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Abstract

Considerable interest has been generated recently
in the use of high-Z semiccnductors for x-ray spectros-
copy. To aid in this study, a Monte-Carlo computa-
tional mode) has been used to simulate x-ray spectral
response in semiconductor detectors. The model employs
one~dimensional charge collection in an arbitrary
aelectric field profile and includes trapping and elec-
tronics system effects. Spectra are calculated for
several materials, including Rgls and CdTe, and are
compared to experimental results.

Intraductian

Recent work)=7 on high-Z, ambient operating tem-
perature semiconductor detector materials, particularly
Hgl2 and CdTe, has indicated the importance that charge
transport and trapping effects will have in limiting
detector performance. The ambient temperature require-
ment impiies that the bandgap should be 2 1.5 eV to
reduce intrinsic detector noise to an acceptable level.
Since a general inverse dependence of mobility upon
bandgap oxicte,B limitations canged by low carrior
mobilities may be expected. A most useful figure of
merit for charge transport is the mean length before
trapping {Le or Lp) given by the product of the
mobility (u?. trapping time (r*) and electric field
(E). For example, in germanium at 77°K, Le == Lp =1
cm which 1s much greater than the detector length,

DL 2 2 cm, By way of contrast, measurements on Hgla
at 300°K (perpendicular to the natural cleavage plane)
indicate Lg =1 cm and Lp = 0.1 cm compared ta a
tyaical detector thickness of DL 2 0.1 cm. The com-
bl atton of low mobilities and short carrier lifetimes
results in trapping lengths comparable to detector
1engths and makes the prediction of detector system
performance nontrivial but may account for many
observed spectral effects in wide bandgap semi-
conductors.

Several analytical models9-11 have been described
to predict the effect of transport properties on spec-
tral peak shape and charge collection efficiency. The
analytical nature of these models gives one a feeling
for the relevant parameters and their effects; hawever,
they do not inctude nonanalytical electric field pro-
files, Compton absorption, x-ray and electron escape,
amplifier noise, and pulse shaping time-constant
effects on the total detector system spectral response.
This last effect, for example, is of major importance
tn Hglz where the transit time for holes parallel to
the ¢ axis across a one millimeter thick detector is
typically several microseconds. A Monte-Carlo computer
code was written that would accommodate the above
effects and predict x-ray and low energy x-ray spectra
for 8 given source. This model is useful for a variety
of applications such as the ability to predict the
upper uyseful size limit of a given crystal before it is
grown to that size by using the transpcrt properties

* This work performed under the auspices of the U.S.
Atomic Energy Commission.

measured on the best availcble small crystals. It is
also of assistance in understanding the effects on
spactral performance caused by dead Yayers, nonuniform
electric fields and polarization, trapping, detector
geometry, and electrenics system noise and time con-
stants. For well characterized materials such as ger-
manium, the code will be usef.l for optimizing the
detector geometry, source-detector orientation, and to
estimate photopeak detection i~ low count rate
situations.

Computational tidel

The model 1s naturaily divided into two major
parts. The first part is the enerdy (or charge)
deposition and the second part is the charge transport
and system electronics. This division is also computa-
tionally efficient since a given set of initial charge
distributions may be stored and used several times with
different transport and electronics paraneters. Desir-
able physical processes for the energy deposition part
include the photnolectric effect; fomptan scatrering,
pair production, ionization energy loss, fluorescence,
bremsstrahlung, knock-on electrons, and Auger electron
emmission, ETRAN and SANDYL2,13 are Monte-Carlo codes
that incorporate the above effects; they are currently
being adapted for use with the charge transport part of
the model. The preliminary results that follow use
only the photoelectric absorption process and do not
include electron escape. The range of photon energies
is such that the photoelectric cross sections are
approximately ten times that for Compton. In addition,
the assumption of point interactions and no electron
escape 1s a reasonable approximation in this energy
range.

