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Abstract

A summary is presented of the present status of several compound semiconductor radiation detectors, including
detectors fabricated from GaAs, Hgl,, CdTe, Cd, _,Zn,Te and Pbl,.

1. Introduction

In 1945, Van Heerden successfully fabricated solid-
state radiation conductivity counters, in which he de-
scribes the detection of alpha particles and gamma rays
with AgCl crystals in his thesis “The Crystal Counter”
[1]. The exciting results of Van Heerden’s work gave rise
to an entirely new class of radiation detector, now com-
monly referred to as semiconductor detectors. Two of the
first extensive reviews on semiconductor detectors (or
“crystal conductivity counters”) were presented in 1949
by Hofstadter [2,3] and in 1952 by Chynoweth [4]. The
fundamental operation of the devices is described, as well
as familiar difficulties such as space-charge fields and
charge carrier trapping. Due to the difficult problems
imposed on the operation of semiconductor detectors by
charge carrier trapping and space-charge accumulation,
semiconductor detectors were viewed with some skepti-
cism, in which it was thought that they would offer little
advantage over scintillation detectors [4,5]. The great
success of high-purity Ge and Si radiation spectrometers
overcame the skepticism [ 6], yet charge carrier trapping,
space-charge accumulation and polarization are indeed
still significant issues for compound semiconductors.
Nevertheless, the unique material properties of several
compound semiconductors render them attractive in
radiation detector applications for situations where Ge
and Si are unsuitable.

Room-temperature operation, for instance, requires
that the semiconductor band gap energy be appropriate-
ly large to reduce thermally generated leakage currents.
High-resolution radiation spectroscopy requires a small
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band gap energy to ensure a low average ionization
energy (g), hence increasing the number of charge carriers
excited for specific ionizing radiation energies while re-
ducing resolution degradation from statistical fluctu-
ations [7]. Photoelectric interactions in the detecting
material are preferred for gamma ray spectroscopy;
hence, compound semiconductors for efficient gamma
ray spectroscopy should be composed of high Z materials
[7.8]. Additionally, high gamma ray interaction efficiency
demands that high-quality material be available in large
volume. Charged particle detectors for use in a high
gamma ray environment are best composed of low Z ma-
terials in order to reduce background gamma ray interac-
tions. High carrier mobilities and long carrier mean free
drift times (t*) are advantageous for high-resolution radi-
ation spectroscopy [9-12], although short carrier mean
free drift times are often desired for high-speed timing
measurements [ 13]. High charge carrier mobility is desir-
able for situations requiring low detector operating volt-
ages and short electronic shaping times. Ultimately,
a semiconductor should be chosen according to the ma-
terial and electrical properties that best match the par-
ticular radiation measurement to be performed.

The compound semiconductors generally of interest
for room-temperature operation have band gap energies
between 1.35 and 2.55eV [14-17], although not all of
these compound semiconductors are readily available
due to either growth difficulties, handling issues or econ-
omics. Several compound semiconductors that have ob-
vious advantages for specific applications are simply not
available. As a result, the most generally promising and
available materials receive much more attention than
many other interesting compound semiconductors.
A comparison of the properties of several compound
semiconductor materials and detectors is presented in
Table 1. Fig. 1 illustrates a few compound semiconduc-
tors at various stages of detector fabrication. Presently,

0168-9002/97/517.00 © 1997 Elsevier Science B.V. All rights reserved

PII S0168-9002(97)00620-7

IV. DETECTOR MATERIALS



102

Table 1

Properties of semiconductor detectors and materials
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the compound semiconductors receiving most attention
for radiation detector applications are GaAs, Hgl,,
CdTe and most recently Cd, —,Zn,Te. In the following
sections, developments in the progress of compound
semiconductor radiation detectors, in the past and more
recently, are described in more detail.

2. Generating operation

The operating environment and type of radiation a de-
vice is to detect predetermines the semiconductor that
should be utilized Gamma ray energy absorption
through the photoelectric process is strongly dependent
on the atomic number of the detector material, since the
photoelectric absorption coefficient is proportional to
Z*75 [7]. As a result, it is generally the atomic density of
the highest atomic number element in the material that
determines the gamma ray absorption efficiency, not the
average atomic number of the material. For instance, InP
and GaAs both have an average atomic number of 32;
however, gamma ray photoelectric absorption in InP is
higher than in GaAs since the atomic number of In (49) is
much higher than that of Ga (31) or As (33). Since the
photoelectric effect is preferred over Compton scattering
as a mechanism for absorbing gamma ray energy, mater-
ials with high Z numbers are preferred for gamma ray
detection. In a very different case, in which energetic
charged particles are to be measured in a high gamma
ray environment, low Z materials (such as silicon) may be
preferred in order to reduce background noise from
gamma ray interactions. In some circumstances, low
atomic number semiconductor materials may be prefer-
red for beta particle measurements since backscattering
is lower for low Z materials than that of relatively high
Z materials.

The leakage current of a semiconductor radiation de-
tector is primarily determined by the band gap energy of
the material and the device structure. The intrinsic car-
rier concentration for a semiconductor is proportional to
¢ E/*T) where E, is the energy of the band gap, k is
Boltzmann’s constant and T is the absolute temperature
[18]. Semiconductors with small band gap energies,
(such as Ge), must be cooled to reduce the carrier concen-
trations to acceptably low noise levels. Semiconductors
with relatively large band gap energies can often be
operated at room temperature and, in some cases, at
elevated temperatures. However, a material that has
a wide band gap may still have a relatively high free
carrier concentration if the material is contaminated with
a high concentration of electrically active impurities.
Generally, detectors manufactured from materials with
low to moderate band gap energies (1.12-1.45eV) are
fabricated with rectifying contacts to reduce leakage cur-
rent. Semiconductor materials can also be developed
with deep energy levels in the material to compensate
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Fig. 1. An assortment of compound semiconductor materials at various stages of detector processing and fabrication. Shown are

samples of Hgl,, CdZnTe, GaAs and Pbl,.

shallow impurity levels, thereby producing very high
resistivity material. Unfortunately, the introduction of
deep or shallow energy levels into a semiconductor can
have adverse effects on the charge carrier mean free drift
times and the internal electric field.

