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CdZnTe detectors; charge sharing; charge Charge losses at the inter-pixel gap are typical drawbacks in cadmium-zinc—
losses; energy-resolved photon-counting telluride (CZT) pixel detectors. In this work, an original technique able to
detectors. correct charge losses occurring after the application of charge-sharing addition

(CSA) is presented. The method, exploiting the strong relation between the
energy after CSA and the beam position at the inter-pixel gap, allows the
recovery of charge losses and improvements in energy resolution. Sub-
millimetre CZT pixel detectors were investigated with both uncollimated
radiation sources and collimated synchrotron X-rays, at energies below and
above the K-shell absorption energy of the CZT material. The detectors are DC
coupled to fast and low-noise charge-sensitive preamplifiers (PIXIE ASIC)
and followed by a 16-channel digital readout electronics, performing multi-
parameter analysis (event arrival time, pulse shape, pulse height). Induced-
charge pulses with negative polarity were also observed in the waveforms from
the charge-sensitive preamplifiers (CSPs) at energies >60 keV. The shape and
the height of these pulses were analysed, and their role in the mitigation of
charge losses in CZT pixel detectors. These activities are in the framework of an
international collaboration on the development of energy-resolved photon-
counting systems for spectroscopic X-ray imaging (5-140 keV).

1. Introduction

In the last two decades, CdTe (cadmium telluride) and CZT
(cadmium-zinc-telluride) arrays with sub-millimetre pixeli-
zation have been widely proposed for the development of
room-temperature energy-resolved photon-counting (ERPC)
systems (Abbene et al., 2015a; Barber et al., 2015; Del Sordo et
al., 2004; Iwanczyk et al., 2009; Meuris et al., 2009; Seller et al.,
2011; Szeles et al., 2008; Zhang et al., 2007). ERPC systems,
due to their single-photon-counting and energy-resolving
capabilities, have opened new perspectives in several appli-
cation areas such as synchrotron science, homeland security,
medical imaging and astrophysics (Ballabriga et al., 2016;
Green et al., 2016; Iniewski, 2014; Norlin et al., 2008; Taguchi &
Iwanczyk, 2013; Tomita et al., 2004). As is well known (Barrett
et al. 1995; Eskin et al., 1999; Mardor et al., 2001; He, 2001),
CdTe/CZT detectors with pixelated anodes are characterized
by electron-sensing properties (small pixel effect), which are
very important to minimize the spectral distortions related
to the poor hole transport properties of CdTe/CZT materials
© 2018 International Union of Crystallography (Del Sordo et al., 2009; Owens & Peacock, 2004). This effect is

1078  https:/doi.org/10.1107/51600577518006422 J. Synchrotron Rad. (2018). 25, 10781092


http://crossmark.crossref.org/dialog/?doi=10.1107/S1600577518006422&domain=pdf&date_stamp=2018-06-26

research papers

due to the particular shape of the weighting potential of a
collecting pixel: it is low near the cathode and monotonically
rises rapidly close to the anode. Therefore, in agreement with
the Shockley-Ramo theorem (He, 2001; Knoll, 2000; Ramo,
1939; Shockley, 1938), the charge induced on a collecting pixel,
proportional to the weighting potential, is mostly contributed
from the drift of charge carriers close to the pixel. By applying
negative bias voltages at the cathode, these charge carriers are
the electrons and pulses with positive polarity will be gener-
ated at the collecting pixel. Moreover, according to the small
pixel effect, this unipolar effect is enhanced by decreasing the
ratio between the pixel size and the detector thickness.

However, when small pixel arrays are used, the perfor-
mance is strongly limited by the distortions caused by charge-
sharing and cross-talk phenomena (Bolotnikov et al, 2005;
Guerra et al., 2008). Generally, charge sharing refers to the
splitting of the electron charge cloud generated from a single
photon and collected by the neighbouring pixels. The area
over which the charge cloud is deposited will depend upon
charge diffusion, Coulomb repulsion, K-shell X-ray fluores-
cence and Compton scattering.

