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Abstract

The concept of applying proximity charge sensing electrodes to semiconductor radiation detectors
is a novel technique that has distinct advantages over directly deposited electrodes. This paper
evaluates the application of proximity charge sensing onto a CdZnTe (CZT) semiconductor crystal
using ANSYS Maxwell simulation software to calculate the weighting potential across the detector
depth, the weighting potential across the detector width, and the electric field (E) generated inside
the detector volume for multiple designs. To accomplish this goal several variables are studied in
the simulated designs including: (1) a high resistivity thin-film material that is applied to the
detector proximity surface from the anode side, (2) an appropriate metal that acts as an Ohmic
contact to dissipate generated charges on the CZT anode side, and finally (3) an insulating layer
(dielectric) to isolate the CZT detector body from the proximity electrodes. The results of the
generated weighting potentials for both directly deposited electrodes and proximity-sensing
electrodes, having the same electrode width and pitch, have been quantitatively compared using a
Figure of Merit (FOM). The FOM compares the weighting potential created by each simulated
design for weighting potential uniformity and weighting potential similarity.
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Introduction

Semiconductor materials have been used in radiation detectors for several decades and
provide significantly improved resolution compared to scintillator and gas-based detectors.
Broadly speaking, materials used in semiconductor detectors are divided into two main groups:
single-element semiconductors, e.g. Si and HPGe, and compound semiconductors, e.g. CdZnTe
(CZT) and Hgl>. Both types of materials require at least one anode and one cathode electrode, and
for an electric field to be applied between these electrodes. Signals are generated when radiation
interactions in the crystal generate electron-hole pairs. The electric field then causes the electrons
to move towards the positively biased anode and holes to move towards the negatively biased
cathode. The movement of these charge carriers induces a current on the external circuit that is
integrated to determine the energy deposited by the incident radiation 2, These concepts are
described in the Shockly-Ramo Theorem, which will be discussed in the next section.

R Electrode Types on Semiconductors

A basic semiconductor detector is made of two simple planar electrodes (low resistivity layers)
on either side of a semiconductor crystal. Figure 1 shows radiation interacting with a
semiconductor detector that has planar electrodes. The sides without electrodes are covered with
a passivation layer to prevent the detector from interaction with the outside environment.

In compound semiconductors such as CZT, holes move 1-2 orders of magnitude more slowly than
electrons and are more easily trapped when compared to electrons. This means that the number of
holes collected is strongly dependent on the location of the radiation interaction inside the crystal,
leading to poor resolution for the basic planar electrode geometry. To overcome this problem,
room temperature semiconductors usually employ non-planar electrode patterns that make them
almost entirely insensitive to holes [*?1. Semiconductor detectors that use this readout method are
referred to as “single-carrier” detectors, since they rely on only one charge carrier (electrons).
Examples of common single-carrier detector electrode configurations are the Frisch-Grid,
Coplanar-Grid, and Pixelation of the anode electrode. Figure 2 shows coplanar grids. In the figure,
electrode 1 is called the cathode. Electrode 2 and electrode 3 are called collecting grid (CG) and
non-collecting grid (NCG), respectively. The signal generated on these electrodes is a function of
weighting potential (¢) for each electrode. The weighting potential will be discussed in the next
section.

I. The Weighting Potential of Coplanar Electrodes

The total weighting potential generated on the anode of coplanar electrodes is a function of both
collecting and non-collecting weighting potentials and is calculated by:

Ptrotal = Pce — Pnce



As stated before, the weighting potential for an electrode is defined as the potential that would
exist inside the detector volume when the electrode of interest is set at unit potential (i.e. Vce = 1)

and all other existing grids are set to zero potential (i.e. Vnce = 0 V) and no space charge exists
[1.2]

Traditionally, electrode configurations, whether anodes or cathodes, planar or non-planar, are
directly deposited on the crystal surface using metals. Non-planar designs are typically fabricated
using photolithography techniques or shadow masks in order to achieve the level of precision
required. Thin, delicate wires are then connected to the electrodes and the readout electronics.
Direct electrical connection between wires and grids is accomplished using wire bonding, or bump
bonding techniques 24, which are difficult to fabricate onto fine-pitch anode patterns. Proximity
charge sensing can be used to overcome this problem.