A planar semiconductor detector is operated by ap-
plying a voltage across contacts on opposite sides of the
device. Ionizing radiation (for instance, gamma rays or
charged particles) absorbed in the material excites elec-
tron-hole pairs in proportion to the energy deposited in
the detector (Fig. 2). These free charges then drift through
the applied electric field, creating an induced charge at
the terminals of the device proportional to the distance
traveled by the charge carriers (both electrons and holes)
through the applied electric field. It is this induced charge
that is measured to determine the energy of the absorbed
radiation. The general relationship for the change in

induced charge at the detector contacts is described by
the Shockley-Ramo theorem [19,20], in which

.o ,
do* = o dx, (1)
where Q* is the induced charged, N, is the initial number
of electron—hole pairs, and W is the detector width. In
a detector fabricated from very pure, trap-free semicon-
ductor material, full charge carrier collection at the elec-
trodes is possible and the total induced charge is simply
Q* = gN,. Unfortunately, this is generally not the case
with most compound semiconductors, and the effect of
charge carrier loss from trapping must be taken into
account. Hecht's relation [21] describes the effect of
charge carrier transport in a uniform field, assuming that
the charge carrier velocities and the mean free drift

lengths of the charge carriers can be defined by single
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gamma

Fig. 2. Basic planar detector operation, in which charge carriers
excited at location x by a quantum of radiation are separated by
an electric field and swept to opposite contacts of the device. If
all of the charge carriers, both electrons (e-) and holes (h +), are
swept to the contacts, the process is referred to as “full charge
collection”. Yet, the signal measured is from the induced charge
produced by the motion of the charge carriers as they move
through the electric field, and not the charge of the “collected”
electrons and holes.

values. The induced charge measured as a function of the
interaction location in a planar detector becomes [9-12]

0 N Ve Th q —x
=q! —ex
qiNg W p s
VeTd (x—W)
+ W (l—exp |:~———v e :|>:|, 2)

where v is the charge carrier velocity, t* is the charge
carrier mean free drift time, x represents the location
between the parallel contacts of the initial radiation in-
teraction, and the ¢ and h subscripts refer to electrons
and holes, respectively. The induced charge for a single
event is then dependent on the interaction position and
the ratio vi*/W (referred to elsewhere as the carrier
extraction factor [12]), and the resulting energy resolu-
tion can be significantly degraded if one (or both) of the
charge carrier mean free drift times (electrons or holes) is
relatively short [9-12]. The induced charge varies with
detector shape and contact geometry [10,19,22] and al-
ternative detector configurations to the simple planar
design can help to improve detector energy resolution
[7,23]. Electronic noise contributions [24,25] and series
resistance [26—29] can also play a major part in reducing
detector spectroscopic performance. Statistical fluctu-
ations in the number of charge carriers excited per ioniz-
ing event ultimately limits the highest achievable energy

resolution, as described by [7]
Rewnwm = 24/2 In(2)¢EF, (3)

where Rewny 18 the FWHM energy resolution, ¢ is the
average ionization energy, E is the gamma ray energy,
and F is the Fano factor [30].

3. GaAs detectors

Gallium arsenide (GaAs) has been studied as a radi-
ation detector material since the early 1960s [31,32] and
was the first compound semiconductor to demonstrate
high resolution for gamma rays at room temperature
(RT) [33—-41]. Material development for GaAs radiation
detectors has been slow, although there has been a surge
of interest over the last few years [42]. GaAs has a cubic,
zincblende crystal structure with atomic numbers of 31
and 33, hence the relative gamma ray photoelectric inter-
action probability is similar to Ge. GaAs has many
promising features, including a moderately wide band
gap (1.424 eV) and relatively high charge carrier mobili-
ties. Additionally, GaAs device and fabrication technolo-
gies have matured significantly since the early 1960s as
a direct result of efforts in the VLSI industry.

High-resolution GaAs radiation spectrometers have
been fabricated primarily from relatively thick, high-pu-
rity, liquid-phase epitaxial (LPE) GaAs [35,36,38,43,44].
The LPE layers described in the literature [ 35,36,38,43]
were grown on n-type low resistivity substrates, and the
LPE layers were n-type with impurity concentrations
ranging between 6 x 10'2/cm?® and 2 x 10*4/cm?. In all
cases, the detector structures utilized evaporated Au or
Pd Schottky barrier blocking contacts, between 1.5 and
3 mm in diameter, to reduce leakage current. The n-type
substrates were contacted by either evaporated Al or
a low resistance Ga—In eutectic alloyed to the substrate.
Schottky barrier GaAs LPE detectors have demon-
strated RT resolution of 20-24 keV FWHM for 5.5 MeV
alpha particles [ 35,36,38]. Detectors tested by Eberhardt
et al. [33-35] were between 60 and 80 pm thick with
energy resolution at 22°C of 2.6 keV FHWM for 122 keV
gamma rays. Similar results were reported by Gibbons
and Howes [38] and Kobayashi et al. [36]. More
recently, 200 um thick LPE detectors have been pre-
pared by Alexiev and Butcher [43] with RT energy
resolution of 2.35 for 59.5 keV gamma rays. An alterna-
tive structure reported by Lauter et al. [45] utilizes
a molecular beam epitaxially (MBE) grown p-Al-
GaAs/GaAs staircase multiplier structure coupled
to a 4.5 um thick MBE-grown GaAs absorption region.
While the thin device design ultimately compromises
gamma ray interaction efficiency, the device demon-
strated RT energy resolution of 1.4keV FWHM for
17.8 keV gamma rays.
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Overall, recent LPE GaAs gamma ray detectors have
increased in thickness while retaining high-energy resolu-
tion at room temperature, thus demonstrating their po-
tential for room temperature X-ray and low-energy
gamma ray spectrometers. Epitaxial GaAs detectors re-
main primarily experimental, however, in that the devices
are difficult to reproduce and are still relatively small in
volume, resulting in expensive detectors with Jow gamma
ray interaction efficiency. Commercial application of epi-
taxial GaAs high-resolution X-ray and low-energy gamma
ray spectrometers can become a reality when improved
epitaxial growth methods are realized that increase both
surface area and thickness while retaining the high mater-
ial quality characteristic of LPE growth at a reduced cost.

Such stringent demands on GaAs epitaxial growth
have led many researchers to investigate bulk-grown,
semi-insulating (SI) GaAs as a room-temperature radi-
ation detector [42]. Undoped SI bulk GaAs is compen-
sated through a careful balance between native deep-level
donors (denoted EL2 [46]) and shallow acceptor and
donor impurities [47,48]. The resistivity of compensated
SI bulk GaAs, generally between 107 and 10% Q cm, is
still not high enough to reduce the leakage current for
high-resolution RT spectroscopy. To reduce the leakage
current, diode detector designs are often employed, in
which the basic device structures generally consist of
a blocking contact and a low resistivity contact (often
referred to as an “ohmic contact™) on opposite sides of
a GaAs substrate. On bulk SI GaAs material, the block-
ing contact is generally a Schottky barrier, a diffused
p-type barrier, or an epitaxially grown p-type barrier.
Device construction has matured to the extent that
Schottky barrier blocking contacts are fabricated with
room-temperature leakage current densities less than
10 nA/mm? during high-voltage operation [49]. Doped
p-type AlGaAs blocking barrier detectors demonstrate
potentially lower leakage current densities than Schottky
barrier detectors [49]. Under reverse bias, the electric
field in undoped SI bulk GaAs diode detectors is separ-
ated into high and low field regions, where the high field
region is adjacent to the blocking Schottky contact
[32,42,50-55]. Numerous experimental techniques have
been employed over the past few years to measure the
dependence of the unique high field region as a function
of bias voltage. These include charged particle probing
[50,53], optical transmission [51,52], optical excitation
[32,55], electron beam excitation [54] and direct contact
probing [51,52]. The general indication is that the high
field region is fairly constant in magnitude (flat field),
indicating relatively low net space charge, and the active
region width increases as a linear function of applied
reverse bias voltage, requiring 1-2 V per micron of thick-
ness of the active region. There is some indication that
the electron capture cross section of the EL2 deep donor
increases with increasing electric field [56—58], and mod-
els taking this phenomenon into account [53,59-61]

simulate the observed electric field distribution [32,51,52].
In general, space-charge contributions from the compen-
sating deep levels are thought to be the cause of the
unusual active region dependence, and several models
have been proposed which take the role of the EL2 deep
donor defect charge state into account [50,53,59-63].

