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Abstract

A collimated "*®Au source was used to determine the charge collection efficiency (CCE) at several locations along the length of a
3.4 x 3.4 x 5.5mm?> CdZnTe bar detector, both in planar configuration and with Frisch collars of varying length. For each configuration,
a 0.50-mm-long region spanning the width of the device was irradiated with 411-keV gamma rays produced by a neutron-activated gold
foil. Irradiation began at the cathode and stepped in 0.50-mm steps toward the anode, with a spectrum being collected at each location.
By observing the channel location of the full-energy peak in each collected spectrum, an average CCE was determined for each irradiated
region. The CCE was found to vary nearly linearly along the length of the device in the planar configuration, starting at a peak value of
89% and dropping to a minimum measured value of 26% near the anode. The addition of a Frisch collar covering the entire length of the
crystal greatly altered the CCE profile, which remained near 87% for approximately two-thirds of the length, then sharply dropped near
the anode. Results were confirmed by theoretical models. Further CCE mapping was also completed for devices with Frisch collars of

various lengths. Those results are reported as well.
Published by Elsevier B.V.
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1. Introduction

CdZnTe has several properties that enable it to be an
excellent candidate for room-temperature spectroscopy
applications. Resistivity and electron mobility in the
material are both quite high. However, poor hole mobility
is an enduring problem with the material. To compensate
for the deleterious effects caused by hole trapping, various
permutations of the Frisch grid ion chamber concept first
introduced by Otto Frisch [1,2] have been attempted [3—6].

One of the more promising detector designs for
commercial production is the Frisch collar. The designed
purpose of the Frisch collar is to alter the weighting
potential within the crystal such that electrons dominate
signal induction, while maintaining low fabrication costs.
Since the Frisch collar is capacitively coupled to the crystal,
leakage current is greatly inhibited. Furthermore, the
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construction of the collar is quite simple and potentially
automatable.

Charge collection efficiency (CCE) is an important
property of any semiconductor spectrometer as it directly
affects energy resolution and photopeak efficiency. In the
following work, the CCE profile is measured along the
length of various configurations of Frisch collar CdZnTe
devices. The results are then compared to theory.

2. Theoretical considerations
2.1. CCE measurement

Electron—hole pairs are produced when gamma rays
interact within the bulk of a semiconductor detector. The
charge created in a photoelectric event in a CdZnTe device
(Qp) can be approximated as

E
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where E, is the gamma-ray energy, w is the average
ionization energy for CdZnTe, and ¢ represents the
elementary charge. The excited charge packet Q, induces
a mirror charge on an electrode as it moves through the
device, characterized by a CCE g(x) at the interaction
location, where collected charge Q(x) is

O(x) = () Qy. @

The charge-sensitive preamplifier converts the charge
signal to a voltage proportional to its charge sensitivity s or
rather the inverse of the feedback capacitance. The
preamplifier output is then amplified by gain G and shaped
by the amplifier before being sent to the multi-channel
analyzer (MCA). The MCA input voltage ¥V, is found
to be

Va(x) = sGO(x). 3)

Finally, the peak voltage input to the MCA is binned
into channels according to peak height. The relationship
between voltage and channel number is typically found by
regressing a first-order polynomial to measured data. This
expression is quite simply

Chn(x) = mVa(x)+ b 4

where Chn(x) is the channel number in which the count
from interaction at location x is binned and m and b are the
slope and intercept of the regressed line, respectively.
Combining Eqs. (1)-(4) and solving for ¢, it is found that

. (Chn(x) — byw
&x) = " Gl )

Since all terms on the right-hand side of Eq. (5) are known
or measurable, then the CCE can be determined for a
collected spectrum.

2.2. CCE prediction

CCE can also be predicted from basic theory, and is a
combined effect produced by the applied electric field,
weighting potential, and charge carrier transport properties
of a device. A brief discussion of each of these device
characteristics and how they affect CCE follows.

