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While Si and Ge have become detection standards for X-ray and y-ray
spectroscopy in the laboratory, their use for an increasing range of applications
is becoming marginalized by one or more of their physical limitations; namely
the need for ancillary cooling systems or bulky cryogenics, their modest stopping
powers and radiation intolerance. Wide band-gap compounds offer the ability to
operate in a range of chemical, thermal and radiation environments while still
maintaining sub-keV spectral resolution at X-ray wavelengths. In addition, these
materials encompass such a wide range of physical properties that it is
technically feasible to engineer materials to specific applications. However,
while compound materials are used routinely in the optical and infrared wave
bands, their development at hard X- and y-ray wavelengths has been plagued by
material and fabrication problems. In this paper an overview of suitable
materials is presented and the current progress in producing X- and y-ray

radiation detectors is reviewed.

© 2006 International Union of Crystallography
Printed in Great Britain — all rights reserved

1. Introduction

Semiconductor materials can generally be grouped into two
categories. These are the elemental semiconductors, Si and
Ge, which are derived from elements in group IV of the
periodic table, and compound semiconductors, the most
common of which are derived from groups III and V (e.g.
GaAs, InP) and groups II and VI (e.g. CdTe) of the periodic
table. Compound semiconductors are so useful because of the
sheer range of compounds available. This is illustrated in
Table 1, in which we list the semiconductors available as a
function of group and band-gap energy. In addition to
binary materials (such as GaAs or InP), most compounds
are also soluble within each other, making it possible to
synthesize ternary (e.g. AlGaAs, HgCdTe), quaternary (e.g.
InGaAsP, InGaAlP) and higher-order solutions, simply by
alloying binary compounds together. The basic problem in
producing detector-grade material is the difficulty of growing
chemically pure and structurally perfect crystals with exact
stoichiometry.

For radiation detection, compound semiconductors have a
number of distinct advantages over their elemental counter-
parts, arising from the wide range of stopping powers and
band gaps available. For example, band-gap energies range
from ~1.35 to ~2.6 eV and average atomic numbers from
~30to ~90 (see Table 1). This suggests that it may be possible
to mix and match available band gaps and stopping powers,
which in turn implies that materials can be targeted for specific
applications in radiation detection. For example, within a
given target spectral resolution and detection efficiency, it is

Keywords: compound semiconductors; radiation detectors; X-rays; y-rays.

usually possible to select from a range of stopping powers.
Choosing materials with the largest stopping powers enables
thinner detectors to be produced with resulting benefits in
radiation tolerance (which is a bulk effect) and lower leakage
currents. Alternatively, choosing smaller stopping powers will
increase scattering efficiency, which is a requirement for
polarimetry measurements. These compounds can also be
tailored towards tissue equivalence. By careful choice of both
band gap and stopping power it is possible to fabricate
detectors with a very wide dynamic range but sub-keV energy
resolution in the soft X-ray band and tens of keV in the y-ray
band. For space research this is particularly attractive since it
has mass and cost benefits in spacecraft design in that by using
denser materials smaller detection systems can be fabricated
without losing spectral acuity. Finally, unlike Si and Ge whose
electronic and chemical properties are ‘fixed’, those of
compound semiconductors can be modified by band-gap
engineering. Specifically, the energy gap between the valence
and conduction states is defined by the interatomic distance
and the electronegativity of the component atoms. Changing
the composition of an alloy changes its average lattice
constant to reflect the different atomic bonding radii of the
constituent elements. This changes the band-gap energy, which
in turn alters the properties of the material. A specific example
of how this is useful for radiation detector applications is
Cd(1—yZn,Te in which adding a few percent Zn to CdTe not
only increases the band-gap energy but also increases the
energy of defect formation and its mechanical strength.
Consequently, leakage currents and resistivities are corre-
spondingly higher.
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Table 1

Compound semiconductor materials listed by group and in order of increasing band-gap energy ranging from the near-IR to XUV wavelengths.