The performance of bulk GaAs gamma ray and
charged particle spectrometers has consistently improved
over the past few years, primarily due to improvements
with both bulk GaAs material properties and detector
fabrication processes. Schottky barrier detectors fab-
ricated from SI bulk GaAs routinely demonstrate RT
energy resolution of 140keV FWHM or lower for
5.5MeV alpha particles [53,64,65]. Reduced temper-
ature (— 10°C) energy resolution for a 300 um thick bulk
GaAs detector, reported by Holland et al. [66],is 9.2 keV
FWHM for 122 keV gamma rays, and reduced temper-
ature (— 30°C) energy resolution for a 100 um micron
thick bulk GaAs detector reported by Bertuccio et al.
[67]1s 2.1 keV FWHM for 60 keV gamma rays. Doped
p-type barrier and p-AlGaAs barrier detectors 400 um
thick have demonstrated RT energy resolution between
16.5 and 21.5keV FWHM for 122 keV gamma rays
[49,51]. Small area (0.5 mm?) bulk GaAs devices have
demonstrated relatively good energy resolution at RT for
130 um thick devices [49]. The best device demonstrated
RT energy resolution of 8.05keV FWHM for 60 keV
gamma rays and 8.83 keV FWHM for 122 keV gamma
rays (Fig. 3).

Ultimately, high-quality epitaxial GaAs gamma ray
spectrometers are limited by available material volume,
and the performance of bulk GaAs radiation spectro-
meters is limited by short carrier mean free drift times.
The charge collection efficiency for SI bulk GaAs was
observed to improve as resistivity (and presumably deep
donor EL27™ concentrations) decreased [68]. Attempts to
reduce deep-level traps and impurity concentrations in
bulk GaAs through zone refining and zone leveling have
thus far failed to produce radiation spectrometers of
reasonable quality [49]. Nevertheless, other applications
for bulk GaAs radiation detection devices have been
reported, including particle detection for high-energy
physics [69-74], radiation dose monitoring through nu-
clear displacement [75], pixel arrays for X-ray imaging
[76], pixel arrays for thermal neutron imaging [77] and
high-speed radiation pulse detection [78—84].

4. Hgl, detectors

Mercuric iodide (Hgl,) has been investigated as
a room-temperature gamma ray detector since the early
1970s [85-92]. Hgl, has atomic numbers of 80 and 53,
with a volume density of 6.4 g/cm®. Hgl, (x-phase) has
recorded charge carrier mobilities of 4 cm?/V s for holes
and 100 cm?/V's for electrons [92], thus a substantial
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Fig. 3. Room temperature gamma ray spectra (21°C) taken with a 130 um thick bulk SI GaAs radiation detector. The detector area is
0.5 mm?, and the operating voltage is 400 volts. Shown are spectra from (a) 59.5 keV 2*' Am gamma rays and (b) 122 keV *’Co gamma

rays.

voltage is generally required to ensure acceptably high
charge carrier collection. Hgl, has a measured average
ionization energy of 4.42 eV/e—h pair, and a measured
Fano factor of 0.19 [93]. Due to the large atomic number
of Hg (80), the photoelectric effect is the predominant
means by which gamma rays interact in Hgl, for energies
up to 400 keV [87]. Hgl, detectors can be relatively
smaller than Ge, GaAs, CdTe or CdZnTe detectors for
a required gamma ray efficiency. For instance, 2 mm
thick Hgl, detectors will have a photoelectric absorption
efficiency for 140 keV gamma rays comparable with

4.2mm thick CdTe or CdZnTe detectors and 1.9 cm
thick Ge or GaAs detectors.

Hgl, forms in a tetragonal lattice at temperatures
below 130°C, appearing red in color (x phase) with
a band gap energy of 2.13eV [94,95]. Red Hgl, is
a layered crystal with cleavage planes parallel to the
(00 1) planes. At temperatures above 130°C, Hgl, under-
goes a phase transformation to an orthorhombic lattice
(B-phase), appearing yellow in color with a band gap of
2.5eV. Red Hgl, will change to the B-phase when heated
above 130°C, and will change destructively back to the
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a-phase when cooled below 130°C. As a result, Hgl,
detectors are usually operated in environments that
allow the crystal temperature to remain well below
130°C.

Hgl, solution growth was the first method to produce
Hgl, crystals for detectors, and solution-grown devices
have demonstrated some gamma ray spectroscopic per-
formance [96-98]. The crystals were seeded from a single
crystal of a-Hgl, in which the large Hgl, crystal was
grown from a solution of DMSO/MeOH (dimethylsul-
foxide/methanol) or DMSO/EA (dimethylsulfoxide/ethyl
acetate) saturated with Hgl, and maintained at a temper-
ature between 25°C and 40°C, as described by Nicolau
and Joly [96]. The resulting material was optically clear
and had relatively low dislocation densities. Radiation
detectors (0.5 mm thick) fabricated from the solution
grown material demonstrated RT gamma ray energy
resolution of 2.3 keV FWHM for 59.5 keV gamma rays
and 6 keV FWHM for 122 keV gamma rays.

Due to impurity and solvent inclusions commonly
found with solution grown Hgl,, vapor-phase processes
remain the preferred growth method for Hgl,. Two dis-
tinct methods of vapor growth are the vertical ampoule
method and the horizontal method. The vertical method
uses an arrangement similar to the temperature oscilla-
tion method originally developed by Scholz [99], and the
method allows the growth of large Hgl, crystals
[100-103]. Briefly described, Hgl, that has been vapor
purified [104] is vacuum sealed into an ampoule. The
Hgl, material is first heated so that it accumulates at the
top of the ampoule. A cold finger is brought into close
contact with the ampoule base pedestal, thus providing
the required temperature gradient for nucleation and
growth. There are three main thermal elements to con-
trol: the cold finger, the base heating element and the
axial heating element. Once a perfect single crystal is
nucleated at the pedestal, the temperature gradient be-
tween the source and the seed is kept high enough to
sustain a constant rate of growth. A seed crystal is gener-
ally not used for the growth process. High-quality Hgl,
single crystals between 250 g and 1 kg can be produced
within several weeks. Figs. 4 and 5 show a typical ar-
rangement for vertical ampoule vapor-phase growth of
Hegl,.

