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4.1 INTRODUCTION

Semiconductor detector technology has dramatically changed the broad field of x-ray
and y-ray spectroscopy and imaging. Semiconductor detectors, originally developed
for particle physics applications, are now widely used for x/y-ray spectroscopy and
imaging in a wide variety of fields, including, for example, x-ray fluorescence, y-ray
monitoring and localization, noninvasive inspection and analysis, astronomy, and
diagnostic medicine. The success of semiconductor detectors is due to several unique
characteristics, such as excellent energy resolution, high detection efficiency, and
the possibility of development of compact and highly segmented detection systems.
Among semiconductor devices, silicon (Si) detectors are the key detectors in the soft
x-ray band (<15 keV). Si-PIN diode detectors [1] and silicon drift detectors (SDDs)
[2], operated with moderate cooling by means of small Peltier cells, show excellent
spectroscopic performance and good detection efficiency below 15 keV. On the other
hand, germanium (Ge) detectors are unsurpassed for high-resolution spectroscopy
in the hard x-ray energy band (>15 keV) and will continue to be the first choice for
laboratory-based high-performance spectrometers [3].

However, in the last decades, there has been an increasing demand for the
development of room-temperature detectors with compact structure having the
portability and convenience of a scintillator but with a significant improvement in
energy resolution and spatial resolution. To fulfil these requirements, numerous
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high-Z and wide bandgap compound semiconductors have been exploited [4,5].
In fact, as demonstrated by the impressive increase in the scientific literature and
technological development around the world, cadmium telluride (CdTe) and cadmium
zinc telluride (CdZnTe or simply CZT)-based devices are today dominating the
room-temperature semiconductor applications scenario, being widely used for the
development of x/y-ray instrumentation [6—8].

As already mentioned, for purely spectroscopic applications in the hard x-ray
and y-ray regime, germanium detectors have retained their supremacy, while
applications that require imaging capabilities with high spatial resolution, possibly
coupled with good spectroscopic performance (at room temperature), define the field
in which the potential and advantages of CdTe/CZT-technology sensors can be fully
exploited. In fact, the possibility of quite easily segmenting the charge-collecting
electrodes in strips or arrays, as well as assembling a mosaic of even small sensitive
units (i.e., crystals), makes it possible to obtain devices with intrinsically excellent
bidimensional spatial resolution (down to tens of microns) and, according to the
type of readout electronics, also to measure the energy released by the interaction of
photons with the material (see [9,10] and other chapters in this book).

In this chapter, we will focus on a particular type of detector based on sensitive
elements of CZT/CdTe, namely, spectrometers with spatial resolution in three
dimensions. These, in fact, represent the new frontiers for applications in different
fields that require increasing performance, such as high-energy astrophysics,
environmental radiation monitoring, medical diagnostics with positron emission
tomography (PET), and inspections for homeland security. The advantages offered
by the possibility of reconstructing both the position of interaction of the incident
photons in three dimensions (3-D) and the energy deposited by each interaction are
of fundamental importance for applications that require high detection efficiency
even at high energies (>100 keV), that is, in the Compton-scattering regime, as well
as a wide-field localization of the direction of incidence and a uniform spectroscopic
response throughout the sensitive volume. In fact, the possibility of reconstructing
the photon interaction position in 3-D will allow correction for signal variations due
to charge trapping and material nonuniformity, and will therefore allow the sensitive
volume of each detector unit to be increased without degrading the spectroscopic
performance.

4.2 X- AND y-RAY SPECTROSCOPY WITH CZT/CdTe SENSORS

The typical operation of semiconductor detectors is based on collection of the
charges created by photon interactions through the application of an external electric
field. The choice of the proper semiconductor material for a radiation detector is
mainly influenced by the energy range of interest. Among the various interaction
mechanisms of x-rays and y-rays with matter, three effects play an important role
in radiation measurements: photoelectric absorption, Compton scattering, and pair
production. In photoelectric absorption, the photon transfers all its energy to an
atomic electron, while a photon interacting through the Compton process transfers
only a fraction of its energy to an outer electron, producing a hot electron and a
degraded photon; in pair production, a photon with energy above a threshold energy
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of 1.02 MeV interacts within the Coulomb field of the nucleus, producing an electron
and positron pair. Neglecting the escape of characteristic x-rays from the detector
volume (the so-called fluorescent lines), only the photoelectric effect results in the
total absorption of the incident energy and thus gives useful information about the
photon energy. The interaction cross sections are highly dependent on the atomic
number. In photoelectric absorption, it varies as Z*>, Z for Compton scattering, and
Z? for pair production.

