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Abstract

A geometrically weighted trapezoidal CdZnTe detector has been probed along the bottom and sides with a collimated
60 keV 241Am gamma-ray source. The results clearly show that electrons are being transported to the anode from all
locations along the device bottom as well as along the sides below the grid area. Spectral di!erences are apparent, and the
best charge transport originates from areas irradiated along the device cathode. Spectral di!erences are suspected to
result from two major e!ects; charge transport interference from material non-uniformity e!ects and internal electric "eld
e!ects. ( 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Many compound semiconductor materials are
attractive as room-temperature operated and high-
ly e$cient gamma-ray spectrometers [1]. Many
such materials have experienced considerable inter-
est over the last decade, including the ternary
semiconductor compound CdZnTe. Yet, due to
serious di$culties with incomplete free charge-car-
rier collection, the gamma-ray energy resolution
from most compound semiconductor radiation de-
tectors is less than what is required for serious
gamma-ray spectroscopy applications. In most
cases regarding semiconductor radiation spectrom-
eters, hole trapping is far more severe than electron

trapping. Usually, compound semiconductor
gamma-ray spectrometers are con"ned to very
small dimensions in order to reduce the deleterious
e!ects of charge-carrier trapping.

Early attempts to reduce the e!ects of incomplete
charge-carrier collection used versions of geometri-
cal weighting, in which the shape of the device
played an important role; one type of charge-car-
rier, either electrons or holes, would play a more
signi"cant role in forming the output signal [2,3].
Early geometrically weighted devices included
coaxial and spherical designs with the anode being
the small electrode and the large external area
being the device cathode. Due to the shape, more
incident gamma-rays would naturally interact in
regions where the electronic output pulse would be
dominated by electron transport rather than by
hole transport. Another e!ect notably used to in-
crease energy resolution by way of unipolar
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Fig. 1. The basic dimensions of the geometrically weighted
trapezoidal-prism Frisch grid radiation detector used for the
present study [15,16].

Fig. 2. Comparison of 662 keV 137Cs gamma-ray spectra mea-
sured from a 1 cm3 trapezoidal prism detector with the Frisch
grid turned on and o! [16]. The device has the dimensions
described in Fig. 1, and was fabricated from ordinary `counter
gradea CdZnTe material.

charge-carrier sensing is the `small pixela e!ect [4],
which has been successfully used for pixellated
gamma-ray imaging spectrometers [4,5]. The small
pixel e!ect also appears in the early geometrically
weighted designs [2,3]. Variations of the small pixel
e!ect via drift diode con"gurations successfully
demonstrate improved resolution as well [6,7].

A method of reducing the e!ects of slow charge-
carrier transport was introduced by Frisch [8,9].
The Frisch grid ion chamber e!ectively eliminated
the e!ects of slow ion transport in ion chambers
and was sensitive only to the motion of free elec-
trons. The Frisch grid ion chamber is a three-
terminal device, within which a grounded grid is
located between the anode and cathode. Most
gamma-ray interactions occur in the larger region
between the grid and cathode. The voltage is ap-
plied such that the electrons move towards the
anode and through the grid, while the positive ions
move towards the cathode. The signal does not
begin to accumulate on the external circuit until the
electron charge-carriers pass through the grid and
drift into the region between the anode and the
grid. Hence, the positive ion motion does not con-
tribute to charge induction on the anode and the
deleterious e!ect of slow ion motion on the output

signal is e!ectively nulli"ed. A method that simu-
lates Frisch's unique concept in a semiconductor
detector was demonstrated with the `co-planara
design [10}12], in which two sets of grids fab-
ricated on one surface were biased such that elec-
trons preferentially moved towards one set of grids.
By extracting a di!erential signal with two pre-
ampli"ers, the e!ect of hole motion is almost
negated [10]. The "rst demonstration of a true
Frisch grid semiconductor detector utilized only
one preampli"er output much like an actual Frisch
grid ion chamber. It was constructed as a true
three-region, three-terminal device [13,14]. Al-
though limited in its performance, the device clearly
showed the e!ect of signal separation when the
Frisch grid was connected.