Band-gap Elemental Binary IV-IV Binary I1I-V Binary II-VI Binary IV-VI Binary n-VIIB

energy (eV) group IVB compounds compounds compounds compounds compounds Ternary compounds
0.00-0.25 Sn InSbt HgTe HgCdTe

0.25-0.50 SiGe InAs HgSe PbSe, PbS, PbTe

0.50-0.75 Gef GaSb InGaAs

0.75-1.00 SiGe

1.00-1.25 Sit SnS

1.25-1.50 GaAst, InPf CdTeft AllnAs

1.50-1.75 AlSb CdSeif AlGaAs

1.75-2.00 BP, InN Bil;{ CdZnTe#, CdZnSet, InAlIP
2.00-2.25 SiCt AlAs HgS Hgl# CdMnTe#

2.25-2.50 GaPf, AIP ZnTe, CdS PbL} TIBrl#, InAlP, TIPbI;
2.50-2.75 ZnSet TIBri HgBrl

2.75-3.00 MnSe

3.00-3.25 MnTe

3.25-3.50 MgTe, MnS

3.50-3.75 MgSe, ZnS

3.75-4.00

4.00-4.25

4.25-4.50 MgS

4.50-4.75

4.75-5.00

5.00-5.25

5.25-5.50 Ct

5.50-5.75

5.75-6.00 BN

6.00-6.25 AIN

6.25-6.50

6.50-6.75

6.75-7.00

+ Compounds which have shown some response to radiation.
FWHM energy resolution at energy E.

2. Radiation detection using compound semiconductors

All semiconductor detectors operate as solid-state ionization
chambers. In Fig. 1 we illustrate a simple planar detector
geometry. Ionizing radiation absorbed in the sensitive volume
excites electron-hole pairs in direct proportion to the energy
deposited (i.e. n, = E /e, where n is the number of electron—
hole pairs generated, E, is the energy deposited and ¢ is the
average energy consumed to create an electron-hole pair).
Applying an electric field across the detector causes the
liberated carriers to drift towards the anode and cathode with
drift velocities v, and vy, creating an induced charge on the
electrodes and by current continuity into the electronics. The
induced charge Q;,q is given by the Shockley—Ramo theorem
(Shockley, 1938; Ramo, 1939) which makes use of the concept
of a weighting potential. The weighting potential is defined as
the potential that would exist in the detector with the
collecting electrode held at unit potential while holding all
other electrodes at zero potential. The theorem states that,
regardless of the presence of space charge, the change in the
induced charge AQ;,q4 and the current i at an electrode caused
by a charge ¢ moving from x; to x; are given by

AQua = [ qE,(x)dx = —q[Vy() = V,(x)]

i=dQ/dt =qvE,,

)

where V,,(x) and E(x) are the weighting potential and field at
position x. The total induced charge will actually be the sum of

+ Materials for which spectroscopic measurements (i.e. E/AE > 1) have been made at X-ray wavelengths. Here, AE is the

the induced charges owing to the electron and holes. The
integration of these charges along their respective pathlengths
gives the total charge, Q. In the absence of trapping, O = Q, =
—qn,, the original charge created, which in turn is propor-
tional to the energy of the incident photon. However, in any
semiconductor some density of electron and hole traps are
always present and these result in a loss of carriers and
therefore charge at the electrodes. For compound semi-
conductors, crystal growth practices lead to a much higher
density of traps than in the elemental semiconductors and
hence shorter lifetimes. For example, in CdZnTe, typical life-
times are 7. =3 x 10 %sand 7, = 5 x 10™% 5. Because the hole
lifetime is much shorter than the hole transit time, the induced
charge is significantly reduced and is now dependent upon the
depth of interaction, x,. In the case of a uniform electric field
and negligible de-trapping, the fraction of charge that is
induced at the electrodes is best described by the charge
collection efficiency (CCE), which is given by the Hecht
equation (Hecht, 1932),

+ i/ L)[1 = exp(=x,/24)]; @

where L is the detector thickness, x, is the distance from the
cathode to the point of charge creation, and A, and A;, are the
carrier drift lengths in the applied electric field, £, given by A, =
net€ and Ay, = u,th&. Here, . and u, are the electron and
hole mobilities and 7. and 7}, are the corresponding lifetimes.
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It follows from (2) that the CCE
depends not only on A, and A, but also
on the location where the charge was

<« i(t) —

Q+Vy

created. Since the interaction points of

incident photons is essentially random Anode

at intermediate and high energies, being
weighted by the classical exponential
absorption law, the width of the peak in
the energy spectrum broadens to a €
degree governed by the ratios A./L
and Ay/L.