4.2.1 CpTe/CZT useDp As X- AND Y-RAY SPECTROMETER

An optimum spectroscopic detector must favor photoelectric interactions, and so
semiconductor materials with a high atomic number are preferred. Figure 4.1a shows
the linear attenuation coefficients, calculated by using tabulated interaction cross-
section values [11], for photoelectric absorption and Compton scattering of Si, CdTe,
Hgl,, Nal, and BGO; Nal and BGO are solid scintillator materials typically used
in radiation measurement. As shown in Figure 4.1a, photoelectric absorption is the
main process up to about 200 keV for CdTe. The efficiency for CdTe detectors versus
detector thickness and at various typical photon energies is reported in Figure 4.1b.
A 10 mm thick CdTe detector ensures good photoelectric efficiency at 140 keV
(>90%), while a 1 mm thick CdTe detector is characterized by a photoelectric
efficiency of 100% at 40 keV.

Semiconductor detectors for x- and y-ray spectroscopy behave as solid-state
ionization chambers operated in pulse mode. The simplest configuration is a
planar detector, which is a slab of a semiconductor material with metal electrodes
on the opposite faces of the semiconductor (Figure 4.2). Photon interactions
produce electron-hole pairs in the semiconductor volume through the discussed
interactions. The interaction is a two-step process, whereby the electrons created
in the photoelectric or Compton process lose their energy through electron—hole
ionization. The most important feature of photoelectric absorption is that the number
of electron—hole pairs is proportional to the photon energy. If E is the incident photon
energy, the number of electron—hole pairs N is equal to E/w, where w is the average
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FIGURE 4.1 (See color insert) (a) Linear attenuation coefficients for photoelectric
absorption and Compton scattering of CdTe, Si, Hgl,, Nal, and BGO. (b) Efficiency of CdTe
detectors as a function of detector thickness at various photon energies.
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FIGURE 4.2 Planar configuration of a semiconductor detector: (a) Electron—hole pairs,
generated by radiation, are swept toward the appropriate electrode by the electric field; (b)
the time dependence of the induced charge for three different interaction sites in the detector
(positions 1, 2, and 3). The fast-rising part is due to the electron component, while the slower
component is due to the holes.

pair-creation energy. The generated charge cloud is Q,=eE/w. The electrons and
holes move toward the opposite electrodes, anode and cathode for electrons and
holes, respectively (Figure 4.2).

The movement of the electrons and holes causes variation AQ of induced charge
on the electrodes. It is possible to calculate the induced charge AQ by the Shockley—
Ramo theorem [12,13], which makes use of the concept of a weighting potential,
defined as the potential that would exist in the detector with the collecting electrode
held at unit potential, while all other electrodes are held at zero potential. According
to the Shockley—Ramo theorem, the charge induced by a carrier g, moving from x; to
X;, is given by Equation 4.1:

AQ = g [0(x,) - 9(x))] @1

where @(x) is the weighting potential at position x. It is possible to calculate the
weighting potential by analytically solving the Laplace equation inside a detector
[14]. In a semiconductor, the total induced charge is given by the sum of the induced
charges due to both electrons and holes.

Charge trapping and recombination are typical effects in compound semiconductors
and may prevent full charge collection. For a planar detector, having a uniform
electric field, neglecting charge detrapping, the charge-collection efficiency (CCE),
that is, the induced charge normalized to the generated charge, can be evaluated by
the Hecht equation [15] and derived models [16] and is strongly dependent on the
photon interaction position. This dependence, coupled with the random distribution
of photon interaction points inside the sensitive volume, increases the fluctuations on
the induced charge and produces peak broadening in the energy spectrum as well as
the characteristic low tail asymmetry in the full energy peak shape observed in the
planar CdTe/CZT sensor.

The charge transport properties of a semiconductor, expressed by the hole
and electron mobility lifetime products (p,t, and p,t,), are key parameters in the
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development of radiation detectors. Poor mobility lifetime products result in short
mean drift length A and therefore small A/L ratios, which limit the maximum
thickness and energy range of the detectors. Compound semiconductors, generally,
are characterized by poor charge transport properties due to charge trapping.
Trapping centers are mainly caused by structural defects (e.g., vacancies),
impurities, and irregularities (e.g., dislocations, inclusions). In compound (CdTe
and CZT) semiconductors, the p,t, is typically of the order of 10-5-1073 cm? V-,
while p, T, is usually much worse, with values around 10-°~10-*cm? V-!. Therefore,
the corresponding mean drift lengths of electrons and holes are 0.2-20 mm and
0.02-2 mm, respectively, for typical applied electric fields of 2000 V cm™! [17].