The "rst semiconductor radiation detector that
combined the geometrically weighting e!ect, the
small pixel e!ect, and the Frisch grid e!ect demon-
strated very promising results from `counter gradea
CdZnTe material [15,16]. The device was shaped
like a trapezoidal prism, with parallel strips along
the sides serving as the Frisch grid (see Fig. 1). The
device dimensions were 17mm (length), 10mm
(height), 10.3mm (base or cathode width), and
2mm (anode width). A pair of 1mm wide Frisch
grid strips were centered 2mm away from the an-
ode on each side of the device. Room-temperature
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Fig. 3. Cross-section locations for weighting potential and operating potential calculations performed for the geometrically weighted
trapezoidal-prism Frisch grid radiation detector used for the present study. (a) shows a cross-section cut lengthwise along the trapezoid,
(b) shows a cross-section cut through the width in the device's center, and (c) shows a cross-section cut through the device's width located
0.2mm from the device's end.

energy resolution was reported as 2.68% FWHM
for 662keV gamma-rays (shown in Fig. 2) with an
intrinsic photopeak e$ciency of 2.56%. This e$-
ciency may seem low, giving rise to concern over
the actual working volume of the device. Of par-
ticular interest is the actual sensitivity to gamma-
rays along the outer regions of the trapezoid device.
Presented here are gamma-ray spectra from the
trapezoidal-shaped CdZnTe detector (mentioned
above) as probed with a collimated low-energy
(60 keV) 241Am gamma-ray source. The detector
was probed along the bottom and sides in order to
determine the spectral sensitivity as a function of
gamma-ray interaction location.

2. Theoretical considerations

The basic formation of a geometrically weighted
semiconductor Frisch grid detector uses the
geometrical weighting e!ect, the small pixel e!ect,
and the Frisch grid e!ect to produce highly selec-
tive single polarity charge sensing [16]. A good "rst
step towards designing an e!ective single polarity
detector is to calculate the `weighting potentiala of
the proposed device, a technique used to help vis-
ualize the e!ect that drifting electrons and holes
have on the induced charge signal extracted from
the device [17,18]. Weighting potentials for the
trapezoidal detector discussed previously were
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Fig. 4. Weighting potential calculated along the length (17mm)
of the trapezoidal device, as cut parallel and centered between
the Frisch grid strips. The calculation shows that over 80% of
the induced charge appears as charge-carriers transit between
the Frisch grid and the anode. Very little charge is induced on
the anode for charge-carriers travelling in the region between the
Frisch grid and cathode.

Fig. 5. Weighting potential calculated along the width
(10.3mm) of the trapezoidal device, as cut perpendicular to the
Frisch grid strips, and centered (at 8.5mm) across the device.
The calculation shows that well over 80% of the induced charge
appears as charge-carriers transit between the Frisch grid and
the anode. Very little charge is induced on the anode for charge-
carriers travelling in the region between the Frisch grid and
cathode.

calculated for the device cross-sections depicted in
Figs. 3a}c. In Fig. 4, the weighting potential is
shown as a cross-section plane from anode to cath-
ode cut parallel to the Frisch grid electrodes along
the device length and through the base center as
depicted in Fig. 3a. Fig. 5 shows the weighting
potential as a cross-section plane from anode to
cathode cut perpendicular to the Frisch grid elec-
trodes in the device center as depicted in Fig. 3b.
Fig. 6 shows the weighting potential as a cross-
section plane from anode to cathode cut perpen-
dicular to the Frisch grid electrodes where the
plane is located 0.2mm from the device end (depic-
ted in Fig. 3c). Figs. 4}6 show that most of the
externally measured charge will be induced when
charge-carriers travel between the Frisch grid and
the anode (the measurement region). From the bias
designation, electrons would be drifted from the
large volume between the Frisch grid and the cath-
ode (the interaction region), through the Frisch grid
region (or pervious region), and into the measure-
ment region. Hence, electrons will be the most

e!ective charge-carriers inducing charge on the ex-
ternal circuit.