Horizontal vapor-phase growth is performed by in-
serting a vacuum-sealed ampoule with purified Hgl, into
a horizontal furnace [100,105-107]. There are two basic
horizontal growth methods: horizontal growth for the
formation of a single crystal in an ampoule [101], and
horizontal platelet growth in which multiple crystals are
formed. In platelet growth, a temperature gradient is
sustained along the length of the ampoule such that
numerous small Hgl, platelets grow in an optimum
growth location. The horizontal method provides
a means to rapidly produce numerous, but small, spec-
trometer-grade Hgl, crystals. Hgl, crystals grown in the

Axial Bell
heating Sealed jar
coil growth
A ampoule
P Hgl, source
material
N
120°c
Z ; ST
3 v
T [~
: L/ \ |
: / N
E / Hgl, crystal ™
™
ol VI
150°C
Temp>
Base
Axial Cold heating
Temp finger coil
Control
=== o
Base g_ 150°C
Temp o
Control = 1ns¢

Ampoule cross section

Fig. 4. Schematic drawing of a vapor-phase vertical crystal
growth ampoule and heater arrangement used for the growth of
bulk Hgl,.

microgravity environment of space demonstrated electri-
cal characteristics superior to ground-based growth sam-
ples [108-110]. The improvements are believed to be
partially due to the absence of convection currents
(which also permitted an increased growth rate), and the
absence of gravitational influence on crystal slip planes.

Hgl, detectors are generally prepared from bulk crys-
tals by cleaving samples perpendicular to the c-axis.
A thin blade is often used to separate crystal planes;
however, much skill and care must be exercised to pro-
duce the high-quality surfaces necessary for good spec-
trometer performance. String sawing with a 25% KI in
water-etch solution and abrasive slurry wire cutting are
also used [111]. Chemical lapping is performed primarily
with 20% KI in water solution on felt lapping wheels.
Samples are generally etched in a KI solution before
contacts are applied. Hgl, is a soft crystal that reacts
with numerous metals, hence detector contact material
selection is limited. Presently, the most commonly used
contact materials are colloidal carbon (Aquadag) and Pd.
Thermal evaporation of Pd allows for simple electrode
patterning; however, substantial sublimation of the Hgl,
can occur in the evacuated environment, especially
during radiant heating by the molten source, if proper
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Fig. 5. Photograph of bulk Hgl, being grown by vapor-phase
transport in a vertical crystal growth ampoule.

precautions are not taken. The detectors are connected to
supporting electronics with Pt wires. The exposed surfa-
ces of Hgl, detectors also tend to decompose over time,
a process that can be substantially retarded to negligible
levels by encapsulating the finished detectors in parylene.

Charge carrier trapping and space-charge polarization
have long been issues with Hgl, radiation detectors
[112-119]. Polarization, an effect that causes a progress-
ive change in observed pulse height with time, is believed
to be the result of accumulating space charge in the
material. Native defects and space charge, impurity diffu-
sion (or drift), processing damage and contamination (or
a combination of all of these) have some influence on
polarization effects. Devices often perform best after

a voltage bias has been applied for a considerable period
of time [117], and the gamma-ray energy resolution
improves dramatically over a period of several days. The
problem of polarization has reportedly been reduced
through improved material processing and encapsula-
tion techniques [112].

Planar detectors fabricated from large, bulk-grown
Hgl, crystals have demonstrated room temperature
gamma-ray energy resolution below 16 keV FWHM at
662 keV for devices up to 2.2 mm thick with contact
areas up to 3.5 cm? [120,121]. Small planar devices fab-
ricated from small platelet-grown Hgl, also have very
high room temperature energy resolution. The electronic
and thermal noise of small Hgl, devices are low enough
that the detectors can be used for low-energy gamma-ray
and X-ray fluorescence spectroscopy [122]. Fig. 6 shows
a room-temperature 2*'Am gamma-ray spectrum taken
with a 700 pm thick Hgl, detector, with a measured RT
energy resolution of 1.9keV FWHM for 59.5 keV
gamma rays. Thick planar devices are affected by posi-
tion-dependent charge collection and resolution de-
grades as a result, but alternative detector designs have
shown improved results. The spectroscopic performance
of circular drift detectors and coplanar detectors have
been compared. While both have demonstrated im-
proved resolution over simple planar designs, a drift
detector composed of concentric electrode rings demon-
strated better energy resolution than the coplanar design.
Reported room-temperature energy resolutions were
3.2keV FWHM for 122 keV gamma rays and 5.96 keV
FWHM for 662 keV gamma rays [123]. Fast neutron
irradiation tests performed on a few Hgl, detectors in-
dicated that the material demonstrated only minor cha-
nges in resolution at fluences up to 10'° n/cm? [124].
However, the resolution was poor to begin with for
charged particles, with reported resolutions between 5%
and 20% FWHM for various proton and alpha particle
energies, and activation became apparent with the obser-
vation of increased gamma ray background.

CsI(Tl) is an attractive scintillation material with
a higher light output than Nal(Tl); unfortunately, the
response of typical bialkali photomultiplier tubes does
not match well the emission spectrum of CsI(Tl). Hgl,
photodetectors have very high photocurrent response for
photons with wavelengths near 585 nm, which matches
well to the peak emission spectrum of CsI{T1) [125-128],
and Hgl, detectors have been demonstrated as viable
detectors for compact scintillator radiation detection sys-
tems [125,126,128-135]. The electrodes on the detectors
must be transparent for best performance, and the choice
of transparent electrodes has been shown to affect the
observed quantum efficiency of the Hgl, device [131].
Markakis [129] reports a RT energy resolution of
33keV FWHM for 663 keV gamma rays with a 1in.
diameter x 1 in. thick CsI(T1) scintillator coupled to
a 1in. diameter x 2 mm thick Hgl, detector (see Fig. 7).
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Other CsI{T1)/Hgl, devices have attained similar resolu-
tions [130-135]; Wang [132] reports a RT energy res-
olution of 42.6 keV FWHM for 1.332 MeV gamma rays
with a 0.5 in. diameter Hgl, detector coupled to a 0.5 in.
diameter x 0.5 in. thick CsI(Tl) scintillator.

Hgl, detectors have been used for various room tem-
perature applications, including X-ray and gamma ray

500 600 700 800 900

CHANNEL

thick Hgl, photodetector coupled with a 1in. diameter x 1 in. thick

imaging [136—144], medical instrumentation [145-147],
X-ray astronomy and space applications [148—151], en-
ergetic neutron recoil detection [152], Pu monitoring
[153], and X-ray fluorescence spectroscopy [154]. Hgl,
detectors are commercially available, as well as several
instruments that utilize Hgl, detectors for radiation sens-
ing and spectroscopy.

1V. DETECTOR MATERIALS
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5. CdTe detectors

Cadmium telluride (CdTe) has been investigated as
a room-temperature gamma-ray detector since the mid-
1960s [155-159], and various detailed review articles
cover CdTe material and detector performance [23,
160-165]. CdTe has a cubic, zincblende crystal structure
with atomic numbers of 48 and 52, and a volume density
of 6.06 g/cm>® [160]. Charge carrier mobilities are
80 cm?/V s for holes and 1000 cm?/V s for electrons, and
the average ionization energy is 4.43 ¢V/e—h pair [23].
Photoelectric absorption is the dominant gamma-ray
interaction mechanism in CdTe for energies up to ap-
proximately 260 keV [87].

