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Abstract—The performance characteristics of Frisch-ring
CdZnTe (CZT) detectors are described and compared with other
types of CZT devices. The Frisch-ring detector is a bar-shaped
CZT crystal with a geometrical aspect ratio of ~1 2. The
side surfaces of the detector are coated with an insulating layer
followed by a metal layer deposited directly upon the insulator.
The simple design operates as a single-carrier device. Despite the
simplicity of this approach, its performance depends on many
factors that are still not fully understood. We describe results of
testing several detectors fabricated from CZT material produced
by different vendors and compare the results with numerical
simulations of these devices.

Index Terms—CdZnTe, detectors, Frisch-ring, room-tempera-
ture semiconductor detectors, virtual Frisch-grid.

1. INTRODUCTION

EMI-INSULATING CdZnTe (CZT) has great potential in
S ambient temperature gamma ray semiconductor detector
applications [1]. However, the currently available CZT crystals
are small, typically less than 15 x 15 x 10 mm?®, which means
that discrete elements have to be used to assemble arrays or
stacks in order to produce large area/volume detectors. The
second problem is related to the fact that CZT detectors are
single-charge-carrier devices. To overcome the deleterious
effects of uncollected holes upon energy resolution, special
detector designs have to be implemented. For example, the
small pixel effect device, the co-planar grid device, and the
virtual Frisch-grid device [2].

The Frisch-ring devices have been successfully used for large
thickness (>6 mm) but small area (<5 x 5 mm?) CZT crys-
tals. These devices are designed to mimic the charge shielding
effect in classical gas ionization chambers [3]. The first such
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semiconductor detector was introduced as a simple semicon-
ductor bar with side conductive strips acting as the Frisch grid
[4]. A variety of similar designs have been proposed and tested
[5], [6], including a concept of the capacitive Frisch-grid de-
vice [7]. In this design, the shielding electrodes are separated
from the crystal surface by a thin layer of dielectric material
and cover the entire region between the anode and cathode elec-
trodes. The shielding electrodes can be kept either at the ground
or the cathode potentials. A unique aspect of the noncontacting
Frisch-ring device is the simplicity, yet the spectral performance
can be outstanding. The shape of these devices makes them ideal
building blocks for assembling large arrays, which can provide
a large effective area, good energy resolution, and good spatial
resolution at comparatively low production cost.

The goal of the present effort is to develop an array of Frisch-
ring CZT detectors for gamma-ray imaging and spectroscopy.
Previous reported results from prototype virtual Frisch-grid de-
vices demonstrated the energy resolution of <1.5% FWHM
at 662 keV [8], [9]. However, it was observed that the detec-
tors, when re-fabricated from the same CZT crystal, had wide
variations in performance (from poor to good), thereby demon-
strating the importance of the sample preparation and fabrica-
tion procedure. Specifically, we think that these variations can
be attributed to the CZT side surface effect on the drift field in-
side the detector [9]. New results that support this supposition
are presented in this paper.

II. EXPERIMENTAL SETUP

The commercial CZT samples, acquired from eV-Products,
Yinnel Tech Inc., and Saint-Gobain, were re-shaped into bar
detectors with different geometrical aspect ratios: the detector
width-to-length (W/L) ratio. Fabrication of the bar-shaped CZT
detectors was conducted as previously described [8], [9]. The
original crystals were hand polished and etched briefly with a
2% bromine/methanol solution. Electroless Au contacts were
applied only to the ends, thereby forming the anode and cathode
contacts. Afterwards, the side surfaces were polished further to
reduce side-surface leakage current. To improve the device per-
formance, the side surfaces of some of the samples were treated
with a NH4F/H>0> solution [10].

A schematic design of the virtual Frisch-grid devices inves-
tigated in this work is shown in Fig. 1. After the bar-shaped
crystals were fabricated, their side surfaces were wrapped in
Teflon tape followed by Cu tape. During the measurements, the
detector under test was placed inside a standard eV-Products
device holder [9] or a custom-made test box. In the first case,
the cathode and shielding electrodes were grounded, while a
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Fig. 1. Schematic of the Frisch-ring device.

pogo-pin was used to apply a positive bias to the anode. In the
second case, the anode was virtually grounded while negative
bias was applied to the cathode. In addition, we had the option
to apply any polarity bias to the side shield. Our preliminary
measurements indicated no dependence of the device responses
on the shield bias. Hence during the measurements, we normally
connect the shield and cathode contacts to the same bias.