The operating potentials were also calculated for
the device cross-sections depicted in Figs. 3a}c, and
are shown in Figs. 7}9. Fig. 7 shows the operating
potential as a cross-section plane from anode to
cathode cut and centered parallel to the Frisch grid
electrodes along the device length as depicted in
Fig. 3a. Fig. 8 shows the operating potential as
a cross-section plane from anode to cathode cut
perpendicular to the Frisch grid electrodes in the
device center as depicted in Fig. 3b. Fig. 9 shows the
operating potential as a cross-section plane from
anode to cathode cut perpendicular to the Frisch
grid electrodes where the plane is located 0.2mm
from the device end (depicted in Fig. 3c). From
Fig. 7, it is clear that free electrons created at any
location along the length of the device center will
drift from the cathode to the anode with no "eld
perturbations creating obstructions. Hence, it is
expected that electrons will drift through the entire

D.S. McGregor et al. / Nuclear Instruments and Methods in Physics Research A 457 (2001) 230}244 233



Fig. 6. Weighting potential calculated along the width
(10.3mm) of the trapezoidal device, as cut perpendicular to the
Frisch grid strips and located near the end of the device (at
0.2mm). The calculation shows that well over 80% of the in-
duced charge appears as charge-carriers transit between the
Frisch grid and the anode. Very little charge is induced on
the anode for charge-carriers travelling in the region between
the Frisch grid and cathode.

Fig. 7. Operating potential calculated along the length (17mm)
of the trapezoidal device, as cut parallel and centered between
the Frisch grid strips. The calculation shows that electron
charge-carriers excited at any location between the cathode and
anode will be drifted directly to the anode. No potential per-
turbations appear to be present to alter their path.

height of the device, except for trapping e!ects
arising from material defects, and experience the
full bene"t of the Frisch grid isolation. Yet, from
Fig. 4, the weighting potential shows that charge-
carrier screening is worst along the device longitu-
dinal central plane. The same problem is apparent
in Figs. 5 and 6, where the geometric center shows
the weakest screening e!ect. Regardless, in the
worst case, 80% or more of the induced charge
appears on the external circuit as electrons drift
from the lower end of the pervious region to the
anode. Figs. 8 and 9 both show some di$culty with
transporting electrons all the way to the anode if
they are drifting near the device's side edges. From
Fig. 8, electrons excited at locations deep in the
interaction region will drift directly to the anode.
However, electrons excited close to the Frisch grid
region along the device's side may not drift to the
anode, but instead may be collected by the
grounded grid. This presents a problem that may

reduce gamma-ray sensitivity and energy resolu-
tion for interactions along the device's edges. Figs.
7}9 indicate that electrons excited along the
device's bottom (cathode) and central areas should
be collected e$ciently but may su!er from incom-
plete charge collection in the regions along the sides
nearest the parallel strip Frisch grid electrodes.

3. Experimental method and results

A gamma-ray collimator was fabricated by drill-
ing a 0.79mm hole through a 1.5 cm long block of
lead. The lead had dimensions of
1 cm]1 cm]1.5 cm. A small plastic encapsulated
Amersham 60 keV 241Am check source was taped
to the bottom of the collimator such that the source
pellet aligned with the hole. It should be noted that
the gamma-ray source pellet diameter was larger
than the collimator hole. The trapezoidal prism
Frisch grid detector was placed in a light impen-
etrable aluminum box in a con"guration so that it
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Fig. 8. Operating potential calculated along the width (10.3mm)
of the trapezoidal device, as cut perpendicular to the Frisch grid
strips, and centered (at 8.5mm) across the device. The calcu-
lation shows that electron charge-carriers excited at most loca-
tions between the cathode and anode will be drifted directly to
the anode. Perturbations in the voltage potential in the device
surface regions near the Frisch grid electrodes indicate that
some electrons will be collected preferentially at the Frisch grid
rather than the anode.

Fig. 9. Operating potential calculated along the width (10.3mm)
of the trapezoidal device, as cut perpendicular to the Frisch grid
strips and located near the end of the device (at 0.2mm). The
calculation shows that electron charge-carriers excited at most
locations between the cathode and anode will be drifted directly
to the anode. Perturbations in the voltage potential in the device
surface regions near the Frisch grid electrodes indicate that
some electrons will be collected preferentially at the Frisch grid
rather than the anode.