Cross-talk events between neighbouring pixels can also be
created by K-shell X-ray fluorescence (side and back escape
events), Compton scattering and by induced-charge pulses
(Guerra et al., 2008; Brambilla et al., 2012; Bolotnikov et al.,
2016; Kim et al., 2011; Zhu et al., 2011). The induced-charge
pulses (or transient pulses) are generated by the movement of
the electron cloud over a collecting pixel that will also induce
a small signal on the surrounding non-collecting pixels
(weighting potential cross-talk). This is due to the particular
shape of the weighting potential of a pixel detector, which is
characterized by non-zero values even for interaction far from
the collecting pixel (Barrett et al. 1995; Eskin et al., 1999;
Abbene et al., 2018). The induced-charge pulses are fast pulses
that in the absence of charge trapping will drop quickly to a
zero value. The presence of charge trapping and the different
interaction depths of the events can create transient pulses
with positive or negative polarities (Budtz-Jgrgensen &
Kuvvetli, 2017; Eskin et al., 1999; Hong et al., 2006; Zhu et al.,
2011). The percentage of charge-sharing and cross-talk events
can be very high even for thin detectors. Typically, 2 mm-thick
CZT arrays with pixel pitches of 500 um and 250 pm are
characterized by charge-sharing percentages of 60% (500 pm
pitch) and 80% (250 pm pitch) at 60 keV (Abbene et al., 2018).
The effects of these phenomena on the response of CZT/CdTe
pixel detectors have been studied extensively through both
theoretical (Chen et al., 2002; Guerra et al., 2008; Iniewski et
al., 2007; Xu et al., 2011) and experimental approaches
(Brambilla et al., 2012, 2013; Bolotnikov et al., 2016; Frojdh et
al., 2011; Kim et al., 2011; Kuvvetli & Budtz-Jgrgensen, 2007;
Meuris et al., 2009; Veale et al., 2014). Charge sharing and
cross-talk can result in degradation of the spectroscopic
performance of a pixel detector. These effects can include a
worsening of the energy resolution, the introduction of low-
energy tailing to photopeaks, the appearance of fluorescence
and associated escape peaks and an increase of the low-energy
background. They depend on both the physical (electric field,

size and drift of charge cloud, surface conductivity of the inter-
pixel gap) and the geometrical features (pixel size, inter-pixel
gap, thickness) of the detectors.

Charge-sharing distortions are typically mitigated through
the application of charge-sharing discrimination (CSD) tech-
niques, ie. by rejecting the pulses that are in temporal co-
incidence. These shared events can also be corrected through
charge-sharing addition (CSA) techniques, which consist of
summing the energies of the coincidence events (Allwork et
al., 2012; Kuvvetli & Budtz-Jgrgensen, 2007; Meuris et al.,
2009; Veale et al., 2014). Unfortunately, the presence of charge
losses at the inter-pixel gap has often limited the application of
CSA in CdTe/CZT pixel detectors (Abbene et al., 20154, 2018;
Allwork et al., 2012; Brambilla et al., 2012; Bolotnikov et al.,
1999, 2002a; Gaskin et al., 2003; Kalemci & Matteson, 2002;
Kim et al., 2011; Kuvvetli & Budtz-Jgrgensen, 2007). Several
interpretations have been given about these charge losses,
such as (i) the non-zero energy threshold of the readout
electronics (Kalemci & Matteson, 2002), the presence of
electric field distortions at the inter-pixel gap (Bolotnikov et
al., 1999, 2002a; Kuvvetli & Budtz-Jgrgensen, 2007) and the
simultaneous presence of both the collected and the induced-
charge components in the shared pulses between adjacent
pixels (Bolotnikov et al., 2014; Kim et al., 2011). A straight-
forward mitigation of this problem is often obtained by
making the inter-pixel gap as small as possible (Kuvvetli &
Budtz-Jgrgensen, 2007) or by using steering grids between the
pixels (Bolotnikov et al., 2002b; Kim et al., 2011). However,
when biased grids are used, the presence of additional surface
leakage currents (which increase the electronic noise) and the
collecting of some fraction of charges by the same grids can
further limit the performance of the detectors.