The charge-collection efficiency is a crucial property of a radiation detector,
affecting spectroscopic performance, and in particular energy resolution. High
charge-collection efficiency ensures good energy resolution, which also depends
on the statistics of the charge generation and the noise of the readout electronics.
Therefore, the energy resolution (FWHM) of a radiation detector is mainly influenced
by three contributing factors:

AE = (2355 (F-E-w) + AE4 + AE.y, 4.2)

The first contribution is the Fano noise due to the statistics of the charge-carrier
generation. In semiconductors, the Fano factor F' is much smaller than unity
(0.06—0.14) [18]. The second contribution is the electronic noise, which is generally
measured directly using a precision pulser, while the third term takes into account
the contribution of the charge-collection process. Different semiempirical relations
have been proposed for the charge-collection contribution evaluation of different
detectors [19].

Figure 4.3 shows a typical spectroscopic system based on a semiconductor
detector. The detector signals are amplified by a charge-sensitive preamplifier (CSA)
and then shaped by a linear amplifier (shaping amplifier). Energy spectra are obtained
by a multichannel analyzer (MCA), which samples and records the shaped signals.

As pointed out in the foregoing discussions, poor hole-transport properties of
CdTe and CdZnTe materials are a critical issue in the development of x- and y-ray
detectors. Hole trapping reduces the charge-collection efficiency of the detectors
and produces asymmetry and a long tail in the photopeaks in the measured spectra
(hole tailing). Several methods have been used in order to minimize this effect.
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A\
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FIGURE 4.3 Block diagram of a standard spectroscopic detection system for x- and y-rays.
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FIGURE 4.4 (a) Usual irradiation configuration in which photons impinge (arrows)
the detector through the cathode surface (PPF: planar parallel field) and the PTF (planar
transverse field) in which the photons impinge on the sensor orthogonally with respect to
the charge collecting field. (b) Ratio between PTF and PPF efficiency calculated in [21] for
impinging photon energies from 50 to 1000 keV, assuming PTF thickness equal to 10 mm
and distance between electrodes (i.e., the PPF absorption thickness) 2.5 mm.

Some techniques concern the particular irradiation configuration of the detectors
(see Figure 4.4a). Planar parallel field (PPF) is the classical configuration used
in overall planar detectors, in which the detectors are irradiated through the
cathode electrode, thus minimizing the hole-trapping probability. In an alternative
configuration, denoted planar transverse field (PTF) [20], the irradiation direction
is orthogonal (transverse) to the electric field. In such a configuration, different
detector thicknesses can be chosen, in order to fit the detection efficiency required,
without modifying the interelectrode distance and thus the charge-collection
properties of the detectors. This technique is particularly useful to develop detectors
with high detection efficiency in the y-ray energy range. Figure 4.4b shows a plot
of the ratio between the efficiency achievable by a CdTe spectrometer with lateral
sides of 10 mm and a distance between electrodes of 2.5 mm [21]. This plot shows
that the PTF irradiation configuration becomes favorable in terms of detection
efficiency above 200 keV.

4.2.2  SPECTROSCOPIC PERFORMANCE IMPROVEMENT TECHNIQUES

Different methods have been proposed to compensate for the trapping effects in
CdTe/CZT semiconductor detectors in order to improve their spectroscopic resolution
toward its theoretical limit and to increase their full energy efficiency. The most
frequently used methods rely on the possibility of avoiding the contribution of holes
to the formation of the charge signal, thus using the CZT/CdTe detector as a single-
charge sensing device. In this configuration, only electrons are collected. Because
of their mobility characteristics, the effect of trapping is limited and can be further
compensated for using information derivable from simple signal manipulation.
Several techniques are used in the development of detectors based on the collection
of electrons (single-charge carrier sensitive), which have better transport properties
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FIGURE 4.5 (See color insert) (A) Single-charge collection electrode configurations widely
used in CdTe and CdZnTe detectors: (a) parallel-strip Frisch grid, (b) pixel, (c) strip, and
(d) multiple electrodes. (B) Weighting potential of a pixel detector, compared with a planar
detector. It is possible to improve the unipolar properties of pixel detectors by reducing the
w/L ratio (i.e., pixel size to detector thickness), according to the theory of small pixel effect.

than holes. Single-charge carrier-sensing techniques are widely employed for CdTe
and CdZnTe detectors (unipolar detectors), both by using electronic methods (pulse
rise time discrimination [22], biparametric analysis [23,24]) and by developing
careful electrode design (Frisch grid [25,26], pixels [27,28], coplanar grids [29],
strips [30,31], multiple electrodes [32—34]). Figure 4.5 shows some unipolar electrode
configurations widely used in CdTe and CdZnTe detectors.