Fig. 10. Irradiation index for the trapezoidal device, in which
collimated 60keV gamma-rays from 241Am were directed
through a 0.79 mm diameter hole drilled through a 1.5 cm thick
bar of lead.

was suspended by the connecting wires. The
gamma-ray source was then placed beneath the
detector such that only a corner along the bottom
was irradiated. Photoelectric absorption is the pre-
dominant gamma-ray interaction in CdZnTe for
60 keV gamma-rays. Using a linear photoelectric
absorption coe$cient of 36 cm~1 for CdZnTe [19],
over 97% of the 60 keV gamma-rays are absorbed
within 1.0mm of the detector surface. Most of the
electron}hole pairs will be excited within 1.0mm of
the detector surface by the 60 keV gamma-ray
source.

The box was closed and the detector was biased
as follows: !2000V applied to the cathode,
#200V applied to the anode, and the parallel-
strip Frisch grid grounded. The signal was extrac-
ted from the anode through a conventional Ortec
142A preampli"er. A 1 h `live timea measurement
was taken. Afterward, the device was turned o!.
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Fig. 11. Collimated irradiation along the trapezoidal detector front edge or F row. The irradiations were 1 h long, and were performed
at the locations shown in Fig. 10. The collimator center was positioned at a distance approximately 1 mm from the device edge.
Gamma-rays of 60keV energy from 241Am were used for the spectra.
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Fig. 12. The position of the maximum peak channel from
60keV 241Am gamma-rays as a function of irradiation position
along the F row. The gamma-ray measurements were of 1 h
duration. The `error barsa are used to indicate the photopeak
energy resolution at FWHM.

The collimated 60 keV gamma-ray source was
moved 2mm to the next adjacent spot as measured
with a ruler. The detector was then biased as before,
and another 1 h measurement was taken. The pro-
cedure was repeated for several locations along the
detector bottom and sides. Fig. 10 shows the num-
ber designations for the gamma-ray probe loca-
tions.

Fig. 11 shows the results from irradiating the
trapezoidal bottom (or cathode) along the front
edge (designated the F edge). The collimator hole
center was positioned approximately 1 mm back
from the device edge (see Fig. 10). Fig. 11 shows the
centrally symmetric irradiation locations such that
their plots are adjacent. For instance, the two cor-
ner points (F/0.5mm and F/16.5mm) are plotted at
the top. The spectrum from the centrally located
irradiation point (F/8.5mm) is shown alone at the
bottom of Fig. 11. In all cases a 60 keV photopeak
spectrum is apparent, clearly indicating that excited
electron charge-carriers are moving from the fur-
thest regions along the cathode all the way to the
anode. The photopeak maximum appears near
channel number 47 in all cases, the lowest being
channel 42 for location F/0.5mm and the highest
being in channel 48 for location F/12.5mm. The
60 keV spectrum is best for location F/6.5mm. The

progression of the appearance of a `satellitea peak
is visible for locations between F/8.5 and
F/16.5mm. Since the satellite peak does not appear
in locations F/0.5 }F/6.5mm, it is likely that it is an
e!ect unrelated to the actual device design or ge-
ometry, but rather an e!ect related to the CdZnTe
material properties. Fig. 12 shows the photopeak
maximum channel and energy FWHM as a func-
tion of irradiation location (note that the location
of the emerging satellite peak is not shown). Al-
though there is a slight change in peak channel
across the device, the channel number remains fair-
ly consistent despite the material related problems
that are apparent from Fig. 11.

Fig. 13 shows the results from irradiating the
trapezoid cathode along the center (designated C)
from end to end. Photopeaks from the 60 keV
gamma-rays are very apparent in all of the spectra.
The resolution appears better than the previous
case for row F, with the photopeak maximum
located between channel 46 and 48. The total peak
counts for row C are greater than found in row
F for all locations. Row C shows good charge-
carrier collection from end to end, except for loca-
tion C/16.5mm. A hint of a satellite peak begins
at location C/8.5mm, consistent with row F,
indicating that the problem is material related
rather than design related. Only location C/16.5
actually shows the appearance of a distinct satellite
peak attendant to the main peak. Fig. 14 shows the
photopeak maximum channel and energy FWHM
as a function of irradiation location, which is
shown to be very consistent from end to end. The
FWHM values are slightly larger at the ends, sug-
gesting some increased amount of charge induction
variation for interactions occurring nearest to the
device ends.