The transport part of the model is one-dimensional.
The detector is divided into a series of slabs perpen-
dicular to the electric field. The spatial and tem-
poral history of the electron and hole charges in each
slab are followed separately until the charge reaches
an electrode or is completely trapped. The incremental
induced charge on the electrodes is followed temporally
for all charge graups. When all charge groups have
stopped drifting, the final signal, which is the induced
charge on the electrodes as a function of time, is com-
puted. Three basic approximations are made. First,

+ the inftial charge distribution is assumed to have a

negligible perturbation on the internal electric field
of the device. This is a good approximation for photon
energies less than a few MeV at typical spectrometer
count rates. Second, only single photon events are
allowed. Third, detrapping is not included in the
model. For most applications, the detrapping time is
much greater than the shaping time, thus the effect
is negligible.

Statistical fluctuations enter into the calcula-
tions in several places. First, the energy of the




|

%hoton is selected randomly fram the input spectrum
according to its weight. After the photon absorption
processes are complete, the entire resulting electron-
tole pair distribution is subjected to a Gaussian
fluctuation modified by a Fano factor. Each charge
group §s repeatedly allowed to drift an amount 4x, the
jmdependent variable. The elapsed time, the dependent
variable, is computed using the average electric field
and then the subsequent amount of trapped charge is
calculated and is subjected to a Gaussian fluctuation.

: The average amount of charge in the group in drifting

the amount Ax is used to calculate the incremental in-
duced signal. The incremental induced charge AQ_
induced on the detector capacitance by a charge g
soving along the electric field is given by

S
¥ aQ = g E(x)-3x [¢))

where ¥ 1s the potential across the detector. The
final charge pulse as a function of time is then multi-
plfed by a filter function to account for the integra-
tion and differentiation time constants. Finally, the
resulting peak signal is subjected to a Gaussian noise
fluctuation to simulate electronic noise sources.

Computed and Experimental Results

Inftial results were calculated for charge collec-
tion along_the ¢ axis in Hgiz. The mobilities usad,
ve = 96 cm2/V-sec and up = 3 cu/V-sec (denoted by UE
and UH in the computer generaced plots) are average
reporied vaiues.*-7 Tiw Lrapping Lines, i Seconds,

- for electrons and holes are denoted by TE and TH

respectively. In addition, the detector length in cm,
DL, and the detector btias in valts, V, are shown in the
plots. The alphanumeric ID line has the detector
material, the source spectrum, and the data filename
preceded by a sign which indicates the pplarity of the
electrode the source js incident upon. [f the file-
name is succeeded by an "E", a nonuniform electric
field was used. In Figures 1-7 and 11-12, the integrs-
tion and differention time constants are 1] = 19 = 3
wsec and the electronic noise is 1.5 keV FWHM referred
to Halo.
Figures 1-5 show the effect of changing only the
detector length, 0L, while hoiding the electric field
and a1l other parameters constant. The average
penetration depth (x} for the 52,54 keV x-ray after
normalization by the detector length is also shown in
the figures, The shoulder effect on the 59,54 keV
x-ray photopeak in Figure 2 has aiso been experimens
tally observed; the lower edge of the 59.54 keV photo~
peak at 44 keV is due to hole callection of the events
occurring near the anode and the upper edge at 60 keV
is due to electron cotlection of events near the
cathode. As the tnickness increases, the hole collec-
tion becomes increasingly worse until predominately
one-carrier collection prevails (Figure 5} where some
alectron trapping has caused downshifting of the phato-
peaks. Ffigure 4 includes an experimental spectrum on a
1.1 mm thick detector. The experiment peak at 31 keV
§s a fluorescent iodine escape peak and is not included
in the absorption processes or this model. The model
enly adds noise when an event is processed, 50 a strong
electroni:s noise tail is not expected in the computed

spectrum. The ener?€e? in keV and weights of the 241Am
source spectrum arel5»16 11,89 (.0117); 13.9 (.1783);
17.8 (.1932); 20.8 (.0446); 26.35 {.0371); 59.54 (.5351).
The major features in the computer generated plots are
the relative peak heights, the peak positions and

shapes, and the background below the peaks. All the
figures are based on 50,000 absorbed photons.

The degradation of resolution caused by hole trap-
ping in Figure 4 is emphasized by keeping ail the para-
meters of Figure 4 constant and moving the source from
the cathode to the anode. The resulting spectrum in
figure 6 is even a little optimistic compared to experi-
mental results; tne lower edge of the 59.54 keV . »io-
peak at 6 keY is usually not seen experimentally.