Here we use proximity charge sensing, which is a relatively new technique for semiconductor
radiation detectors, where the grids or electrodes and the semiconductor crystal are not in direct
contact but instead isolated by a dielectric material, usually in thin-film arrangements that are
deposited using various methods such as chemical bath deposition €1, aerosol-assisted chemical
vapor deposition "1, plasma enhanced chemical vapor deposition !, or Radio Frequency (RF)
sputtering . Radio Frequency (RF) sputtering will be used to deposit the dielectric material for
this work at the implementation stage. Proximity charge sensing has several main advantages:

1. It eliminates the need to directly deposit electrodes on the semiconductor crystal which
simplifies the fabrication process and reduces the cost of the whole system,

2. It reduces the leakage current associated with directly depositing the electrodes on the
crystal surface,

3. It can be used to improve the position sensitivity of the device via signal interpolation 241,

The goal of this work is to simulate multiple designs of coplanar proximity electrodes on a 19.4
mm x 19.4 mm x 5 mm CZT crystal. The most promising proximity-sensing electrode design will
be recommended to be fabricated, characterized, and its performance compared to directly-
deposited electrodes on a similar size crystal.

In 1977, Kurz et al. used proximity electrodes on a position-sensitive HPGe detector %, The
detector used in the experiments was 22 mm x 13 mm x 4.4 mm. Figure 3 shows a two-dimensional
view of the detector.

In another study, Luke et al. applied the concept of proximity charge sensing in room temperature
semiconductor detectors as a means of guiding electrons toward the directly-deposited anode
electrodes 1. Figures 4 (a) and 4 (b), show the schematic and weighting potential of the detector
respectively.



Luke et al. modeled a 20 mm x 20 mm x 10 mm detector to calculate the expected weighting
potential and the induced charge on a proximity-sensing electrode. Figure 5 (a) and 5 (b) show the
geometry and calculated weighting potential of the detector.

A 20 mm x 20 mm x 5 mm Si (Li) detector was used to test the performance of proximity electrodes
experimentally. The Si (Li) detector had a Li-diffused layer that was washed off and replaced with
an amorphous silicon (a-Si) contact similar to that in Luke et als’ previous work. The sheet

resistance of the a-Si was ~107 Q/D, which is appropriate for silicon detectors that have a leakage

current of ~10 nA. An aluminum ring was deposited on the detector surface except for a 10 mm x
10 mm area in the middle left for the proximity surface. The proximity electrode was printed on a
PCB and was held at approximately 60 um from the detector surface. Figure 6 shows a schematic
of the silicon detector with proximity electrodes.

Figure 7 shows the actual silicon detector with proximity electrodes suspended on top of the
detector surface.

The concept of incomplete charge collection-rejection using proximity electrodes was tested using
a Germanium (Ge) detector in this work. An induced charge on proximity electrodes (Figure 8)
that are placed around the detector side surfaces indicate incomplete charge collection and can be
used in anticoincidence mode to reject these signals.

Figure 9 shows the actual Ge detector side surfaces surrounded by proximity electrodes, where
two measurements were taken at the same time to generate two spectra while changing the source
location.

Figure 10 shows the difference in Compton counts when proximity electrode signals are used in
anticoincidence mode to reject incomplete charge collection.

Finally, Proximity-sensing electrodes at the cathode side were implemented by Luke et al. in an
HPGe detector ], The detector used in this study was an 18 x 18 x 10 mm HPGe crystal, coated

with amorphous Ge (a-Ge). The a-Ge layer should have a sheet resistivity of at least 10° Q/D
since Ge detectors have low leakage current. Figure 11 shows the detector schematic.



Materials and Methods

The model used to simulate proximity electrodes included all the layers and materials that will be
used in the actual system. The coplanar electrode design shown in Figure 12 was used in all
ANSYS Maxwell simulations. The pattern was designed to be directly deposited on a CZT crystal
for a project by Ranjbar et. al. 2. The reason for using the same pattern is to compare the
performance of directly deposited electrodes against proximity electrodes once the proximity
design is implemented. Table 1 shows the layers used in the simulation model from the bottom up:

Figure 13 shows a schematic of the layers used in the detector model.