2.2.1. Charge transport

After the initial creation of charge pairs within a detector
due to an interaction of ionizing radiation, charges are
drifted apart by an applied electric field £. The velocity of
the charge carriers v, is generally modeled as

d
) = 1) = T ©

where the subscript ¢ denotes carrier type, whether
electrons or holes, E is the local electric field or rather
the derivative of the voltage potential " with respect to
position x, and pu. is the carrier mobility. In most
semiconductors, electron mobility u. is typically higher
than hole mobility p;,. Eq. (6) applies only for small electric
fields though. As the electric field increases, the charge

carriers approach a saturation velocity v, limited by
carrier scattering.

Charge trapping inevitably occurs however. The trap-
ping mechanism is typically modeled as a function of time.
An initial number of carriers excited into the conduction
band N, will be trapped over time ¢ according to the
trapping constant . in an exponential decay form

N(t) = Ng exp (j) (7
Te

Maximizing the device clectric fields, charge carrier
mobilities, and lifetimes thus ensures that the greatest
number of charges move the greatest possible distance
within a device. While mobilities and lifetimes are material
properties, the electric fields in a device can be readily
manipulated to achieve better charge transport.

2.2.2. Electric field

To find the electric field within a device, Poisson’s
equation must be solved using the appropriate boundary
conditions:

vy =-2

&s

(8)
where V is the voltage potential, p is the space charge
within the semiconductor, and & is the dielectric constant
of the material. The boundary conditions are such that all
electrodes are at their respective potentials. For a Frisch
collar device, the anode is biased while the cathode and the
collar are grounded. Solving Eq. (8) with these boundary
conditions, the voltage potential distribution can be easily
found numerically. The electric field is then simply the first
spatial derivative of the voltage potential distribution. For
the purposes of this study, the electric field throughout the
device will be assumed constant.

2.2.3. Weighting potential
The weighting potential V,, in a device 1s found by
solving the Laplace equation

V=0 9

which disregards any space charge for the appropriate
boundary conditions. Boundary conditions for weighting
potential calculations differ from voltage potential calcula-
tions in that the collecting electrode potential is set to
unity, while all others are held at zero potential. Numeric
solutions to Eg. (9) have exhibited very nonlinear
weighting potential distributions along the length of the
devices [7].

2.2.4. Charge induction

Charges moving through an electric field with velocity
found from Eq. (6) and attenuating according to Eq. (7)
induce a mirror charge at the electrodes according to the
Shockley—Ramo theorem [8,9]. The instantaneous rate of
charge induction or rather the induced current i can be
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calculated from
. dv
i) = aN (" (10)

where ¢ is the elementary charge of the carriers, N is the
instantaneous number of free charge carriers, and V., is the
weighting potential through which the charge carrier is
moving. Integrating over a small time step Az, the induced
charge AQ can be approximated as

AquNangVw- (Im

Here N,,, is the average number of free charge carriers and
AV, is the change in the weighting potential over time step
At. Therefore, charge collection is affected by two
fundamental quantities, the number of charge carriers
and the change in weighting potential through which they
move. As previously discussed, the number of charge
carriers is a function of the material chosen, depending
primarily on carrier lifetime. On the other hand, the change
in weighting potential through which those carriers move is
affected by charge velocity (electric field and charge
mobility) and electrode geometry (weighting potential
distribution).

3. Experimental procedure

The CdZnTe device was first fabricated as previously
described in [10]. The device was subsequently wrapped
with Teflon tape and copper shims of various lengths for
each configuration tested. For the planar case, the device
was operated without a Frisch collar. Gold wires were
bonded to the anode and cathode with conductive epoxy.
For each case, the device was placed in a jig within an
aluminum electronics box. Within the electronics box,
connections were made to the gold anode and cathode
wires with grabber test clips and the output was connected
to an Ortec 142-A preamplifier through a BNC jack.
The electronics box was placed atop a manual two-axis
linear stage.