The first single-charge carrier-sensing technique was implemented in gas
detectors by Frisch [35] to overcome the problem of slow drift and loss of ions.
A simple semiconductor Frisch grid detector and a derivate structure known as
the coplanar-grid configuration can be built by using parallel metal strips on
the opposite faces of the detector (yellow strips of Figure 4.5a) connected in an
alternating manner to give two sets of interdigital grid electrodes. Pixels and
strips on the anode electrode of detectors (Figure 4.5b, c), useful for their imaging
properties, are also characterized by unipolar properties. The small-size anode
electrode and the multiple ring electrodes (drift electrodes) on the anode surface of
the detectors, as shown in Figure 4.5d, optimize charge collection, minimizing the
effect of the hole trapping on the measured spectra.

In general, the almost unipolar characteristics of these detector configurations are
due to the particular shape of the weighting potential: it is low near the cathode and
rises rapidly close to the anode. According to this characteristic, the charge induced
on the collecting electrode, proportional to the weighting potential, as stated by the
Shockley—Ramo theorem, is mostly contributed by the drift of charge carriers close
to the anode, that is, the electrons. On the contrary, the linear shape of the weighting
potential of a planar detector makes the induced charge sensitive to both electrons
and holes, as discussed above.

In particular, the introduction of coplanar-grid noncollecting electrodes in the
anode-side design of the sensor provides an important additional feature that is
fundamental to realizing 3-D sensing spectrometers, that is, the position information
of the radiation interaction point inside the sensitive volume [29]. In fact, for these
electrode configurations, the induced charge on the planar cathode Q, increases
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roughly as a linear function of the distance D of y-ray interaction location from
the coplanar anodes (Q, « DXE,), because it is proportional to the drift time of
electrons. On the other hand, the coplanar anode signal Q. is only approximately
proportional to the y-ray deposited energy (Q, « E,) Therefore, the interaction depth
can be estimated by reading both Q, and Q signal amplitude for each interaction
through their ratio (also called depth parameter): d=Q,/Q,, «D [36].

4.3 3-D CZT/CdTe SENSOR CONFIGURATIONS

A 3-D spectrometer is, in principle, a detector divided into volume elements (voxels),
each operating as an independent spectroscopic sensor. The signal produced in each
voxel by the interaction of an incoming x/y photon must be able to be read and
converted into a voltage signal proportional to the energy released. If the readout
electronics of the detection system implements a coincidence logic, it will be possible
to determine to some extent the history of the incident photon inside the sensitive
volume by associating the energy deposits in more voxels with the same incident
photon.

The need for this type of sensor comes from application requirements. For
example, in the field of hard x- and soft y-ray astrophysics (10-1000 keV), there are
promising developments of new focusing optics operating for up to several hundreds
of kiloelectronvolts through the use of broadband Laue lenses [37] and a new
generation of multilayer mirrors [38]. These systems make it possible to push the
sensitivity of a new generation of innovative high-energy space telescopes to levels
far higher (100—1000 times) than current instrumentation. To obtain the maximum
return from this type of optics up to the megaelectronvolt level requires the use of
focal plane detectors with high efficiency (>80%) even at higher energies, and with
that the ability to measure the energy spectrum with good spectroscopic resolution
and also to localize accurately (0.1-1 mm) the point of interaction of the photons
used for the correct attribution of their direction of origin in the sky.

In fact, the realization of 3-D spectrometers by a mosaic of single CdTe/CZT
crystals is not as easy as in the case of bidimensional imagers, mainly due to the
small dimension of each sensitive unit, necessary to guarantee the required spatial
resolution, and also the intrinsic difficulty of packaging in 3-D sensor units, in which
each one requires an independent spectroscopic readout electronics chain. A solution
is offered by the realization of a stack of 2-D spectroscopic imagers [39,40]. This
configuration, while very appealing for large-area detectors, has several drawbacks
for application, requiring fine spatial resolution in three dimensions and compactness.
Indeed, the distance between 2-D layers of the stack limits the accuracy and the
sampling of the third spatial coordinate, and passive materials are normally required
for mechanical support.

To solve this kind of problem, in the last 10—15 years several groups have focused
their activity on the development of sensors based on high-volume (1-10 cm?) crystals
of CZT/CdTe capable of intrinsically operating as 3-D spectrometers and therefore
able to meet the requirements for certain applications, or to make more efficient
and easy the realization of 3-D detectors based on matrices of these basic units.
The main benefits are: a limited number of required readout channels to achieve
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the same spatial resolution; packing optimization; and reduction of passive material
between sensitive volumes. In these developments, a key role is played by the
adopted electrode configuration. As already seen in Section 4.2.2, various electrode
configurations have been proposed and studied to improve both the spectroscopic
performance and the uniformity of response of CZT/CdTe detectors compensating
for and correcting problems related to trapping and low mobility of the charge carriers
in these materials. In fact, these electrode configurations, with the implementation
of appropriate logical reading of the signals, are intrinsically able to determine the
position of interaction of the photon in the direction of the collected charge (depth
sensing) and therefore are particularly suited to the realization of 3-D monolithic
spectrometers without requiring a drastic increase of the electronics readout chains.