The weighting potentials generated for coplanar proximity electrodes are quantitatively evaluated
based on a Figure of Merit (FOM) using two features of the weighting potential across the detector
width: uniformity and similarity. Uniformity is a measure of the degree to which the weighting
potential for each grid maintains a constant value across the detector width 141,

Uniformity value, U, is calculated individually for both collecting and non-collecting grids using:

U= Zl(pl _§0m|
i

where @i is the weighting potential at location i across the width of the detector and ¢m is the
weighting potential in the middle of the detector.

Similarity is a measure of the degree to which the weighting potentials of the collecting and non-
collecting grids are equal across the width of the detector 1 mm below the anode surface 21,
Similarity value, S, is calculated for each anode design using:

S= Z'gocg,i - (pncg,i|

where ¢, is the weighting potential of the collecting grid at location i across the width of the
detector and ¢ncg,i IS the weighting potential of the non-collecting grid at location i across the width
of the detector.

The uniformity and similarity values of each anode design were then normalized and added
together to calculate the FOM for each design, with a lower FOM corresponding to a better design
(21 The design will also be compared to a directly-deposited CZT detector with the same coplanar
anode pattern via spectroscopic measurements.



Results and Discussion

Figure 14 show the weighting potential generated for directly deposited electrodes and Figure 15
show the weighting potential for proximity electrodes across the detector depth. One can see that
in the case of directly deposited electrodes, the result of subtracting the weighting potential of
collecting electrode and the weighting potential for non-collecting electrode is equal to one at the
detector surface. This is not the case in proximity electrodes where the subtracted signal is equal
to approximately 0.4 V due to the added layers in the design. This is one of the drawbacks of using
proximity electrodes. To investigate the effect of the dielectrics and their thicknesses, the detector
was simulated using multiple dielectric materials at one thickness and then varying the thickness
of one dielectric in the following section for directly deposited electrodes and proximity electrodes
respectively.

Figures 16 and 17 show the weighting potential generated across the detector width. The shape
of the two weighting potentials is different due to the addition of the aluminum guard ring in the
proximity sensing design.

Determining the Effects of Dielectric

The goal of this set of simulations was to determine the effect of changing the dielectric on the
weighting potential and the electric field inside the crystal. Weighting potentials and electric fields
were measured 5 um below the anode. Figure 18 shows the effect of different dielectrics with the
same thickness, 50 um. The value of the weighting potential increases as the dielectric constant
increases. Plexiglas was chosen because it has a dielectric constant close to Kapton films (3.4 vs
3.5 for Kapton). Kapton films are readily available and will be used in the implementation stage
of this project.

Figure 19 show that the electric field drops as the dielectric constant increases. Even though the
weighting potential improves as the dielectric constant increases, the induced charge is
proportional to both the weighting potential and the electric field. Figure 11 shows the product of
multiplying the weighting potential with the electric field. A higher dielectric constant will
generate a worse induced signal, as expected.

The induced current was proportional to both the electric field and the weighting potential as stated
in section one.

Determining the Effects of Dielectric Thickness

The goal of this set of simulations was to determine the effect of changing the dielectric thickness
on the weighting potential and the electric field inside the crystal. The model used for simulation



here included the 35 um cathode layer made of gold, CZT crystal, 50 um thick dielectric, 35 um
thick coplanar copper electrodes, and Rogers 4350 PCB. Weighting potentials and electric fields
were measured 5 um below the anode. The dielectric chosen here is air. The thicknesses were 1
um, 10 um, 50 um, 100 um, and 1 mm. The first simulation was made without a dielectric in order
to obtain a baseline of the weighting potential. Figures 21 and 22 show the effect of using different
thicknesses of air on the weighting potential and the electric field respectively.

The value of weighting potential across the detector depth drops down as the thickness of the
dielectric increases. This will affect the induced signal generated on proximity electrodes. The
thickness of the dielectric should be minimized for better results.

The electric field across the detector also drops as the thickness of the weighting potential
increases. Again, the thickness of the dielectric should be carefully chosen so that it will not affect
the induced signal. There is a sudden increase to the electric field value when a 1 um dielectric is
introduced to the system. The reason for this is still under investigation.