A standard 137Cs radioactive source was used to observe the
spectroscopic properties of the detectors. The signals were mea-
sured with eV Products 5092 preamplifier. The data acquisi-
tion system included a spectroscopy shaping amplifier, MCA
card, digital oscilloscope to store waveforms readout from a
charge-sensitive preamplifier, and standard NIM electronics.

There is a direct analogy between a virtual Frisch-grid device
and a classic gas ionization chamber with a shielding grid actu-
ally located near the anode. The properly biased shielding grid
provides 100% electron transmission and at the same time elec-
trically shields the anode from any charges in the region between
the cathode and grid (collection region). Charge induction upon
the anode is mainly generated as the electrons travel in the space
between the grid and the anode (induction region), whereas the
grid screens charge induction from slow moving positive ions
drifting toward the cathode. An important characteristic of the
shielding grid is its shielding inefficiency [11], i.e., percentage
of the field lines generated by a source charge located inside the
collection region that penetrate through the grid. In other words,
a small signal is induced even when the electron cloud drifts in-
side the collection region. In a semiconductor device, electrodes
placed on the side surfaces create a virtual Frisch grid inside
the crystal, thereby shielding charge carrier induction. As in the
case of gas ionization chambers, the virtual grid is not 100% effi-
cient. The shielding efficiency of the Frisch-ring device depends
on the aspect ratio and fraction of the side surface area covered
by the shielding electrode. In both types of detectors, the “poor”
shielding or, using terminology applied to gas ionization cham-
bers, the shielding inefficiency of the virtual Frisch grid, results
in the degradation of the energy resolution.

III. RESULTS AND DISCUSSIONS

The operational principle of the Frisch-ring detector is illus-
trated in Fig. 2, which shows the dependence of the induced
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Fig. 2. Dependence of the induced charge versus the distance from the anode
calculated for different aspect ratios.
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Fig. 3. Pulse-height spectra measured with different types of CZT devices

fabricated of the same 7-mm thick crystal.

charge on the anode versus the distance from the anode for dif-
ferent aspect ratios of the detector. To calculate this dependence,
we modeled the Frisch-ring detector as a rectangular metal box
with a square cross section of which one side (top or bottom) is
the anode, while all the other sides (including the cathode) form
the electrostatic shield. As shown in Fig. 2, for small aspect ra-
tios, the majority of the charge is induced near the anode, which
illustrates a formation of the virtual grid close to the anode. This
is also illustrated in Fig. 3, which shows improvements in the
device responses when detectors with smaller aspect ratios or
larger fraction of shielded surface areas were used.

In agreement with other researchers [12], we have also
observed significant variations in the pulse-height spectra with
our Frisch-ring detectors fabricated as previously described.
Moreover, detectors re-fabricated (re-polished or wrapped in
a new copper shield) from the same material yielded varying
results, which suggests that internal crystal defects cannot
completely explain poor detector responses. Fig. 4 shows
examples of pulse-height spectra measured with the detectors
that had poor responses. The spectra were collected for two
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Fig. 4. Examples of pulse-height spectra measured with the detectors that had
poor responses.
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surface passivation.

orientations of a CZT crystal inside the detector’s assembly
(top and bottom sides were switched by placing the crystal
up-side down). Generally, satellite peaks, strong tailing, and
large low-energy background are very common features of the
“bad” detectors. Furthermore, some detectors showed good
responses. For good detectors a general tendency was observed
that CZT detectors fabricated with the rougher lateral surfaces
yielded better spectra, even though they had higher electronic
noise and leakage current. This suggests that a certain level of
surface leakage current is required to ensure a good detector
performance. A possible explanation of this effect will be
presented later.