In the following sections, we will review a couple of configurations currently
proposed and in development for the realization of 3-D spectrometers based on single
large-volume crystals of CdTe/CZT. Even though there are other developments in
this direction [41-44], the present choice is mainly dictated by application to hard
x-rays and soft y-rays, which requires good spatial resolution (at millimeter level or
better) in all three dimensions coupled with fine and uniform spectroscopic response.

4.3.1 Pixer SPECTROMETERS WITH COPLANAR GUARD GRID

By combining a pixelated anode array, already performing with good energy
resolution because of the small pixel effect introduced in Section 2.2, and an
interaction depth-sensing technique for electron-trapping corrections, it is possible
to build CdZnTe y-ray spectrometers with intrinsic 3-D position-sensing capability
over quite large-volume (1-3 cm?) bulk crystals. This configuration was proposed in
1998 by He et al. [45].

The first prototype was based on a 10x10x10 cm?® CZT crystal with an
11 x 11-pixel anode array and a single cathode electrode on the opposite surface
[46]. The 2-D sensing of y-ray interactions is simply provided by the pixel (x, y)
anode, where electrons are collected on the anode surface. Instead of using an array
of simple square pixel anodes, each square collecting anode is surrounded by a
common noncollecting grid (Figure 4.6a and b). In the first configuration, the pixel
pitch has dimensions of 0.7 x 0.7 mm?, with a collecting anode of 0.2x 0.2 mm? at
the center surrounded by a common noncollecting grid with a width of 0.1 mm.
Since the noncollecting grid is biased at lower potential relative to that of the
collecting anodes, electrons are forced toward the collecting pixel anodes. Even
more important, the dimension of the pixel collecting anode is small with respect
to the anode—cathode distance and smaller than the geometrical pixel dimension,
enhancing the small pixel effect and minimizing any induced signal from the holes’
movement. To guarantee good electron collection, for this configuration the bias
between anodes and the planar cathode is in the 1500-2000 V range, while the
voltage difference between anodes and the noncollecting common grid is typically a
few tenths of a volt (30-50 keV).

The y-ray interaction depth between the cathode and the anode is obtained from
the ratio between the signal readout by the cathode and the anode, respectively.
With a simple coincidence logic between cathode and anode signals, this technique
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FIGURE 4.6 (a) Scheme of the anode side of the 10 X 10 X 10 mm?* CZT prototype. (b)
Photos of the detector (15 X 15 X 10 mm?®) with the ceramic substrate facing up (top) and
with the cathode facing down (bottom), where, through the thin ceramic substrate, the anode
bonding pad array is visible. (c) Scheme of the depth-sensing logic used for multiple-site event
handling.

can provide the depth (z) of the photon interaction for single-site events, and only
the centroid depth for multiple-site interactions (e.g., Compton-scattered events).
In order to identify individual hit depths for multiple-site events, the signal from
the noncollecting grid is also read out using a charge-sensitive preamplifier. When
electrons generated by an energy deposition are detected toward the collecting
pixel anode near the anode surface, a negative pulse is induced on the noncollecting
grid, as shown in Figure 4.6c. This signal is differentiated, generating positive
pulses corresponding to the slope inversion points of the noncollecting grid signal.
Finally, a threshold circuit uses the differential output to provide a logic pulse
when it is above a defined threshold [47]. These logic pulses provide start and
stop signals to a time-to-amplitude converter (TAC) that measures the interval of
drifting times of electrons.

By combining the centroid depth, pulse amplitudes from each pixel anode, and
the depth interval between energy depositions derived from the measure of electron
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drifting time, the depth of each individual energy deposition can be obtained.
Although the differential circuit could identify multiple hits of the same incoming
photon, the TAC limits the number of interactions to two. Therefore, the original
system was able to provide interaction depths for only single and two-site (double)
events. Events having more than two energy depositions can be identified by the
number of anode-triggered pixels, but only the centroid interaction depth can be
obtained. While the single-event low-energy threshold was low (~10 keV), the
threshold for double events was relatively high, because their detection depended on
the noncollecting grid signal threshold, which was, in the first measurements, in the
order of 100 keV. The reconstructed interaction depth using this technique becomes
worse with decreasing energy [48] and is ~0.25 mm for single events and ~0.4 mm
for double ones at 662 keV.