Details of CdTe crystal growth, using a number of
different methods [161-171], are described extensively in
the literature [162-164]. Vertical zone melt growth of
CdTe ingots has yielded relatively large single crystals
(see Ref. [163]), and recent results by Chang et al. indi-
cate that fairly high resistivity ingots with low-etch pit
densities can be grown [171]. Variations of Bridgman
growth produced large ingots of CdTe (see Ref.
[163,164]); however the material is generally less suitable
for gamma-ray spectrometers due to background impu-
rity inclusions during the growth process. Indium doped,
vertical Bridgman grown CdTe material has showna RT
energy resolution 43 keV FWHM for 662 keV gamma
rays [172] for small devices. The traveling heater method
(THM) is more commonly used for growing detector
grade CdTe for several reasons including lower growth
temperatures, reduced impurity concentrations, and
lower defect concentrations than Bridgman techniques
[164,165]. THM CdTe material is usually CI doped to
compensate background impurities and native defect
states, thus increasing the material resistivity [166,167,
173-177]. Although good spectroscopic resolution can
be observed from detectors fabricated with CdTe:Cl
material, trapping and non-uniformities in the electrical
properties of THM CdTe: Cl material generally restrict
detector dimensions to relatively small sizes.

CdTe detectors are generally fabricated by first slicing
and lapping samples to appropriate dimensions. Final
alumina lapping abrasive particle sizes range between 0.1
and 0.3 um [178-181]. The surfaces can be polished
chemomechanically with a bromine/methanol solution,
in which there is some indication that the etch rate is
linear with respect to the bromine concentration [180].
Riedinger et al. [180] report that the best chemo-
mechanical polishing results are achieved when the
etchant products are effectively removed from the sur-
face, which is apparently achieved with low bromine
concentrations and relatively high polishing speeds. Al-
though several etchants have been documented [164],
samples are usually etched with a bromine/methanol
solution before contacts are applied [164,178,179], usu-
ally ranging anywhere between 2% and 5% bromine

solution. Kohiki et al. [181] describe a process to im-
prove the cleanliness of bromine/methanol etched CdTe
surfaces, in which oxygen and argon bombardment of the
surface is followed by thermal treatments.

Good ohmic contact formation on CdTe is generally
performed with electroless deposition, in which noble
metal salt solutions of AuCl;, AgNO;, and PtCl, have
been used [161,162,164]. Apparently, the electroless
noble metal salt solution etches the CdTe surface, and
this is immediately followed by the redeposition of sev-
eral layers in which both Cl and the noble metals are
present [ 164]. Auger studies conducted by Hage-Ali and
Siffert on CdTe [164] and by the authors on CdZnTe
have shown that Cl incorporation can reach beyond
0.5 pm into the surface after PtCl, or AuCl; deposition.
Contact annealing studies performed by Mergui et al.
[182] indicate that some improvement in detector perfor-
mance can be achieved through contact annealing. P-n
and p-i-n junction detectors have also been formed
through ion implantation [164,183], indium diffusion
[164,184,185] and LPE growth [186,187], all with vary-
ing degrees of success.

Depletion layer studies on semi-insulating CdTe de-
tectors indicate that non-uniform electric fields are pres-
ent in some devices [ 188—190]. In some cases, the electric
field did not extend completely across the device until
appreciable voltage was applied. The non-uniform elec-
tric fields may be a consequence of single carrier injection
or space charge polarization. Polarization can be a severe
problem with CdTe devices if proper device processing
techniques are not practiced [23,188,191,192]. Low resis-
tivity detectors tend to suffer polarization effects less than
high resistivity devices [160], and the problem can be
reduced by using indium doped or low resistivity mater-
ial. Ilumination with infrared light [193] and various
contact configurations [167,194] have reportedly helped
to reduce polarization. Radiation-induced spectral cha-
nges have also been reported [191,195,196], in which the
leakage current and temperature appear to have an effect
on the degree of polarization [196]. Taguchi et al. [195]
report observations of severely polarized detectors show-
ing recovery after annealing at elevated temperatures
(670 K).

CdTe detectors generally suffer from poor hole collec-
tion, hence resolution for large devices is degraded by
position-dependent charge collection. Nevertheless, the
literature is replete with examples of excellent RT
gamma-ray energy resolution for small devices, generally
1-2 mm thick, with RT resolution as low as 1.7 keV
FWHM for 59.5 keV gamma rays and 20 keV FWHM
for 662keV gamma rays (see for examples [5,23,
197,198]). Cooled devices demonstrate improved resolu-
tion [199], and recent results with compact thermoelec-
trically cooled CdTe detectors have shown gamma-ray
energy resolution of 1.3 keV FWHM at 59.6 keV, 1.7 keV
FWHM at 122 keV and 13 keV FWHM at 662 keV [200].
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300 pum thick p—i—n detectors reported by Khusainov had
energy resolution of 1.9 keV FWHM for 122 keV gamma
rays, and 6.8 keV FWHM for 662 keV gamma rays, both
at an operating temperature of —35°C [185]. Detectors
with epitaxially formed HgCdTe contacts have also
shown promising results [186,187], in which Ryan et al.
[187] report RT energy resolution of 10.25 keV FWHM
at 122 keV for 2 mm thick devices. The implanted junc-
tion detectors described by Cornet et al. [183] demon-
strated RT energy resolution of 23 keV FWHM for
241Am 5.5 MeV alpha particles.

CdTe detectors have been used as thermal neutron
detectors in which prompt gamma ray emissions from
the 113Cd(n, y)!1#Cd reaction were observed [201-203].
The thermal neutron capture cross-section for *13Cd, in
which a multitude of gamma rays are released, is approx-
imately 20 000 barns [201,202]. However, gamma rays of
558.6 and 651.3 keV are predominant, and the gamma-
ray full energy peaks are clearly defined in a spectrum
reported by Vradii et al. [203].

With suitable design and biasing of a hemisphere de-
tector, the induced charge is primarily from electron
transport and not holes [23,204,205]. Hage-Ali and
Siffert [23,204] obtained RT energy resolution of
26 keV FWHM for 662 keV gamma rays taken with
a 65 mm? active volume hemisphere detector. Pulse dis-
crimination techniques have also been utilized to im-
prove detector resolution for CdTe devices [23,204,
206-211]. As described by Jones and Woollam [206],
short pulse lengths observed from the detector are corre-

lated with electron transport, whereas long pulse lengths
(in Ref. [206], greater than 100 ns) correspond to signifi-
cant contributions to the induced charge from hole trans-
port in which significant trapping effects can be apparent.
By rejecting the long pulses and accepting only the
shortened pulse lengths, the device can be operated as
a single-carrier device. Unfortunately, pulse discrimina-
tion ultimately reduces the detector gamma-ray efficien-
cy, as noted by Richter and Siffert [208], yet gamma-ray
energy resolution can be dramatically improved. Pulse
processing techniques with charge loss correction can
help preserve detector efficiency, and RT resolution of
7.5keV FWHM at 662 keV has been demonstrated for
a SmmxSmmx2mm CdTe device (Fig. 8) [208].
A CdTe detector operated with pulse processing charge
loss correction, described by Eisen and Horovitz [210],
provided a RT energy resolution of 6.1 keV FWHM
for 122 keV gamma rays, and as low as 6.4 keV FWHM
for 356 keV gamma rays. Similar results were achieved
with pulse shape selection and correction by Ivanov
et al. [212].