Peaking of the electric field near the cathode in
Hgl2 1s suspected from photoconductivity observa-
tions,4,14 Contact work function effects and the ion-
ization of traps are likely explanations of the non-
uniform electric fields. Recent measurements at our
laboratory indicate substantial device polarization

- from distributed trap jonizatian in Hglp. Figure 7(57Co}

shows that a substantial background and low ensrgy
noise-like tail are the major effects of a linearly
decreasing electric field. The energies in keY and
weights of the 57Co source arel5,16 14,36 (.€397);
121.97 (.8087); 136.33 {.1016). The counting efficiency
on the 121.97 keV photopeak has been greatly reduced ty
the nonuniform field since signal contribution from
holes 1s greatly reduced. The electric field orofile
i$ intended to be a simple hypothetical case. Real
electric field profiles might be expected to de some-
what parabolic with abrupt slope changes near the
contacts.

Simulation of high anergy perfomance has ot yot
teen done. However, detector D19, which is well behaved
and characterized in terms of agreement with calculated
spectra {as in Figure 4}, has been used to measure
higher energy x-rays. Figure 8 shows the effact of
incrgasing photon engrgy on resolucion. Figgre 9 shows
the performance of 019 (1.1 mm thick) for 13:Cs. The
large low-energy tail is due to 2lectron and Compton
escape. The photopeak takes on the shape of a sheif
which 1s to be expected for single-carrier collection
when the total volume is uniformiy irradiated.

Figure 10 shows the combined spectrum of 57Co and
241pm, weighted 2:1 respectively, for CdTe with a non-
uniform electric field. ‘he field profile is shown
schematically in the figure; the contact regions are
effectively dead layers. The simulated dead layers are
75 um thick and are created by using a weak fieid
region with 0.1 Y/cm. The detector and electronic
noise was 1020 rms electrons (10 keV FWHM) ang Ty =
™ = 0.1 usec. Only a rough comparison is intended
between the experimental and computed spectira of Figure
10. The real detector has a planar contact and an
opposite point contact geometry and the model imolies a
planar-planar contact geometry with its one-dimensional
charge colleztion. If two-dimensional charge collec-
tion were employed in the model, then the ccTputed
peak~to-valley ratios would decrease and resemble the
experimental values more closely.

Thus far, performance results for Hgl2 and CdTe
for high energy photons is discouraging., The question
is raised as to whetner any high-Z semjconductor is of
interest as a detector material. After a cursory exam-
ination of the known properties of binary semicon-
ductors, one can speculate the existence of a material
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wost suitable for.high-Z photon detection. The bandgap
should be reasonabiy low to allow for the highest mobil-
1ties, but still greater than 1.5 eV to allow amtient
operation. We have considered a hypothetically plausi-
ble material called Idealium with a bandgap of 1.7 ey,
Ke * 500 cm2/v-sec, pp = 100 cm2/V-sec, 1§ = Tf = 1
psec, and an effective Z similar to Holp, The simu-
lated spectra of 57Co with an Idealium detector are
shown in Figures 11 and 12. Figure 11 is dominated by
electron transport and looks fairly reasonable.

Figure 12 is dominated by hole transport and shows con~

* siderably worse performance. For Idealium, Lg = 5 om,

Lp = 1 cm, and OL = 0.5 cm; thus, the problem of marginal
two-carrier collectior is very much evident in spite of
its optimistic transport properties.

Conclusions

Evaluation of high-Z semiconductors as spectro-
meters {s difficult and uncertain in terms of determin-
ing &ctual performance limitations. To facilitate
doing this, a detector x-ray spectrum simulation model
has been developed and used to estimate transport pro-
perties by curve fitting, predict the performance of
new materials, and optimize detector system performance
for existing materials. The computed and experimental
results indicate that where marginally lcw trapping
Tengths and/or mobilities prevail, a detector employing
predominantly one-carrier collection may give the best
results for certain photon energies. Under these cir-
cumstances, the results indicate that there may be non-
orthodox approaches to making the detectors ucsable for
some applications. The future for detection at higher
photon energies ic less clear cince the rolative
penetration is deeper. This resylts in the necessity
of efficient two-carrier collection as well as homoge-
neous transport properties.
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