In fact, since the first prototypes, several improvements have been realized by the
same group on both the CZT sensor configuration and the readout and processing
electronics, allowing the sensitive volume of each CZT device to be increased up
to 6 cm? (i.e.,, 2X2x 1.5 cm?®) [49,50]. With these new sensors, very impressive
spectroscopic performance can be achieved (Figure 4.7a) for all event types. These
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FIGURE 4.7 (a) The typical dependence of the centroids of '*’Cs photopeak from the
interaction depth parameter (1 depth step = 0.5 mm) for one pixel. (b) *’Cs spectrum
measured by one pixel after compensation for interaction depth for all event multiplicity.
(c) Diameter of the electron cloud generated by photon interaction vs. energy.
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sensor units have been proposed as 3-D spectrometers for energy up to several
megaelectronvolts. One of the main problems with operating in this energy region
(>500 keV) is that the electron cloud, generated at each photon interaction point
inside the sensitive volume, becomes larger than the pixels’ lateral size (>1 mm)
as the energy deposit increases. This effect, of course, tends to degrade the spatial
resolution, because transient signals are collected by several anode pixels around the
central one (charge sharing), which increases the uncertainty of depth reconstruction
in the direction of charge collection.

Even if the geometrical spatial resolution in the anode plane of the larger CZT
pixel sensor was at millimeter scale (1.8 mm pitch), with a custom-designed digital
readout scheme, able to handle the signal coming from the eight pixels neighboring
the triggered pixel, it has been demonstrated that a Ax of 0.23-0.33 mm can be
achieved for a 662 keV single interaction [51].

Similar sensor configurations have been proposed, where the anode segmentation
in a pixel array is replaced by a grid of orthogonal coplanar electrodes [52], as
shown in Figure 4.8a, or by a parallel coplanar strip set [53] (Figure 4.8b), while
maintaining in both cases a planar cathode on the opposite surface. The evident
advantage of this detector scheme is the reduction of the required readout channels
(2N) to achieve the same geometrical spatial resolution in the anode sensor plane (x,
y) compared with an equivalent pixel array segmentation (N?). In this case, the signal
readout from the pixel lines gives one coordinate on the plane, while the orthogonal
one is derived from analysis of the bipolar signals from noncollecting strips. As
before, the third dimension (i.e., the interaction depth) can be inferred by the ratio
between anode and cathode signals, but, due to the coplanar electrode configuration,
the cathode signal can be replaced by the sum of all anode pixel line and strip signals.
For a CZT detector of 10X 10X 10 mm? with an orthogonal coplanar strip anode, the
measurements have demonstrated that, despite a geometrical spatial resolution of
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FIGURE 4.8 (a) Orthogonal coplanar-strip 3-D detector scheme: single-sided strip detector
with collecting (row) and noncollecting (column) contacts on the anode surface. The cathode
on the hidden side is planar. (b) Parallel coplanar-grid 3-D detector. The energy readout is
accomplished by measuring the induced charge on a single set of interconnected anode strips,
which are biased in order to collect the generated electrons.
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1 mm in the (x, y) plane, the achievable 16 values are between 0.2 and 0.4 mm for
122 and 60 keV, respectively, and ~0.4 mm in the interaction depth at 122 keV [54].

4.3.2 PTF MicrosTtriP WiTH DRIFT CONFIGURATION

Another way to build 3-D spectroscopic sensors relies on the use of CZT crystals in
the PTF configuration. The drawback of the PTF irradiating geometry is that all the
positions between the collecting electrodes are uniformly hit by impinging photons,
leading to a stronger effect of the difference in charge-collection efficiency and thus
in spectroscopic performance with respect to the standard irradiation configuration
through the cathode (PPF). Therefore, worse spectroscopic performance can be
expected in PTF with respect to the standard PPF irradiation configuration [55].
In order to recover from this spectroscopic degradation and to improve the CZT
sensitive unit performance, an array of microstrips in a drift configuration can be
used instead of a simple planar anode (Figure 4.9): the anode surface is made of a
thin collecting anode strip surrounded by guard strips that are biased at decreasing
voltages. This anode configuration [56] allows the detector to become almost a
single-charge carrier device, avoiding the degradation of the spectroscopic response
by charge loss due to hole trapping and providing a more uniform spectroscopic
response (i.e., independent of the distance of the interaction from the collecting
electrodes), as shown in Figure 4.10a [57]. The spectroscopic resolution of this type
of sensor ranges from 6% at 60 keV down to 1.2% at 661 keV, without any correction
for the interaction depth. In fact, similarly to the other configuration presented above,
it will be possible to perform compensation of the collected charge signals using the
photon interaction position within the metalized surface, which can be inferred by
the ratio between the cathode and the anode strip signals [58].