Fig. 15 shows the results from irradiating the
trapezoidal cathode along the back edge (desig-
nated B). The collimator hole center was located
approximately 1mm away from the device's back
edge. Again, a photopeak is clearly apparent for all
irradiation locations. The energy resolution is bet-
ter than that observed for row F and similar to that
observed for row C. Also, the total counts under the
peak more closely resemble those observed for row
C. A satellite peak does begin to appear but is most
apparent between locations B/12.5 and B/16.5mm.

D.S. McGregor et al. / Nuclear Instruments and Methods in Physics Research A 457 (2001) 230}244 237



Fig. 13. Collimated irradiation along the trapezoid detector center or C strip. The irradiations were for 1 h and were performed through
the center of the device as shown in Fig. 10. Gamma-rays of 60 keV energy from 241Am were used for the spectra.
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Fig. 14. The position of the maximum peak channel for 60keV
241Am gamma-rays as a function of irradiation position along
the C row. The gamma-ray measurements were of 1 h duration.
The `error barsa are used to indicate the photopeak energy
resolution at FWHM.

Similar to row C, the resolution deteriorates at
location B/16.5mm, which consistently serves to
indicate a material related di$culty with that end
of the detector. Since the total number of counts
along row B is similar to that of row C, the lower
number of photopeak counts observed for irradia-
tion along row F is probably not related to the
device's structure, but rather to material defect
issues. As before, Fig. 16 shows the photopeak
maximum channel and energy FWHM as a func-
tion of irradiation location. As in the previous case,
the maximum peak channel is consistent from end
to end, ranging from channel 45 to 48. The FWHM
values are slightly larger at the ends, the worst
values being at the same end that appears to
have a material related di$culty. Fig. 17
shows an overall comparison of rows F, C, and B,
and clearly demonstrates that the peak channels
are almost identical regardless of the irradiation
location.

The encapsulated gamma-ray pellet was slightly
larger than the collimator hole, causing part of the
source to be obstructed. As a result, it was di$cult
to accurately determine the detection e$ciency for
the collimated irradiations. However, the source-
to-collimator geometry was not changed during the

measurement series, which allowed for a relative
comparison of detection sensitivity. Fig. 18 shows
the total gamma-ray counts within the 60 keV
photopeaks (depicted for the 1 h measurements in
Figs. 11, 13 and 15) as a function of irradiation
position. It becomes clear that the count rates for
all positions in row F are less than for rows C and
B. However, rows C and B are practically identical.
Only at positions C/16.5mm and B/16.5mm do the
count rates diminish to levels similar to the average
observed for row F. Three things are observed: (1)
the count rate degrades along row F and positions
C/16.5 mm and B/16.5mm as does the energy res-
olution, (2) the far edge along row B is almost
identical to row C which shows that charge-carriers
are collected from the far edges of the device, and
(3) assuming symmetry, the degradation in device
performance along row F can be attributed mostly
to the CdZnTe material rather than the device
design. It is not surprising that material defects
exist in the device since it was fabricated from lower
grade (`counter gradea) material. It is probable that
a more uniformly performing material would have
rendered a better 137Cs spectrum than the `grid
ona case shown in Fig. 2.

The device was then irradiated along one of its
sides to observe the response, as shown in Fig. 19.
The irradiation locations and designations are
shown in Fig. 10. All irradiated locations demon-
strated observable 60 keV gamma-ray photopeaks.
Peak resolution and separation were worse for side
irradiation than observed for cathode irradiation.
Yet, the photopeak maximum continued to appear
between channels 43 and 48 for all locations. The
photopeak appearance (energy resolution) and the
total counts in the photopeaks are similar to those
found in row F, indicating sensitivity consistency
along that side of the device. Again, energy resolu-
tion mostly degraded along the end approaching
location 16.5, as shown in locations III/a, III/b,
III/d , which is consistent with the results from rows
F, C, and B. The peak to valley ratio is lower for the
side irradiation compared to that observed for bot-
tom irradiation along row F. Charge collection is
compromised in the close proximity region along
the device side, which is probably due to a combi-
nation of material defects and detector design
issues.
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Fig. 15. Collimated irradiation along the trapezoid detector back edge or B row. The irradiations were for 1 h, and were performed at
the location shown in Fig. 10. The collimator center was positioned at a distance approximately 1 mm from the device edge.
Gamma-rays of 60keV energy from 241Am were used for the spectra.
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Fig. 16. The position of the maximum peak channel for
241Am 60keV gamma-rays as a function of irradiation position
along the B row. The gamma-ray measurements were of 1 h
duration. The `error barsa are used to indicate the photopeak
energy resolution at FWHM.