In characterizing materials, perhaps
the most useful figure of merit is the

Electron current

v Y
L Hole current

A

Charge-

~| |—> sensitive
L

pre-amp

Shaping amplifier —>MCA

mobility-lifetime product (1), which is
directly related to the drift length.
Poorer mt products result in shorter =
drift lengths and therefore smaller A/L,
which in turn limit the maximum size
and energy range of detectors. For the
elemental semiconductors, ut is of the
order of unity cm® V™' for both elec-
trons and holes, whereas for compound semiconductors it
rarely reaches greater than a few times 10~*cm® V™' for
electrons and 10> cm® V™! for holes, and these figures
become worse with increasing Z (see Table 2). The cause can
usually be traced to trapping centers caused by impurities,
vacancies and structural irregularities (e.g. dislocations), or,
for the softer materials, plastic deformation caused by
mechanical damage during fabrication.

Cathode

Figure 1

3. Spectral broadening in radiation detection systems

In addition to broadening caused by poor charge collection,
the width of the full energy peak, AE, is also broadened by the
statistics of carrier generation (Fano noise) and by electronic
noise. For most compound semiconductors, however, these
components are generally far less important than the noise
owing to incomplete charge collection, except for thin detec-
tors where A./L > 1. The energy resolution, AFE, of the system
is defined as the full width at half-maximum of the energy-loss
distribution resulting from exposure to mono-energetic
radiation. The width of the energy-loss spectrum, in turn,
results from the convolution of the probability distributions of
the various noise components. For an infinitely thin detector,
three terms tend to dominate,

AE = f(o, 07, 00)  (keV), ®)

where o2 is the variance of the noise owing to carrier
generation or Fano noise, 6 is the variance of the noise owing
to the leakage current and amplifier noise, and o2 is the
variance of the noise owing to incomplete charge collection
owing to carrier trapping. The contribution owing to Fano
noise, AEF, is calculated from

AEy =2355(02) "= 2.355(FEe)*  (keV),  (4)

y — i
i 14 {f vV /

Time - Time Time

Left: schematic of a simple planar detection system. For completeness we also show the signal chain
and the evolution of currents and voltages. Ionizing radiation absorbed in the sensitive volume
generates electron-hole pairs in direct proportion to the energy deposited. These are subsequently
swept towards the appropriate electrode by the electric field induced by the bias voltage V.

where F is the Fano factor, ¢ is the energy to create an elec-
tron-hole pair and E is the incident energy. The electronic
noise component, AE,, is given by

AE, =2.355(It¢’Afe + 02)'*  (keV), )

where [ is the leakage current, e is the electronic charge, A is a
constant depending on the type of signal shaping, 7 is the
shaping time and o? is the variance of the amplifier shot noise
which depends on the actual design and specifically the
capacitive loading of the front-end electronics. For the
Gaussian shaping typically used in spectroscopy, A = 0.875.

The functional form of AE. is much more difficult to
predict, since it is intimately dependent on the trap density
distribution as well as the charge diffusion and collection
properties of the detector. For the case of A, # Ay, which is
invariably true for compound semiconductors, Iwanczyk et al.
(1992) have arrived at the following analytic form for the
relative broadening,

2 20202

(3) = Do oy [ L/ — exp(=L/3)]

1 {Ai[exp(—L/ke) — l] + Aﬁ[exp(—L/)\h) — l]}2

-
3 )\3
~ 215 [exp(—=2L/A,) — 1] — ﬁ [exp(—2L/A,) — 1],

(©)

assuming a uniform electric field. However, while (6) can be
used to calculate the width AE,, the shape of the pulse-height
distribution can only be realistically evaluated by following
the approach of Trammell & Walter (1969) in which the
individual pulse heights in infinitesimal slices through the
detector are summed over the detector thickness. For low
trapping, the summed pulse-height distribution will be almost
symmetric at low and intermediate energies and we can
therefore assume AFE, is normally distributed. For this case,
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Table 2