The achievable spatial resolution in this direction is, of course, a function of
energy, because the dimensions of the charge-generated cloud, up to 500 keV, have
been measured [59] to be around 0.2 mm (Figure 4.10b). In order to obtain 3-D
sensitivity for the photon interaction position, the cathode can also be segmented into
strips in the direction orthogonal to the anode ones. Of course, with the described
configuration, the spatial resolution along the anode surface is defined geometrically
by the collecting anode and cathode strip pitch.

Both anode and cathode strips are read by standard spectroscopic electronics
chains, and therefore the segmentation of both cathode and anode surface will
set the number of readout channels. In fact, ongoing developments on this sensor
configuration are demonstrating that, with a readout logic able to weight the
signal between strips, the achievable spatial resolution also across the anode and
the cathode strip sets can be better than the geometrical strip pitch. For a sensor
unit similar to the one shown in Figure 4.11a, in which the cathode is segmented
into 2 mm pitch strips, the final spatial resolution can be as low as 0.6 mm (up
to 600 keV), weighting the cathode strip signals. In fact, also along the anodic
strip set the effective resolution can be improved to a small fraction (1/5-1/10) of
geometrical pitch between collecting strips by implementing an appropriate readout
of the drift strip signal, similar to the one suggested by Luke et al. [60] for 3-D
coplanar grid detectors [61].
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FIGURE 4.9 (a) Schematic configuration of a CZT drift-strip sensor. A drift-strip detector
cell is shown between the two thick vertical lines marked “A” and “B.” The drift-strip
electrodes and the planar electrode are biased in such a way that the electrons move to the
anode collecting strips (central white strips). (b) The shape of the charge-collecting field lines
calculated for an anode cell on a CZT sensor with drift-strip electrode configuration (see
Figure 4.8): the anode—cathode bias is set at 150 keV, and the difference between adjacent
strips in pairs (AV) =-25 V.
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FIGURE 4.10 (See color insert) (a) Spectra of a collimated (0.6 mm spot) ’Co source at
three different positions between the collecting electrodes; the variation between the full
energies peak and the corresponding energy resolution is within a few percent. (b) On the left,
the biparametric distributions of the ratio between the planar electrode signal (Q,) and the
anode collecting-strip signal (Q,) vs. Q, for three positions of a 500 keV monochromatic x-ray
beam; on the right, the corresponding measured depth resolution for these three different
beam positions. The y-axis extension (ratio) is representative of the sensor interelectrode
distance. The beam was collimated at 50 pm.
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FIGURE 4.11 (a) Drift-strip CZT sensor (18 x 8 X 2.5 mm?): (top) anode side with a set
of 64 (0.15 mm wide) strips, (bottom) cathode side with four (2 mm wide) strips. (b) Linear
module prototype seen from the anode side: this constitutes the basic element for building
a large-volume 3-D sensor. (c) A suitable packaging scheme of eight linear modules, each
supporting two CZT drift 3-D sensors of 20 x 20 X 5 mm? to obtain a spectroscopic imager
of 32 cm? sensitive volume.

Because of the use of the PTF configuration, the dimensions of the 3-D sensor
unit can reach up to 20-30 mm in lateral size and up to 5 mm in charge-collecting
distance, making it possible to limit the high bias voltage required to completely
deplete the sensitive volume to values below 500 V. A particular implementation
of these types of sensor is shown in Figure 4.11a, in which a CZT sensor of
18 X 8 X 2.4 mm?, with a fine-pitch p-strip pattern on the CZT anode and a cathode
segmented into four 2 mm wide orthogonal strips, is mounted on a 1 mm thick
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alumina support. In this sensor prototype, there are four collecting anode strips,
with an overall pitch of 2.4 mm, each one surrounded by four strips on each side,
used as drift electrodes. While the bias between cathode and anode is typically
100 V. mm™, the drift strips, to be effective in shaping the charge-collection field to
minimize dead volume, are biased at decreasing relative voltage with respect to the
cathode strips of AV=20-30 V. These values, of course, depend in particular on
the thickness (distance between cathode and anode surfaces) of the sensor tile, and
the best bias scheme must be carefully studied using charge transport models. Using
such sensor units [62], a large-volume 3-D spectrometer can be built by packaging
several units (as shown in Figure 4.11b and c), in which CZT 3-D sensors are bonded
on a thin high-resistivity support layer (e.g., Al,05), forming linear modules that
provide the electrical interface for both readout electronics and bias circuits.

4.4 CONSIDERATIONS ON 3-D CZT/CdTe
SPECTROMETER APPLICATIONS

The development of CZT/CdTe spectrometers with high 3-D spatial resolution and
fine spectroscopy represents a real challenge to the realization of a new class of high-
performance instruments able to fulfil current and future requirements in several
application fields.