Figures 18-22, show the weighting potential and electric field for the same design of proximity
electrodes but with different configurations using several dielectric materials. The optimum design
would have the weighting potential equal to 1 so that the charge generated from radiation
interaction inside the detector volume is fully collected. Additionally, the electric field value
should be maximized to allow the electrons to travel towards the anode side as fast as possible
with a low probability of being trapped. Figure 18, examines the weighting potential for a 50um
thick dielectric, which is a reasonable thickness for a practical experiment once the design is
finalized. Diamond has the maximum value for weighting potential but it’s not realistic to build a
radiation detector with a diamond due to its high cost. The electric field for the same thickness was
simulated and the air had the highest electric field value. Similarly designing a detector with an air
gap would be very expensive and unrealistic. Figure 20, is the result of multiplying the weighting
potential and the electric field in Figures 18 and 19 to check which dielectric would result in the
highest result for both variables. Figures 20 and 21, examine the use of an air gap as a dielectric
with multiple thicknesses to understand the effect of changing the dielectric thickness on the
weighting potential. The thinner the dielectric, the better the weighting potential value was, which
also applies to the electric field value. Thus, it can be determined that the combination of the
weighting potential and electric field is affected by the dielectric type for the same thickness.

Conclusion

Proximity charge sensing is a technique that can offer several distinct advantages over directly
deposited electrodes when used with compound semiconductor detectors. The advantages are
multiple starting with eliminating the need to directly deposit electrodes on the crystal, then,



reducing the cost of the overall system, reducing leakage current associated with directly
depositing the electrodes, and improving the position sensitivity in position sensing devices. The
application of proximity electrodes to CZT detectors would afford the detection system the
advantage of excellent energy resolution, room temperature operation in addition to the advantages
offered by proximity electrodes.

ANSYS Maxwell simulations show that for proximity charge sensing to produce the best-induced
current, an insulator with a low dielectric and a low thickness should be used so that the electric
field and the weighting potential are not affected. The results revealed that the best dielectric
material, which does not reduce the value of the weighting potential when added to the model, is
diamond with only 20% reduction. However, it is not practical to use diamond, as it will increase
the price of the detector significantly. At the same time, diamond is the worst dielectric material
that affects the electric field. A 50um thick diamond will reduce the electric field to ~2000 V/m
compared to ~8800 V/m for air and vacuum. Multiplying the weighting potential and the electric
field results in Teflon and Plexiglas being the best dielectric materials to be implanted on the first
prototype when built. In terms of the dielectric thickness, air was used to measure the response of
thickness on weighting potential and the electric field. The thicknesses used were 1, 10, 50, 100,
and 1000 um. The weighting potential was reduced 50% in the 50um case but dropped three orders
when the thickness increased to 100um and 1000um respectively. Even though vacuum and air
have the lowest dielectric values, 1 and 1.00059 respectively, they are not recommended to be used
in the first prototype because it will be very difficult to build the prototype using these dielectrics.
Kapton film is recommended for the first prototype since Kapton is readily available in the market.

The simulation showed that the shape of weighting potential for the collecting and non-collecting
electrodes across the detector depth does not change across the detector depth between proximity
electrodes and directly deposited electrodes. However, the shape of the weighting potential for the
collecting and non-collecting electrodes changes across the detector width because of the addition
of the aluminum ring in the proximity electrode case.
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Table 1: Detector Layers in Simulation Model

Layers from

. ) :
bottom to top Material Area (mm?) | Thickness (mm) Notes
1 Gold 19.4x19.4 0.035
2 CZT 19.4x19.4 5 CdznTe
3 Amorphous Indium
a-1GZ0 19.4x19.4 0.0001 Gallium Zinc Oxide
4 Kapton 19.4x19.4 0.05
> Aluminum 19.4x 1 0.0002 Ring around crystal
surface
6 Interdigitated electrode
Copper 194 x1 0.035 (Fig 3)
7 Teflon PCB* | 19.4x19.4 0.503 Teflon Printed Circut
Board

* Rogers 4350 PCB, a board made of Teflon that will help reduce the distortion in the electric field inside the

crystal.
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