Room-temperature properties of wide-band-gap compound semiconductor materials suitable for hard X- and y-ray detectors. The abbreviations are: C =
Czochralski, CVD = chemical vapor deposition, LEC = liquid encapsulated Czochralski, THM = traveler heater method, BM = Bridgman method, HPB =

high-pressure Bridgman and VA = vertical ampoule method.

ut (e) pt (h)

Growth Atomic Density Band gap Epair Resistivity product product
Material method number (gem™) (eV) (eV) (2 cm) (em®* V™) (em®* V™)
Si C 14 233 1.12 3.6 10* 4 x 107" 2x 107!
Ge C 32 533 1.57 4.6 50 1 1
4H-SiC CVD 14,6 3.17 3.26 7.8 >10° <5x107* <8 x 107
GaAs CVD 31,33 532 1.43 42 10" 1072 5x107*
InP LEC 15, 49 478 1.43 42 10° 5% 107° <2 x 107
CdTe THM 48,52 6.2 1.44 4.4 10° 3x107? 26 x 1074
CdyoZn,, Te HPB 48, 30, 52 578 1.57 4.6 10" 7 x 1073 9 x 107°
Pbl, BM 82,53 6.2 23226 49 10" 8 x 107° 9 x 1077
Hgl, VAM 80, 53 6.4 2.13 42 10" 107 4x107°
TIBr BM 81, 35 7.56 2.68 6.5 10" 3%x107° 1.5 x 107°

several semi-empirical formulae have been proposed for the
summed response. For example, Henck et al. (1970) derived an
expression for planar detectors in which AE, oc E~"* whereas
Owens (1985) predicted that AE, o< E for coaxial detectors.
Because of the uncertainties in the functional form of AE_ and
our imprecise knowledge of F, a semi-empirical approach is
generally used to describe the resolution function in which

(keV), (7)

AE =2.355[F¢E + (AE, /2.355 +a, 2] *
where the electronic noise component AFE, is generally
measured directly using a precision pulser, and F, a; and a, are
treated as semi-empirical constants determined by best-fitting.
Equation (7) is found to fit the resolution functions of
compound semiconductors reasonably well with the charge-
trapping exponent, a,, varying between 2 and 3. Recently, the
validity of the functional form of the trapping term has been
rigorously tested by Kozorezov et al. (2005), who derived a
general analytical expression, which includes the effects of
geometry. Interestingly, it can be expressed in the form
G(E)E?, in which the function G(E) reduces to a constant
when the 1/e absorption lengths become comparable with the
detector thickness, which is invariably true for spectroscopic
detectors.

4. Present detection systems

Of the 50 or so compounds available, less than half have been
investigated as possible detection media. This is illustrated in
Table 1, in which compounds that have shown a spectroscopic
response to X-rays (i.e. E/AE > 1) and those that have shown
some response to radiation (usually MeV o-particles) are
indicated. From the former group of compounds, only CdTe,
CdZnTe and Hgl, have matured sufficiently to produce
commercially viable detection systems and another four are
tantalizingly close. We describe these materials below. Their
physical and electrical properties are listed in Table 2.
Cadmium zinc telluride [Cd(, _,)Zn, Te] is probably the most
widely used compound semiconductor. It has a cubic zinc-
blende-type lattice with atomic numbers close to that of CdTe
and a density about three times that of Si. CdTe was originally

the focus of experimental study in the 1960s, until it was
discovered that the addition of a few percent of zinc to the
melt resulted in an increased band gap as well as the energy of
defect formation. This in turn increases bulk resistivities and
reduces the dislocation density, resulting in lower leakage
currents and higher temperature operation. Specifically,
resistivities of CdZnTe are between one and two orders of
magnitude greater than that for CdTe and thus leakage
currents are correspondingly lower. Additionally, CdZnTe
tends not to suffer from the polarization effects normally
associated with CdTe. The best spectral performances are
achieved with a zinc fraction of ~10%. Typical FWHM energy
resolutions at 59.54 keV are in the 1-2 keV range at room
temperature and decrease with decreasing temperature to a
minimum resolution at ~243 K (Owens et al., 2002).