Reliable surface control is difficult to achieve with simple
mechanical polishing; a more reliable method would be to
use a chemical process (surface passivation). We fabricated
the best detectors by applying a chemical treatment in which
highly polished crystals were submersed for several minutes
in a NH4F/H504 solution [10]. As an example, Fig. 5 shows
two spectra measured with the same device before and after
NH4F/H505 treatment. Despite the observed improvement, the
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Fig. 6. Pulse-height spectra measured with “good” devices: 3 X 3 X 6 mm?
(top) and 5 X 6 x 11 mm? (bottom).

testing of a larger number of CZT samples is required before
definite conclusion can be made regarding the best surface
passivation.

Fig. 6 shows the pulse-height spectra measured with the
3x3x6and 5x6x 11 mm® devices with the best perfor-
mance. By fitting the peaks with Gaussian curves we estimated
energy resolutions of 1.3% and 1.7% FWHM at 662 keV,
correspondingly. These are good results for such thick CZT
detectors. The Compton continuum in the '37Cs spectra is sup-
pressed, as a result of placing the radioactive source upon the
detector cathode. In contrast, the detectors with poor response
usually show enhanced Compton continua in the low energy
regions, most likely a consequence of low energy tailing from
the full-energy peaks.

To better understand the cause of the poor detector responses,
we measured and digitally analyzed the pulse shapes from the
charge sensitive preamplifier. We found that the leading edge of
the measured pulse-shapes generally has two slopes: a fast rising
and slow rising part. The duration of the slow rising part can
vary significantly. It can be very short and barely distinguished
from the rounded top edge of a waveform due to the preampli-
fier rise-time. In the other extremes, it can be as long as several
microseconds. For the majority of the events, the leading edges



610

12 T T T

Fast rising

1.0} (one component) ]

08}

Relative amplitude
[=]
[+/]

Slow rising

04 "",’('Mo components}

02 -

0»0 A A i

0 200 400 600 800
Time, ns
(b)

12 T T T

10} g Delay time 1
()] -,—
'g g
= 08} J
= § T g
g § £
© 06 € | Slow risin 1
g E time 1
S 04+ .
° -
- j

02 ‘B Fasl rising ]

time
00 1 1 .
0 200 400 600 800
Time, ns

Fig. 7. Examples of measured waveforms. (a) Two extreme cases of slow and
fast rising events. (b) Typical waveform with slow rising slopes.

of the waveforms have two parts with a clearly seen knee sep-
arating the fast and slow slopes. Examples of the fast and slow
rising pulses are shown in Fig. 7(a), while Fig. 7(b) shows a
more typical waveform.

Digital pulse processing was used to analyze the waveforms
measured from the “good” and “bad” detectors. For every wave-
form comprised of 1024 points, the algorithm evaluated the rise
times of the fast and slow portions of the signal as illustrated in
Fig. 7(b). The fast rising time is the time interval between the
beginning of the pulse and the moment corresponding to the in-
tersection of two extrapolating lines: the first line extrapolates
a fast leading edge (calculated by fitting a leading edge around
the point corresponding to one half of the amplitude); the second
line extrapolates the trailing edge of a waveform (calculated by
fitting the last 500 points of the recorded waveform). The slow
rise-time corresponds to the curved portion of the waveform that
“smoothes” the corner between the fitted lines.

Based on the above definitions, it is clear that the fast rise-
time represents an expected drift time of the electron cloud tran-
siting from the point of interaction to the anode. Both the fast
and slow rise times provide valuable information for under-
standing the device performance.
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To evaluate the amplitude of the signals, the algorithm takes
the difference between the base line and the pulse level as cal-
culated by averaging the waveform data points over two 100
ns long time intervals (in the present case, these time intervals
provide the optimal signal-to-noise ratio). To avoid the ballistic
deficit a time delay up to 500 ns between the first and second
integration windows was used.
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A. Slow Rise Time

We observed that poor spectral response correlates with a
large fraction (> 50%) of the events having leading edges with
significantly long slow rising components (slow rising events).
In contrast, the “good” detectors have more fast rising pulses
with leading edges that are practically free of a slow rising
component. Thus, the understanding of the origin of the “slow
rising” events is a key to the fabrication of good virtual Frisch-
grid detectors.