Fig. 17. Comparison of the maximum peak channel for 60keV
gamma-rays (from Figs. 12, 14, and 16) as irradiated along rows
F, C, and B, showing the clear similarity in photopeak position
regardless of the collimated irradiation position.

Fig. 18. Total gamma-ray counts within the 60 keV photopeaks
from Figs. 11, 13, and 15 as a function of collimated irradiation
position. All gamma-ray measurements were of 1 h duration.
Rows C and B are practically identical, indicating that charge
collection is almost the same for irradiation along the edge as
along the center. The obvious count di!erence for row F is
attributed to material #aws.

Shown in Fig. 20, the last irradiation series was
conducted along the device end (designated E), as
indicated in Fig. 10. Here, only the location E/1mm
shows any resolution, further supporting the evid-
ence that charges are drifting all the way from the
outermost perimeters of the device cathode region
up to the anode. The resolution is poor, however, it

is consistent with the results for all other irradia-
tions performed at that end of the detector (rows F,
C, B and a, b, d). For the other locations along the
end, E/3}E/7mm, the photopeak disappears which
shows that the device ends su!er charge collection
di$culties. It should also be observed that the
Frisch grid screening is less e!ective at the device
ends. The loss in resolution may result from two
e!ects: (1) incomplete charge-carrier collection and
(2) deterioration of the Frisch grid e!ect. It should
be observed that the e!ect of resolution degrada-
tion is most pronounced in the region nearest the
Frisch grid. Hence, the parallel strip design "rst
explored in Refs. [15,16] has an apparent dead
region along the ends which is most pronounced
nearest the Frisch grid region. Comparing Figs.
8 and 9, there is a subtle di!erence in the operating
potential near the grid region where the operating
potential shows a stronger tendency to drive elec-
trons into the Frisch grid for the end case (Fig. 9)
over that for the center case (Fig. 8). The e!ect
appears most pronounced in the surface region
nearest the Frisch grid. It is possible that electrons
`borna near the Frisch grid region on the device's
surface are preferentially steered into the Frisch
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Fig. 19. Collimated irradiation along the trapezoidal side. The irradiations were for 1 h and were performed at the locations shown in
Fig. 10. Gamma-rays of 60 keV energy from 241Am were used for the spectra.

grid rather than drifting onwards towards the an-
ode. In such a case, the loss of electron charge-
carriers would account for the poor device perfor-
mance shown in Figs. 19 and 20.

4. Conclusions

A trapezoidal prism geometrically weighted
Frisch grid radiation spectrometer fabricated from
`counter gradea CdZnTe has been probed with
a collimated 60 keV gamma-ray source. The results
from the experimental probing indicate that
charge-carriers are being collected from all loca-
tions along the surface in the region between the

Frisch grid and the cathode. The best average res-
olution appears in the center along the bottom
(cathode) side. The performance for collimated ir-
radiations along one of the device outer edges was
almost identical to the irradiations along the
center, demonstrating the soundness of the device's
concept and design. The worst resolution is
apparent along the ends where there is no
Frisch grid with some indication of virtual insensi-
tive regions nearest the parallel grid area.
Overall, most of the device volume has been
proven to be active. Improved designs may include
thinner grid contacts and a Frisch grid that wraps
around all of the device's sides. Theoretical consid-
erations for improved designs will be presented
elsewhere.
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Fig. 20. Collimated irradiation along the trapezoid detector end or E column. The irradiations were for 1 h and were performed through
the device's center at the locations shown in Fig. 10. Gamma-rays of 60 keV energy from 241Am were used for the spectra.
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