Mercuric iodide (Hgl,) has been investigated as a room-
temperature X- and y-ray detector since the early 1970s. Its
wide band gap in conjunction with the high atomic number of
its constituent atoms makes it an attractive material for room-
temperature operable X- and particularly y-ray spectrometers.
In fact, since photoelectric absorption varies as Z°, the specific
sensitivity of Hgl, is about ten times greater than that of Ge
for energies >100 keV. Hgl, belongs to the family of layered-
structured heavy metal iodides. It is a relatively soft material
that forms a tetragonal lattice at temperatures below 403 K.
This is known as the o phase and the crystals appear red in
color with a band-gap energy of 2.13 eV. At temperatures
above 403 K, Hgl, undergoes a phase transformation to an
orthorhombic lattice (B phase) appearing yellow in color with
a band-gap energy of 2.5 eV. However, when cooled below
403 K, the material undergoes a destructive phase transition to
a-Hgl,. This precludes melt growth. The fabrication of a pn
junction is usually not necessary, as dark currents are generally
very low. While reported energy resolutions are typically in
the keV region, a series of small planar detectors (5 mm?,
cylinder, 200 um-thick) developed by Iwanczyk et al. (1989)
have achieved energy resolutions of ~200eV FWHM at
59keVat 273 K.

Gallium arsenide (GaAs) has a simple cubic lattice struc-
ture with a band gap sufficiently wide (1.42 eV) to permit
room-temperature operation but small enough so that its
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Fano-limited spectroscopic resolution is close to that of Si.
Compared with other compounds, the performances of GaAs
detection systems have steadily advanced, primarily owing to
improvements in both bulk material properties and detector
fabrication techniques. Schottky barrier detectors fabricated
using semi-insulating GaAs have consistently demonstrated
reasonable room-temperature performances. Recently,
Owens, Peacock & Bavdaz (2003) fabricated a series of
detectors from ultra-high-purity GaAs grown by chemical
vapor phase deposition (CVPD). From the I/V characteristics
the typical current densities at —100 V were <0.04 nA mm™>
at room temperature. This is about a factor of 3-100 lower
than normally obtained with CVPD detectors and a factor of
10°-10* lower than bulk detectors. The measured FWHM
energy resolutions of a 0.8 mm” 40 um-thick device operated
at 253 K were 435 eV FWHM at 5.9 keV and 670 eV FWHM
at 59.54 keV. At room temperature the corresponding reso-
lutions were 572 eV and 780 eV, respectively. Spectral reso-
lutions of only 200 eV FWHM at 5.9 keV have been recorded
for pixel detectors (250 pm x 250 pm x 40 pum), fabricated
from the same base material (Owens, Bavdaz, Peacock et
al., 2001).

Silicon carbide (SiC) is currently being explored as a high-
temperature Si alternative that is also chemical and radiation
tolerant. It has several distinct advantages over Si in that it has
twice the thermal conductivity and eight times the maximum
breakdown field. The former property is important for
producing thermally stable or high-power semiconductor
devices, while the latter means that much higher biases can be
applied, resulting in higher drift velocities and better charge
collection. Structurally, SiC is a polymorph with over 200
polytypes possible. However, only three have properties
suitable for X-ray detection, namely 3H, 4H and 6H," and of
these 4H has the best electrical properties. At present, the
X-ray performance of prototype detectors is still relatively
poor, with FWHM resolutions of 2.7 keV at 59.54 keV being
reported (Bertuccio et al, 2001). However, recent measure-
ments with small pixel detectors have achieved room-
temperature energy resolutions of 693eV FWHM at
59.54 keV (Bertuccio et al., 2003).

