this optimum region, there is
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Fig. 19. The weighting potential distributions � for Device 5 and Device 7
in Frisch collar configurations along the normalized central axis � with an ex-
ponential curve fit to the plots. � is the weighting potential, and � and is the
normalized central axis (� � � and � � �). The curves are fit through ’least
squares fitting’ method.

a balance between improved induced charge (more nonlinear
weighting potential distribution) and a more uniform electric
field (more linear operating potential distribution). In Fig. 19,
this optimum region of weighting potential distribution is iden-
tified by its boundaries with an exponential function fit to those
boundary distributions for four Frisch collar devices showing
decent performance.

VI. CONCLUSION AND FUTURE WORK

In this study the optimum dielectric layer thickness was
experimentally determined for several two-terminal bar shape
CdZnTe Frisch collar gamma ray spectrometers. An optimum
region for the weighting potential (or normalized operating
potential) distribution along the normalized device length
was determined for the optimum dielectric layer thickness. It
is believed that for a two-terminal Frisch collar device, the
weighting potential distribution needs to fall in this optimum
region (Fig. 19). For the bar shape CdZnTe devices with aspect
ratio (AR) greater than 2.5, this optimum region of potential
distribution was experimentally determined by changing the di-
electric layer thickness. However, reaching the optimum region
can be achieved by shortening the conductive collar length; or a
combination of both dielectric thickness and conductive collar
length. These techniques allow the potential distribution to
become more linear and fall in the optimum region, enhancing
the electric field distribution. For Frisch collar devices with
AR less than 1.5, neither the thicker dielectric nor the shorter
conductive length produces appreciable changes to improve

performance. Therefore, the only other option is to take advan-
tage of both Frisch collar and small pixel effect, and make the
Frisch collar device with the anode to cathode area smaller than
unity.

In order to further investigate the optimum region, different
conductive length and different dielectric materials need to be
studied in the future, especially for high aspect ratio Frisch
collar devices. Collimated gamma ray probing along the device
length for the Frisch collar devices with and a thin
dielectric layer needs to be performed for charge collection
characterization. Finally, since the improvement of the two-ter-
minal Frisch collar device performance is due to electric field
enhancement, a three-terminal [12] (or four-terminal) Frisch
collar device needs to be tested in a similar manner to determine
optimum configurations. For this type of multi-terminal device,
the weighting potential and the normalized operating potential
are no longer the same and they are decoupled, which can
potentially improve the device charge collection efficiency.
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