Precision-machined lead bricks were suspended directly
above the electronics box. Each lead brick had been
previously milled flat and planar sanded on three faces. The
bricks were aligned directly above the detector with
machined faces opposing one another, then spaced to
0.330 mm using a gapping tool. The opposing faces of the
lead bricks were oriented such that they were perpendicular
to the detector’s long axis. Since each lead brick was 47 mm
thick and was located 10.6 mm above the top face of the
detector, a gap of 0.330 mm in the lead collimators resulted
in a 0.50-mm beam width at the top face of the detector.
Finally, activated gold foil was placed on top of the lead
bricks straddling the slit between the collimating bricks.
Fig. 1 illustrates the arrangement.

After alignment of the detector cathode edge with the
slit, a spectrum was collected for a set amount of time and
the manual stage stepped 0.50mm, which moved the
exposed region 0.50 mm toward the anode. This step-and-

Activated
Gold Foil

Lead T

Shielding 47mm

0.330mm -

i
Collimating Slit
—| |«=0.50mm
CdZnTe Crystal

10.6mm

1

v+
Anode

Cathode

Exposed
= Region

}¢—— Device Length ——]

Fig. 1. Arrangement of activated gold foil source and lead shielding with
respect to the CdZnTe detector.

collect procedure was repeated for the length of the
detector. For the planar configuration, the collection time
was set to 1500s. To compensate for the decay of the gold
source, the spectra for the full-length Frisch collar
configuration were collected over 1800s. To compare
spectra from a single device configuration, decay of the
source was taken into consideration and the spectra scaled
appropriately.

Six device configurations overall were mapped in the
above manner. Frisch collar lengths tested were 5.5mm
(full length), 4.5, 3.5, 2.5, 1.5 and O mm (no collar).

The MCA voltage channel relationship and the
amplifier gain were measured with a standard test pulser
before each detector configuration and once after every
third spectrum. These measured values were used in
calculating the CCE of each position. The manufacturer’s
published charge sensitivity value was used to calculate
the CCE.

4. Experimental results

The first configuration tested was the planar case. The
collected spectra are shown in Fig. 2. Note the nearly linear
decrease in the amount of charge collected in the
photopeaks. The full-length Frisch collar spectra exhibited
the greatest change in spectra from the planar case. A plot
of the collected full-length Frisch collar spectra is given in
Fig. 3.

Using the location of the full-energy photoelectric peak
in each of the spectra in Figs. 2 and 3, the corresponding
CCE of each spectrum was calculated using Eq. (5). These
data points were then plotted alongside the theoretically
predicted CCE profiles of each device configuration in
Fig. 4. A reasonable match between theory and mea-
surement was found for both cases. As noted pre-
viously, several other Frisch collars of varying lengths
were also tested. The resulting CCE profiles are shown
in Fig. 5.
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Fig. 2. Pulse height spectra collected from the planar configuration of a
3.4 x 3.4 x 5.5mm* CdZnTe device. MCA channel numbers have been
converted to an equivalent charge collected by using Eqs. (2)—(4).
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Fig. 3. Pulse height spectra collected from the full-length Frisch collar
configuration of a 3.4 x3.4x5.5mm® CdZnTe device. MCA channel
numbers have been converted to an equivalent charge collected by using

Eqgs. (2)-(4).

5. Conclusions

Adding a full-length Frisch collar to an otherwise simple
planar CdZnTe device greatly alters the weighting potential
within the device from a linear distribution between the
anode and cathode to one such as presented in [7].
Subsequently, the CCE profile along the length of a Frisch
collar device is dramatically improved over that of a planar
device as noted in Fig. 4. Frisch collars of length less than
the total device length also alter the weighting potential
and CCE characteristics, but to a lesser extent as is visible
in Fig. 5.
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Fig. 4. Measured values and theoretically predicted curves of the CCE of
a3.4x3.4x%x55mm® CdZnTe detector.
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Fig. 5. Measured CCE profiles of Frisch collar configurations of various
lengths of a 3.4 x 3.4 x 5.5mm?® CdZnTe detector.
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