Shown in Fig. 8 is the correlation between the amplitude of
the signals and slow rise time, with Fig. 8(a) and (b)—(c) ex-
hibiting “good” and “bad” detectors, respectively. The detectors
were irradiated with gamma rays from a !37Cs source. While the
“good” detector shows no correlation, the “bad” detector shows
a correlation with the decay of the amplitude for the long rise
times, which could be explained by the ballistic deficit effect.
However, as is seen in Figs. 8(b) and (c), the track of the data
points corresponding to the 662 keV peak shifts toward lower
amplitudes as the slow rise time increases, which indicates that
the “slow” events are associated with charge losses. This ef-
fect reduces the amplitude of the signals and introduces addi-
tional fluctuation in collected charge. Both the ballistic deficit
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and electron losses associated with slow rising events result in
a poor spectral response of the detectors.

A notable improvement in the energy resolution can be
achieved by rejecting the events with the slow rising times, e.g.,
above 300 ns, as shown in Fig. 9; however, this improvement is
gained at the expense of the detection efficiency.

B. Fast Rise Time

As it was stated previously, the fast rise-time is an estimate of
the expected drift time of the electron cloud transiting from the
point of interaction to the anode. It also gives an estimate for the
location of an interaction from the anode, which can be used to
evaluate the device response versus the interaction depth. As an
example, Fig. 10 illustrates a response of the “good” but insuffi-
ciently shielded detector that had a 2-mm-wide unshielded area
of the side surfaces near the cathode. As shown, the poor spec-
tral response [Fig. 10(b)] is due to a strong depth dependence of
the output signal amplitude [Fig. 10(a)]. Fig. 11 illustrates the
same effect but with a 1-mm unshielded area left near the anode.
In this case, the copper provides better shielding efficiency. Both



612
a
'm L T ( ) L T
)
Q
c
&
S 1200} 1
[3]
v
(1]
&
2> 800} PR 4
k] R T oY Threshold
3
=
= 400} ]
[=%
£
<
‘0 1 1 1 1
0 70 140 210 280 350
Fast rise time, ns
(b)
[ "Good" 3x3x6 mm3 detector )
200 - Cathode bias 1500 V ]
° 662keV| |
: —
m E
]
9 ]
b ]
@ ]
=
o e
o 4

400

600
Channels

800 1000

Fig. 11. Response of the “good” detector with a 1-mm-wide unshielded area
of the side surfaces near the anode. (b) A poor spectral response is due to (a) a
strong depth dependence of the output signal amplitude.

examples indicate the importance of shielding an entire area of
the side surfaces of the device.

The low energy tails seen in the pulse-height spectra shown
in Fig. 6 are due to the events interacting close to the anode
where the shielding efficiency is poor. This is an intrinsic be-
havior of these types of devices: this region near the anode is
a direct analog of the induction regain (between the grid and
anode electrodes) in a gas ionization chamber. Fortunately, these
events can be rejected by applying a rise time (or depth) selec-
tion which will have a very small impact on the photopeak effi-
ciency [9].

C. Origin of Slow-Drift Regions

The slow rising part seen in the waveforms can be attributed
to the electron cloud drifting inside the “low-drift-regions” lo-
cated close to the anode. Alternatively, the collection of the
holes could also generate the slow rising pulses, if the holes
had a lifetime of several microseconds (same as duration of the
slow rising events). However, in this case the detector response
should be even better because of the hole contribution to the total
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collected charge. But in reality, as we observed, a poor detector
response always correlates with the slow rising events. More-
over, if the hole lifetime were several microseconds, we would
expect to see a reasonably good pulse-height spectrum induced
by the holes when a positive (instead of the negative) bias is ap-
plied to the cathode and shield. Fig. 12 shows the pulse-height
spectra measured with a “good” detector when positive and neg-
ative biases are applied to the cathode and shield. No peak in-
dications are seen in the pulse-height spectrum collected at the
positive bias, while the good spectrum is measured at the nega-
tive bias, which indicates a very poor hole collection efficiency.