Indium phosphide (InP) is direct band-gap material whose
structural and electronic properties are similar to Si and GaAs.
It has a zinc-blende-type crystal structure, with a single non-
destructive phase transition below the melting point making it
amenable to standard growth techniques. It has one of the
highest electron mobilities of any semiconductor material
(about three times that of silicon) making it particularly
suitable for applications where high-count-rate operation is
desirable (e.g. at synchrotrons). Its band gap of 1.35eV
implies that detectors should operate at room temperature
with a Fano-limited spectroscopic resolution close to that of Si,
and its relatively large density (approximately twice that of Si)
ensures high X-ray detection efficiency above 10 keV.
Currently, for small detectors of area 3.1 mm” and thickness

! The ‘H’ numbers describe the stacking sequence of tetrahedrally bonded SiC
bi-layers.

180 pm, FWHM spectral resolutions of ~2.5 keV and 9.2 keV
have been achieved at 5.9 keV and 59.54 keV, respectively, at a
detector temperature of 213 K. At LN, temperature (103 K),
these figures improve considerably to 911 eV at 5.9 keV and
2.5 keV at 59.54 keV (Owens, Peacock & Bavdaz, 2003).

For y-ray applications there has been some effort to
develop the heavier compounds with limited success, parti-
cularly lead, bismuth and thallium compounds from period VI
of the periodic table. For example, Pbl, has been investigated
as a stable alternative to Hgl, since it does not exhibit a
destructive phase change between the melting point and room
temperature and its density is similar. Unfortunately, while
thin detectors yield good room-temperature X-ray perfor-
mance (415eV FWHM at 59 keV and 1.4 keV FWHM at
59.54 keV for a 1 mm? device; Shah et al., 1996), their trans-
port properties are so poor that detectors thicknesses are
limited to ~200 pum. Therefore, there has been little incentive
to develop Pbl, for y-ray applications over say Hgl,, or even
lower Z compounds such as CdZnTe or GaAs. Better results
have been obtained with T1Br, with FWHM room-tempera-
ture energy resolutions of 1.8 keV at 5.9 keV and 3.3 keV at
59.5 keV recorded for detectors of dimensions 2.8 mm X
2.8 mm x 0.8 mm (Owens, Bavdaz et al., 2003). These reso-
lutions were found to improve with decreasing temperature
exhibiting a minimum near 243 K. At this temperature the
FWHM energy resolutions were 800eV at 5.9 keV and
2.3 keV at 59.54 keV. Although these detectors did not suffer
from the stability problems normally associated with TIBr
detectors (Owens, Bavdaz, Lisjutun et al, 2001), they did
display polarization effects (i.e. time-dependent changes in
gain and spectral broadening), which were correlated with
large energy depositions per unit time.

Finally, in Table 3 we summarize some of the best reported
spectral resolutions at soft and hard X-ray wavelengths for
each of the above materials.

5. Spectral enhancement techniques

For conventional radiation detectors fabricated from
compound semiconductors, the wide disparity between the
transport properties of the electron and holes means that
detector performances are limited by the carrier with the
poorest mobility-lifetime product (ut). Finite drift lengths
introduce an energy-dependent depth term into the charge-
collection process, which effectively limits maximum detector
thicknesses to a few mm for spectroscopy applications. Since
mobility is a fundamental material property, the only practical
way of improving ut products is to increase carrier lifetimes,
which in turn depends greatly on detector material quality and
stoichiometry. In analogy with gas counters, until the parti-
cular traps/defect(s) can be identified and corrected, a signif-
icant improvement in spectral acuity can be achieved using
single-carrier collection techniques; in other words, discarding
the carrier with the poorest transport properties, albeit at the
expense of detection efficiency. Single-carrier sensing can be
achieved electronically by pulse rise-time discrimination
(Jordanov et al., 1996), and single-carrier collection by careful

]. Synchrotron Rad. (2006). 13, 143—-150

147

Alan Owens + Semiconductor materials



detectors

Table 3

The best energy resolutions achieved with prototype planar detectors. Note that the figures are quoted for the collection of both carriers. Spectral
enhancement techniques involving single-carrier collection have not been employed. The measurements were carried out under uniform illumination
using *Fe and **' Am radioactive sources. For completeness, we also list the resolutions at room temperature (RT) where possible, since there are many
applications in which resolving power is not a primary requirement.