CdTe detectors are commercially available and have
been used for various applications in a number different
fields. The list includes applications as medical instru-
ments [213-220], heat shield ablation sensors [221],
nuclear power station activity monitors [219,222],
miniaturized nuclear fuel monitoring probes [223], capil-
lary electrophoresis detectors [224], narcotics and ex-
plosive scanners [219], portable dosimeters [225,226],
ammunition cartridge quality control monitors [220],
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Fig. 8. 137Cs spectrum measured with and without charge loss correction. The resolution is about 7.5 keV FWHM, the peak to
Compton ratio is 3.4. For both spectra the measuring geometry and time have been the same (from Richter and Siffert [208]).
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and a number of various configurations for X-ray and
gamma-ray imaging [227-235].
6. Cd, - . Zn,Te detectors

The addition of Zn to the melt of Cd and Te during

growth helps to reduce the dislocation density [236],
thus producing higher quality substrate material for epi-
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[243]. The reported charge carrier mean free drift times
range from 50 ns to 300 ns for holes, and range from 100 ns
to 1ps for electrons [165,243,256], thereby producing
a condition in which position dependent charge collection
can degrade energy resolution [9—-12]. Optical measure-
ments also indicate that the electric fields in CdZnTe
devices with Schottky contact junctions are non-uniform
[244], which can also effect detector performance.

The material described by Doty et al. [238] demon-

taxial growth. Hence, cadmium zinc telluride strated higher sensitivity to gamma rays than CdTe crys-
(Cd, _.Zn,Te) was introduced as an alternative substrate tals grown _from pprlﬁed Cd and Te, and similar CdZnTe
material for epitaxial HgCdTe growth [237]. material yields high gamma-ray energy resolution for

Cd, _,Zn,Te has a cubic, zincblende lattice with atomic
numbers of 48 (Cd), 30 (Zn) and 52 (Te), in which the
photoelectric interaction probability is similar to CdTe.
Relatively uniform, high resistivity (101°-10'! Qcm)
Cd, -,Zn, Te material is generally produced through
high-pressure Bridgman (HPB) growth with reported
etch pit densities of 10%/cm? [238,239]. The band gap
energy dependency on the zinc concentration for
Cd, -, Zn,Te at 300 K given by Olega et al. is [240,241]

Eo(x) =1.510 + 0.606x +0.139x2 eV 4)

in which the band gap energy of Cdg.96Zng ¢4Te is near
1.534 eV, and the band gap energy for Cdgy gZng ;Te is
near 1.637¢V. Elevated temperature tests on CdZnTe
detectors yield an activation energy of 0.8 eV, indicating
that the material is most likely compensated by a balance
between deep and shallow levels [242]. The measured
charge carrier mobilities for CdggZng,Te are
120 cm?/V's for holes and 1350 cm?/V's for electrons

relatively large crystals (by comparison with CdTe)
[245-252]. The CdZnTe detectors are commonly fab-
ricated by first polishing and etching slices with a dilute
bromine/methanol mixture, and afterwards applying elec-
trical contacts, usually with an electroless noble metal salt
solution (such as AuClz, AgNQO; or PtCl,) [161,162,253].
There is some evidence that the choice of chemical etchant
has an observable effect on detector spectroscopic perfor-
mance. In the study, the best spectroscopic performance
observed was from a detector etched with 5% bro-
mine/methanol solution followed by a rinse in 2% bro-
mine/20% lactic acid/ethylene glycol solution [254].
Fig. 9 shows a typical pulse height spectrum from
a Smm x 5mm x 2 mm Cd, 3Zn, ;Te detector, in which
the RT energy resolution is 4.22 keV FWHM for 59.5 keV
gamma rays. Devices (1.5 mm x 5 mm x 5 mm) with elec-
troless AuCl; contacts provided RT energy resolutions
of 2.89 keV FWHM for 60 keV gamma rays and 6.9 keV
FWHM for 122 keV gamma rays [246]. Cdy s Zng ;Te
detectors with dimensions of 3 mm x 3 mm x 2 mm have
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Fig. 9. Typical room-temperature (21°C) pulse height spectrum taken with a 5 mm x 5 mm x 2 mm Cd, sZn, ;Te gamma-ray detector.
The applied bias is 150 V and the energy resolution is 4.22 keV FWHM for 59.5 keV gamma rays.
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Fig. 10. Room-temperature (20°C) pulse height spectrum of
57Co 122 keV and 136 keV gamma rays measured with a | mm
thick Cdy.9¢Zng 04 Te p—SI-n detector. The reported resolution
is 8.66 keV FWHM at 122 keV with a peak to valley ratio of 18.7
(from Hamilton et al. [251]).

given an energy resolution of 2.5keV for 59.5 keV
gamma rays [255]. High-resolution p-SI-n spectro-
meters fabricated from 1 mm thick, 10 mm? area
Cdg 96Znp 0aTe samples with n- and p-type HgCdTe
contacts gave RT energy resolution ranging from 3.35 to
8.66 keV FWHM for 122 keV gamma rays, and 6.46 keV
FWHM for 356 keV gamma rays [250,251]. A represen-
tative >’Co spectrum taken with a p-SI-n Cdg.e6
Zng o4 Te detector is shown in Fig. 10 (from Ref. [251]).

Thicker detectors generally suffer from incomplete
hole collection, thus leading to gamma-ray pulse height
spectra skewed towards Jower energies. Several methods
have been proposed to correct and reduce position-de-
pendent charge collection effects, the most promising
being pulse processing techniques [256-258] and single-
charge-carrier-sensing devices [259-263]. Presently,
pulse processing techniques used with a 18 mm x 18 mm
x 2 mm Cdg oZng ,Te device have reached a RT energy
resolution of 9.3 keV FWHM for 662 keV gamma rays
[256]. With an 18 mm x 18 mm x 5 mm Cdg ¢Zn, Te
detector, the RT energy resolution was 11.25keV
FWHM for 662 keV gamma rays [257]. Similar pulse
processing techniques used for a 0.6 mm thick and 4 mm?
Cd, sZng (Te detector at reduced temperature (—25°C)
gave an energy resolution of 2.6 keV FWHM for 662 keV
gamma rays [258]. Single charge-sensing devices utilize
the concept demonstrated by Frisch [264], except that
the sensing grid is applied on the semiconductor surface
as a coplanar design. Single-charge-carrier-sensing
devices have been successfully used with a 5 mm x
5mm x 5mm CdZnTe detector to demonstrate a RT
energy resolution of less than 16.0keV FWHM for
662 keV gamma rays [262,263]. Studies performed by He
et al. [263,265] utilizing collimated '*’Cs gamma rays

indicate that energy resolution is best for interactions
occurring near the cathode. Gamma-ray interactions oc-
curring nearest the anode apparently degrade the overall
energy resolution, yet recent results from He [265] show
a RT energy resolution of 11.8 keV FWHM for 662 keV
gamma rays as measured with a 1 cm?® coplanar grid
CdZnTe detector (Fig. 11).