As we took the measurements with the positively biased
“good” detector, we surprisingly observed the same two-slope
long-rising events that we saw with the negatively biased “bad”
detectors. Based on these two facts we concluded: (1) the
slow rising events are indeed generated by the electron cloud
moving inside the slow-drift-regions, which can be identified
simply as the device’s side surfaces, and (2) the difference
between the “good” and “bad” detectors can be explained by
the different electric field lines distributions inside the devices.
In a negatively biased “good” device the electric field lines are
focused toward the anode and, as a result, electrons are steered
away from the side surfaces. When the polarity is changed, the
electric field becomes defocusing. Electrons drift toward the
side surfaces and then continue to drift along the surface where
the drift velocity is smaller than in the bulk due to electron
scattering from the surface. This generates the two-slope rising
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Fig. 13. Defocusing electric field resulting in slow-rising events.

signals. In the case of the “bad” detector, of course, everything
is reversed.

The electric field distribution inside the Frisch-ring detector is
determined by the boundary conditions (potential distribution)
on the device side surfaces, which is mainly determined by the
surface properties and the nature of the surface leakage current.
These two factors control the surface charge and electrostatic
potential distributions along the surface. The effects related to
the surface leakage current in CZT devices were investigated in
the past [13]-[15]. Despite the fact that most of the measure-
ments were carried out for the narrow gaps between the con-
tacts (in comparison to the electrodes size and device thickness)
some results can be applicable to the Frisch-ring detectors. One
of them is that the electrostatic potential on CZT surface de-
pends on the CZT surface treatment. For more details, we refer
to the results described in the above mentioned articles. From
the general point of view, depending on the surface potential
distributions there could be three outcomes for the electric field
distribution inside the device as illustrated in Fig. 13. If the sur-
face potential decreases (in absolute values) faster than linear
function from the cathode level toward the anode a defocusing
field is generated inside the device from which a poor response
would be expected.

This interpretation is also supported by the measurements
of the uniformity of the detector response with a highly colli-
mated x-ray beam. The measurements were taken at National
Synchrotron Light Source at Brookhaven National Laboratory.
The beam size was 25 X 25 pm, and the energy of photons was
~75 keV. For each x-ray beam position a pulse-height spectrum
was collected, and the centroid position of the peak was evalu-
ated. Fig. 14 shows the distribution of the peak position over the
cathode area measured for the “bad” 4 x 4 x 6 mm? (100-ym
step size) and “good” 3 X 4 x 6 (50-pm step size) Frisch-ring
devices. As can be seen, the “bad” detector has very nonuniform
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Fig. 14. Two-dimensional distribution of the peak position over the cathode
area measured for the “bad” and “good” Frisch-ring devices.

response with significant loss in signal amplitudes near the de-
tector edges.
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IV. CONCLUSION

The Frisch-ring detector has a simple design and operates as
a single-carrier device. Despite the simplicity of this device, its
performance depends on the balanced combinations of several
factors.

One of the critical factors is the electric field distribution in-
side the detector, which correlates with the CZT surface treat-
ment. It was observed that a poor detector response can be at-
tributed to a large fraction of the events that generate the slow
rising component of pulses with leading edges that have two
slopes: fast and slow. The fast rising part corresponds to the elec-
tron cloud transiting from the point of interaction to the anode.
The slow rising part may be an indication that the electrons drift
on the side surfaces of the device where the electron drift ve-
locity is very low in comparison to those in the bulk. Such sit-
uation may arise because of the defocusing effect of the elec-
tric field inside the detector. That is, a fraction of the electric
field lines intersect the detector surfaces instead of extending
to the anode. A defocusing electric field would cause the elec-
trons to drift to the near surface layer with electronic properties
different from the bulk of CZT, which include lower mobility,
higher trap concentration, etc. Slow rising events contribute to
poor device response in two ways: (1) ballistic deficit and (2)
the slow drifting electrons have higher probability to become
trapped.

The second important factor is the shielding inefficiency of
the Frisch-ring device. Effectiveness of the shielding electrode
depends on the detector aspect ratio, thickness of the insulating
layer between the shield and CZT surface, and a fraction of the
side surface area covered by the shield. We fabricated good de-
tectors with the aspect ratio 0.5 or less when the shield covered
the entire area of the side surfaces of the device.
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