Detector size area, AE at 5.9 keV AE at 59.5 keV
Material thickness (eV) (eV) Reference
Si 0.8 mm?, 500 pm 245 at 258 K 524 Owens, Peacock & Bavdaz (2003)
750 at 288 K 800
GaAs 0.8 mm?, 40 um 450 at 251 K 670 Owens, Peacock & Bavdaz (2003)
572 at RT 780
GaAs pixel 250 pm x 250 pm X 40 pm 219 at 243 K 468 Owens, Bavdaz, Peacock et al. (2001)
266 at RT 487
SiC-4H 2 mm?, 30 pm 2700 at RT Bertuccio ef al. (2001)
SiC-4H pixel 0.3 mm?, 50 pm 693 at RT Bertuccio et al. (2003)
InP 3.142 mm?, 200 um 911 at 103 K 3050 Owens, Peacock & Bavdaz (2003)
2480 at 213 K 9200
CdTe 16 mm?, 1.2 mm 310 at 213 K 600 Loupilov et al. (2001)
CdZnTe 3.142 mm?, 2.5 mm 311 at 236 K 824 Owens et al. (2002)
1508 at RT 2900
Hgl, 5 mm?, 200 um 198 at 273 K 650 Iwanczyk et al. (1989)
Pbl, 1 mm2 50 pm 415 at RT 1380 Shah ef al. (1996)
TIBr 3.142 mm?, 800 pm 800 at 243 K 2300 Owens, Bavdaz et al. (2003)
1800 at RT 3300
design (e.g. hemispherical; Richter & Siffert, 1992) or coplanar 2.0 i ' ‘ ' r ' o ]
grid detectors (Luke, 1995) or, in the case of pixel detectors, by : —""gg off 3x8x2mm’ A
exploiting the small-pixel effect (Barrett et al., 1995). In fact, [! " CdznTe planar detector
such techniques have been widely applied to CdZnTe detec- 1.5 ]

tors to overcome poor hole transport. From Table 2 we note
that the pt product for electrons is usually about one to two
orders of magnitude greater than that for the holes, which
means that for present detection systems the electrons are
almost fully collected for interactions occurring throughout
the detector volume and that spectral tailing is almost exclu-
sively due to holes. We discuss two of these techniques below.

5.1. Rise-time discrimination

Rise-time discrimination (RTD) is a relatively simple
method (Jordanov et al., 1996) of improving spectral shape and
relies on the fact that for widely different transport properties
the rise times of the current pulses owing to the electrons and
holes are quite different. With reference to Fig. 1, the time
taken for an electron and a hole to traverse the detector width
Lis

te = L/:u“eE and th = L//'LhEv (8)

from which we can see that the electron and hole transit times
are directly dependent on carrier mobilities. Consider inter-
actions in the detector volume. Then, since u. > Uy, the rising
edge of the detector signal will be composed of a fast
component owing to the electrons and a slow component
owing to the holes. In RTD methods, all pulses with a rise time
exceeding a pre-set threshold are rejected; in fact, all those
events that would normally lie in the tail. The effect of RTD is
demonstrated in Fig. 2, in which we show the measured
response of a 3mm X 3mm x 2mm CdZnTe detector
(Owens, Buslaps, Erd et al., 2005). While the resolution is
improved (from 1 keV FWHM at 59.54 keV to 700 eV), by
using RTD the efficiency is lower than that expected from the

LEt — 4

Normalized Counts
-y
o
Wo—

!
0.5 |
!
p \ J
0'OO 10 20 30 40
Energy (keV)
Figure 2

Two **’Am spectra taken with an Amptek 3mm x 3mm x 2mm
CdZnTe detector, illustrating the effectiveness of RTD (Owens, Buslaps,
Erd et al, 2005). From the figure we see that the hole tailing is
substantially reduced in the case where RTD is used and in fact the
FWHM energy resolution improves from 1 keV to 700 eV at 59.54 keV.
However, an energy-dependent decrease in efficiency is also apparent.

physical dimensions of the detector, since many counts are
rejected. This is also demonstrated in Fig. 2 in which we can
see that the amplitude of the lowest peak at ~9keV is
essentially the same in both spectra, since the entire signal is
due to the electrons. However, there is an increasing loss of
counts in subsequent peaks of the RTD-on spectrum as the
energy increases. In fact, the ratio of counts in the 60 keV
photopeak (i.e. RTD-on/RTD-off) is ~0.35 and the ratio of
peak heights is ~0.65.