A method which includes the coupling of multiple
detectors in a stack has been shown to increase gamma-
ray detection efficiency [266]. The charge collection effi-
ciency for each device is slightly different, which gives
a separate full energy peak in the pulse height spectrum
from each detector for the same gamma ray energy. The
problem is easily corrected with a shifting circuit, which
allows the pulses from all of the detectors to be summed
through a single preamplifier without the appearance of
multiple peaks for any single energy [266]. Fig. 12 shows
the pulse height spectrum from three stacked CdZnTe
detectors before and after implementation of the shifting
circuit.

Room-temperature Cdg gZn, ,Te detectors have re-
cently been used successfully as thermal neutron de-
tectors, in which unique gamma-ray emission lines from
the *13Cd(n, y)!1*Cd were clearly identified [201,202,267].
The Cdy sZn, ,Te device demonstrated thermal neutron
sensitivity of (3.7+1.9)% for the 558.6 keV prompt
gamma-ray emissions. Fig. 13 shows a ''*Cd(n, y)!'*Cd
emission spectrum taken with a Cdg gZny ;Te detector
placed in a thermal neutron beam from a reactor, dis-
playing a RT energy resolution of 12.3 keV FWHM for
558.6 keV gamma rays. Recent studies indicate that
CdZnTe is capable of withstanding fast neutron fluences
up to 10'° n/cm? without suffering significant damage
[268]; however gamma-ray spectra from activation prod-
ucts and resolution degradation become apparent at flu-
ences above 10'° n/cm?.

CdZnTe can operate reliably at elevated temperatures
(up to 50°C [242]), with energy resolution for 81 keV
gamma rays observed to increase from 8.91 keV FWHM
at RT to 13.77 keV FWHM at 50°C. The apparent tem-
perature stability allows for remote sensing, and remote
sensor packs have been employed for real-time monitor-
ing of special nuclear materials (SNM) [269-271]. The
devices operate mainly as counters, in which lower grade
and relatively inexpensive CdZnTe material performs
well. Under special occasions, high-resolution CdZnTe
spectrometers can be utilized for SNM identification
[250,270,272]. CdZnTe detectors with RT energy resolu-
tion of 4.04 keV FWHM for 186 keV 233U gamma rays
have been reported [250]. By measuring the ratio of 233U
and 23®U emissions, RT CdZnTe spectrometers can be
used to determine the enrichment, presently with a re-
ported accuracy near 10% [272]. CdZnTe detectors have
also become very attractive for X-rays and gamma-ray
imaging systems, and for medical applications
[273-281].

1V. DETECTOR MATERIALS
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Energy spectra of a 1 cm cube coplanar CZT detector
(V(c-a)=-1400V, V(al-a2) = +30 V, T = 22.5°C, shaping time = 2 us)
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Fig. 11. Room-temperature pulse height spectrum of '¥’Cs 662 keV gamma rays measured with a 1cm?® CdZnTe coplanar grid
detector. As shown, energy resolution is best for gamma ray interactions near the cathode. The overall RT energy resolution is 11.8 keV

FWHM at 662 keV (from He [265]).

7. Other compound semiconductor detectors

The properties of lead iodide (Pbl,) indicate that it is
a promising ambient temperature radiation detector
[282-291]. The material forms in the hexagonal, close-
packed (HCP) lattice with a mass density of 6.2 g/cm?®
[292-294]. The band gap energy is 2.55eV, and the
reported charge carrier mobilities are 8 cm?/V s for elec-
trons and 2 cm?/V s for holes [284]. The relatively large
band gap energy indicates that devices should operate

with low leakage currents at elevated temperatures. Early
results from Pbl, detectors indicated that charge carrier
mean free drift times were short, and the devices demon-
strated satellite energy peaks for alpha particles [284].
Zone refinement purification of Pbl, starting material
has reportedly improved radiation spectrometer perfor-
mance [285-287]. Detectors have been fabricated by
various methods and samples are generally cleaved with
a fine blade [285-287], or sliced with a string saw [291].
Detector contacts have been fabricated from Au, Pd and
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Fig. 12. Room-temperature (21°C) spectra of 22Na 511 keV annihilation gamma rays taken with a stack of three 5 mm x 5 mm x 2 mm
Cdy.sZn, ,Te gamma-ray detectors, in which (a) three separate peaks appear as a result of differences in charge collection efficiency from
the three detectors, and (b) the peaks are shifted to the same location with the circuit described by Olsen et al. [266].

Aquadag (colloidal carbon) with similar results
[287,291]. Recent results give charge carrier mean free
drift times ~1 ps for electrons and 0.3 ps for holes
[291]. Reported RT energy resolution for a 107 pm
thick device was 712 eV FWHM for 5.9 keV gamma rays
and 1.83keV FWHM for 59.5keV gamma rays (see
Fig. 14) [291].

Indium phosphide (InP) has received some attention as
a possible radiation detector [295-298]. InP has atomic
numbers of 49/15 with a mass density of 4.79 g/cm?. With

a band gap energy of only 1.35 eV, relatively high ther-
mal generation currents can render the material unsuit-
able for large devices. The theoretical charge carrier
mobilities for high-quality InP are 4600 cm?/V s for elec-
trons and 150 cm?/V s for holes [18]. The average ioniz-
ation energy of InP is 4.2 eV/e-h pair [299,300]. It has
been speculated that the relatively large neutrino cross-
section of ''°In (in a reaction leading to beta particle
and low-energy gamma-ray emissions [301]), can
be exploited in InP neutrino detectors [295-297].

IV. DETECTOR MATERIALS
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Fig. 13. Room-temperature pulse height spectrum measured
with a 10 mm x 10 mm x 3 mm Cd, gZn, ,Te detector placed in
a reactor thermal neutron beam, in which the neutrons were
detected through the '!3Cd(n,y)!'*Cd reaction. Different
attenuators were placed in the thermal neutron beam before the
detector. With 2.5 cm of high density polyethylene in the beam,
the neutrons are scattered before reaching the detector, hence no
spectrum is observed. Neutrons pass through 10 cm of Pb, yet
background gamma rays are attenuated; hence the 558.6 and
651.3 keV prompt gamma-ray emissions are definitely from neu-
tron interactions in the detector.

Unfortunately, the substantially large volume of InP
necessary for a viable neutrino detector (well over 1 m*)
is presently not practical. Additionally, background radi-
ation would be difficult to discriminate from neutrino
events for such a device. InP detectors have been shown
to be sensitive to beta particles [295], alpha particles
[297,298], and low-energy gamma rays [297]. Charge
carrier trapping presently limits their use as an alterna-
tive radiation spectrometer. InP detectors have found
most use as high-speed radiation pulse detectors
[302-309], in which the short carrier mean free drift
times are beneficial. A time resolution of less than 200 ps
(FWHM) has been achieved with, for example, InP(Fe)
detectors in this application [306-309].