The possibility of also achieving a very good detection efficiency even at high
energy (up to a few megaelectronvolts) [63], because of the sensitive volumes that can
also be obtained by mosaics or stacks of 3-D sensor units, without significant loss of
spectroscopic performance and response uniformity, together with their capability
to operate at room temperature, makes them really appealing for application in
radiation monitoring and identification [64] and homeland security, as well as in
industrial noninvasive controls and, in the research field, for new hard x- and soft
y-ray astronomy instrumentation.

Furthermore, the fine spectroscopic resolution (a few percent at 60 keV and
<1% above 600 keV) and the high 3-D spatial resolution (0.2—0.5 mm) that these
devices can guarantee, coupled with high-performance readout electronics, allow
operation not only in full energy mode but also as Compton-scattering or pair
detectors if equipped with appropriate electronics providing a suitable coincidence
logic to handle multihit events. These possibilities imply that these sensors are
suitable to realize wide-field detectors for localization and detection of y-ray sources
(>100 keV) in both ground and space applications [65]. Evaluation using a single 3-D
CZT sensor (Section 3.1) as a 4n Compton imager has demonstrated the possibility
of obtaining an angular resolution ~15° at 662 keV. This is an excellent result in
the small distance scale used to reconstruct Compton event kinematics, and can be
achieved only because of the good 3-D and spectroscopic performance of the CZT
proposed sensor units.

The possibility of operating 3-D spectrometers as Compton-scattering detectors
gives the appealing opportunity to utilize these devices for measurements of hard
x-ray and soft y-ray polarimetry. Today, this type of measurement is recognized
as being of fundamental importance in high-energy astrophysics, and is one of the
most demanding requirements for instrumentation for the next space mission in
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this energy range (10—1000 keV). The presence of linearly polarized photons in the
incoming flux from a cosmic ray source determines a modulation in the azimuthal
direction of Compton-scattered events [66]. A 3-D spectrometer able to properly
handle scattered events is intrinsically able to measure these modulations, that is,
to operate as a scattering polarimeter [67]. The quality (modulation factor) of a
scattering polarimeter is strictly dependent on its spatial resolution and spectroscopic
performance. Several experimental measurements [68,69] and simulation models
have demonstrated that a detector allowing a good selection of events using both
the spectroscopic and position information of each hit can achieve a very high
modulation factor. In particular, the ability to select events within a thin layer of the
sensitive volume, thanks to the intrinsic 3-D segmentation of the detector (i.e., close
to 90° scattering direction), drastically improves the modulation factor and therefore
the reliability of the polarimetric measurements.
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FIGURE 3.19 (a) Dual isotope SPECT imaging of an anthropomorphic brain phantom
using the HEXITEC detector. The majority of the phantom is filled with *™Tc, while the
striatal compartments are filled with 2. (b) A comparison of the imaging performance of
a traditional GE Infinia y camera and the HEXITEC detector system. Images are shown for
energy windows around the principal emissions of the *™Tc and >’ radioisotopes. The use of
the HEXITEC detector greatly reduces the cross talk between the two images.
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FIGURE 4.1 (a) Linear attenuation coefficients for photoelectric absorption and Compton
scattering of CdTe, Si, Hgl,, Nal, and BGO. (b) Efficiency of CdTe detectors as a function of
detector thickness at various photon energies.
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FIGURE 4.5 (A) Single-charge collection electrode configurations widely used in CdTe and
CdZnTe detectors: (a) parallel-strip Frisch grid, (b) pixel, (c) strip, and (d) multiple electrodes.
(B) Weighting potential of a pixel detector, compared with a planar detector. It is possible to
improve the unipolar properties of pixel detectors by reducing the w/L ratio (i.e., pixel size to
detector thickness), according to the theory of small pixel effect.
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FIGURE 4.10 (a) Spectra of a collimated (0.6 mm spot) *’Co source at three different posi-
tions between the collecting electrodes; the variation between the full energies peak and the
corresponding energy resolution is within a few percent. (b) On the left, the biparametric
distributions of the ratio between the planar electrode signal (Q,) and the anode collecting-
strip signal (Q,) vs. Q, for three positions of a 500 keV monochromatic x-ray beam; on the
right, the corresponding measured depth resolution for these three different beam positions.
The y-axis extension (ratio) is representative of the sensor interelectrode distance. The beam
was collimated at 50 pm.

FIGURE 6.3 (a) Hexitec CdTe 250 pum pitch pad geometry with silver glue dots. (b) XFEL
LPD redistributed bonding pads 250 x 400 um? pitch (left) to the 500 um pitch pixels on a
two-layer interconnect silicon detector.