Since both rise time and signal amplitude are correlated
with the depth of interaction, one can use these measurements
to deduce charge collection efficiency and thus improve
spectroscopic performance. Such methods are termed bi-
parametric methods. In practice, it is achieved by plotting rise
time as a function of pulse amplitude and energy, from which
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one can generate a set of correction factors. The measured
induced charge is then multiplied by the appropriate correc-
tion factor, yielding a corrected pulse amplitude. This tech-
nique permits high resolution with little loss of sensitive
volume. For example, Verger et al. (2001) report measuring a
FWHM energy resolution of 6.5% at 122 keV using a room-
temperature 4 mm X 4 mm x 6 mm CdZnTe detector with
standard planar electrodes. The quoted acceptance efficiency
was >80%. However, there are disadvantages. Firstly, the
electronics are complicated, and, secondly, since the pulse-
height deficit varies non-linearly with rise time, the technique
is only valid over a limited detector depth. Systems have been
developed that apply non-linear corrections and effectively
use the entire depth of the detector. However, their
complexity and the difficulty of calibration make them
uncommercial at this time.

5.2. Co-planar grid detectors

The co-planar grid technique (Luke, 1995) is essentially an
evolution of the classical Frisch grid, introduced to reduce
position-dependent charge-collection effects in gas detectors.
By including a grid within the gas volume near the anode of
the device, it is possible to bias the electrodes such that
electrons are drifted towards the anode through the grid and
positive ions are drifted in the opposite direction. According
to the Shockley—Ramo theorem, the induced charge on the
anode is primarily from electrons moving from the grid to the
anode, hence the photon interaction position dependence of
the pulse shape is greatly reduced. A similar concept has been
shown to work with semiconductor devices, i.e. coplanar grid
devices. The anode electrodes take the form of inter-digitated
grids that are connected to separate charge-sensitive pre-
amplifiers. An electric field is established in the detector bulk
by applying bias to the cathode, which is a full-area contact
located on the side opposite the grid electrodes. The two grid
preamplifiers are connected to a subtraction circuit to produce
a difference signal. Bias is applied between the grid electrodes
so that one of the grids preferentially collects charge. Charge
motion within the bulk of the detector is sensed equally by the
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Figure 3

Comparison of pulse-height spectra measured with a 2.25 cm® device
(15 mm x 15 mm x 10 mm) when operated as a planar detector and as a
coplanar grid detector (Owens, Buslaps, Gostilo et al., 2005).

grid electrodes and the difference is essentially zero. However,
when charge approaches the anode, the grid signals begin to
differ and a signal is registered at the output of the difference
circuit. In a well designed detector and in the absence of
electron trapping, the magnitude of the difference signal is the
same no matter where the charge is generated in the device.
This results in a large improvement in performance for y-ray
spectroscopy when compared with conventional planar device
technology. In fact, operating the grids as a simple planar
detector results in no spectroscopic signal, but when operated
in the co-planar geometry the results are quite dramatic and
are illustrated in Fig. 3 (from Owens, Buslaps, Gostilo et
al., 2005).

6. Discussion and conclusions

While novel designs can improve energy resolution, ultimately
carrier transport still limits the maximum detection volume.
For the transport properties appropriate for CdZnTe, this is
about 10 cm®. Thus, ultimately the quality of the material has
to be improved if a substantial increase in detector volume is
to be achieved, sufficient to produce an effective y-ray
detector. In the longer term, material improvements must be
paralleled by corresponding developments in heterostructure
and quantum heterostructure technology, provided of course
strain is not a limiting factor. Heterostructures may solve the
problem of contacting by building up a series of semi-
conductor layers until it is possible to satisfy the relationship
that the work function of the metal contact is less than that of
the semiconductor (ie. ¢, < @) for n-type material and
greater than that of the semiconductor for p-type material. At
the present time, the first purpose-built heterostructures for
X-ray applications are being reported in the literature (Silenas
et al., 2003).
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