Cadmium selenide (CdSe), another possible RT low-
energy gamma ray and X-ray detector [310-314], has
atomic numbers of 48/34 with a mass density of
5.8 g/cm?®. Canali et al. [315] have measured the electron
and hole mobilities for CdSe as 720 and 75cm?/Vs,
respectively. The band gap energy of CdSe is 1.73 eV and
the crystal structure is Wurtzite [314]. Small CdSe de-
tectors (0.2 and 1 mm thick) have demonstrated a RT
energy resolution of 1.4 keV FWHM for 5.9 keV gamma
rays, and 8.5keV FWHM for 59.5 keV gamma rays
[314]. The substantial hole trapping observed in present
day material limits the detector usage to low-energy
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Fig. 14. Spectra of the **Fe isotope (5.9 keV), with negative (a)
and positive (b) bias applied to the irradiated side of the crystal,
and (c) of the 2*!Am isotope (59.6 keV — highest energy peak)
obtained with a lead iodide detector (from Deich and Roth
[2917).

gamma-ray spectroscopy. Ternary Cdo ;Zng ;Se com-
pounds have also been investigated for radiation de-
tectors [316,317]. The addition of Zn increases the band
gap energy, thereby decreasing leakage currents. Small
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devices performed similarly to CdSe detectors, with re-
ported RT energy resolution of 1.8 keV FWHM for
5.9 keV gamma rays, and 4.0 keV FWHM for 27.4 keV
gamma rays [317]. Carrier transport and trapping pres-
ently limits the use of CdSe and Cdg -Zng 3Se as a de-
tector material, and CdSe and Cd, ,Zng 3Se detectors are
not commercially available.

Gallium selenide (GaSe) was studied as a possible RT
radiation detector in the mid-1970s [318-320]. The ma-
terial has atomic numbers of 31/34 with a density of
4.55 g/cm?®. The crystal has a layered structure with a se-
quence of covalently bonded Se~Ga—Ga-Se layers held
together by van der Waals bonds, and the band gap
energy is 2.03 eV. Manfredotti et al. [318] report electron
and hole mobilities of 60 and 215 cm?/V s, respectively,
and an energy resolution for a GaSe particle detector of
370 keV FWHM for 5.486 MeV alpha particles. These
results may be compared with those of Sakai et al. [321]
who obtained charge carrier mobilities of 70 cm?/V s for
electrons and 45 cm?/V s for holes, and a best RT energy
resolution of 250 keV FWHM for 5.486 MeV alpha par-
ticles. Yamazaki et al. [323] report RT energy resolution
for GaSe detectors ranging between 220 and 820 keV
FWHM for 5.486 MeV alpha particles. Sakai et al. [321]
and Nakatani et al. [322] also report the average ioniz-
ation energy for GaSe to be between 4.0 and 4.5 eV/e-h
pair. GaSe has also been explored as a high dose sensitiv-
ity X-ray detector [324]. Resolution degradation and the
appearance of satellite peaks with GaSe detectors [318],
probably due to material inhomogeneities and charge
carrier trapping, mean that substantial improvement is
required before its use as a viable alternative radiation
detector. At present, GaSe devices are experimental and
are not commercially available.

Thallium halide compound semiconductors have been
investigated as possible RT gamma-ray detectors
[325-330]. TIBr has atomic numbers of 81/35 and a mass
density of 7.5 g/cm>. The band gap energy of TIBr is
2.68 eV, implying that detectors should operate at elev-
ated temperatures with low leakage currents, and the
high atomic number of Tl yields a relatively high photo-
electric absorption cross-section. Early devices reported
by Rahman et al. [325,326] had poor energy resolution
for charged particles and only operated at reduced tem-
peratures. An energy resolution of 1.5 keV FWHM for
5.9 keV gamma rays (temperature not reported) has been
achieved with small devices [329]. The ternary halide
TIBr, 3515 65 has also been investigated as a photodetec-
tor for various scintillators, including CsI(T1) [330]. The
RT alpha particle energy resolution for the CsI(T1)/
TIBrg 351065 device was poor, however, at ~ 1.12 MeV
FWHM for 5.486 MeV alpha particles.

Cubic boron phosphide (BP), with a band gap energy
of 2.1 eV, has unique properties that seem ideal for solid-
state RT thermal neutron detectors [331-334]. '°B (21%
natural abundance) has a high thermal neutron cross-

section (3840 barns), and the '°B(n,a)’Li reaction re-
leases energetic alpha particles and Li ions that can be
easily detected [7]. Additionally, since the material is
composed of low atomic number elements (5/15),
background gamma-ray interactions can be minimized.
Although the required growth parameters for BP can
present several difficulties with bulk crystal growth
[335-338], a '°BP film only 200 um thick will absorb
over 95% of incident thermal neutrons, and CVD-grown
BP films of such a thickness have already been realized
[339,340]. At present, CYD-grown BP films have high
impurity levels which render the material n-type or
p-type and diodes fabricated from the CVD-grown films
break down with only a few volts of applied bias
[341,342]. The material shows promise, but further ma-
terial improvements are required before practical neu-
tron detectors can be realized.

Other compound semiconductors that have been
studied include AISb [343-346], CdS [347], ZnSe
[348,349], InI [350,351], GaP [352] and SiC [353]. Most
of these alternative compound semiconductor materials
being studied as radiation detectors suffer severely from
high concentrations of impurities and traps, and they are
generally not commercially available. Various reports
have recommended select compound semiconductors as
having the best combination of properties for RT radi-
ation spectrometers [ 14,15,354]. Al1Sb has been suggested
as an ideal RT gamma ray spectrometer material
[14,15,343], yet the material has proven to be difficult to
grow and it tends to decompose when exposed to air and
water moisture [345]. CdSe has also been cited as an
ideal RT operated detector [354]; however, practical
CdSe detectors have not yet been realized due to difficul-
ties with producing high-quality CdSe material.

8. Concluding remarks

CdTe, Hgl, and CdZnTe radiation detectors are com-
mercially available and have demonstrated good room
temperature gamma-ray and charged particle energy res-
olution. The individual devices are mostly restricted to
small sizes, however, and large detecting systems are
composed of multiple element arrays. High-quality devi-
ces also tend to be relatively expensive, tending to reduce
compound semiconductor detector utilization to special-
ized applications in which Ge, Si. or scintillation de-
tectors are unsuitable.

Although some novel detector designs increase de-
tector energy resolution, ultimately the quality of the
materials themselves must be improved in order to pro-
duce the substantial detector volume increases that are
required for efficient, high-resolution radiation spectrom-
eters. Observing that the concept of using compound
semiconductors as radiation detectors was introduced in
1945, it becomes clear that material improvements are

IV. DETECTOR MATERIALS
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much easier to discuss than to implement. Some com-
pound semiconductors mentioned in the present review
(such as BP for neutron detectors), have tremendous
promise, yet material growth and production issues ren-
der the development slow and cost recovery risky. Pre-
vious review authors have alluded to the fact that pro-
gress in the field of compound semiconductor detectors is
slow due to the lack of funding and, for that matter, lack
of widespread interest in the development for other ap-
plications [16,17]. Nevertheless, energy resolution and
detector performance have consistently improved over
the years, and compound semiconductor radiation de-
tectors are presently being utilized for a growing number
of different applications. It can only be expected that
several of the detector materials discussed will continue
to find increasing use in the future.
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