In this work, we will present an original technique able to
correct charge losses at the inter-pixel gap and improve the
energy resolution of energy spectra after the application of
CSA. CZT pixel arrays, with different geometries and fabri-
cated by various manufactures, were investigated. Charge-
sharing measurements were performed with both uncolli-
mated radiation sources (‘“Cd and **'Am sources) and
collimated (10 um x 10 pm) synchrotron X-rays, at energies
below and above the K-shell absorption energy of the CZT
material (26.7 keV, 9.7 keV and 31.8 keV for Cd, Zn and Te,
respectively).

Induced-charge pulses with negative polarity were also
observed in the output waveforms from charge-sensitive
preamplifiers (CSPs) at energies >60 keV (°’Co source). The
shape and the height of these pulses were analysed and their
role in the mitigation of charge losses in CZT pixel detectors.

2. Materials and methods
2.1. Detectors

CZT pixel detectors with different anode arrays and
thicknesses were fabricated by IMEM-CNR (Parma, Italy;
http://www.imem.cnr.it) and due2lab sr.l. (Reggio Emilia,
Italy; http://www.due2lab.com). The IMEM detectors are
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based on CZT crystals (4.25 mm x 3.25 mm x 1 mm; 4.25 mm
x 3.25 mm X 2 mm), grown by Redlen Technologies (Victoria
BC, Canada; http://redlen.ca) with the travelling heater
method (THM) technique (Awadalla et al., 2014; Chen et al.,
2007, 2008). In the last decade, spectroscopic-grade CZT
crystals with excellent electron charge transport properties
(HeTe > 102em?> V'L wpr, >~ 107° em? V_l) have been
routinely produced by Redlen. Gold electroless contacts were
realized on both the anode and the cathode of the detectors. A
4% AuCl; methanol solution, with a deposition time of 1 min
at 25°C, was used (Benassi ef al., 2017). The anode pattern was
obtained by photolithography process and the passivation
procedure was performed with an aqueous solution of H,O, at
10% for 5 min, in order to reduce the surface leakage currents
(Marchini et al., 2009). CZT detectors with gold electroless
contacts are routinely fabricated at IMEM-CNR and char-
acterized by low leakage currents at room temperature
(<5nAcm™? at 1000 Vem™') (Abbene er al, 2016, 2017,
Zappettini et al., 2009). As shown in Fig. 1, the anode surface is
characterized by four arrays of 3 x 3 pixels with pixel pitches
of 500 and 250 um, surrounded by a guard-ring electrode,
while the cathode is a planar electrode covering the detector
surface. The width of the inter-pixel gaps for all arrays is equal
to 50 pm.

For comparison, a CZT pixel detector (REDLEN detector),
fabricated by Redlen Technologies, with the same cathode and
anode layout was also investigated. The detector is based on a
novel high-flux CZT crystal, recently produced by Redlen
Technologies, characterized by enhanced hole charge trans-
port properties ((eTe > 107> em? V7l ppry >~ 107 em? V1)
(Iniewski, 2016; Thomas et al, 2017). As is well known,
improvements in the charge transport properties of the holes
are very important to mitigate the high-flux radiation-induced
polarization phenomena in CZT pixel detectors (Abbene et
al., 2016; Bale & Szeles, 2008; Sellin et al., 2010).

3

Figure 1

The anode layout of the CZT pixel detectors. The array 3 is characterized
by a pixel pitch of 500 pm and the arrays 0, 1, 2 by a pixel pitch of 250 pm.
The width of the inter-pixel gaps for all arrays is equal to 50 pm. All
arrays are surrounded by a guard-ring electrode up to the edge of the
crystal.

2.2. Electronics

The detectors are DC coupled to a fast and low-noise ASIC
(PIXIE ASIC), developed at Rutherford Appleton Labora-
tory (Didcot, UK) (Allwork et al., 2012; Veale et al., 2011). The
PIXIE ASIC consists of four arrays of 3 x 3 pixels, flip-chip
bonded directly to the detector pixels. The active circuitry of
each pixel is a charge-sensitive preamplifier CSP (with no
shaping filtering) and an output buffer which is multiplexed
directly off the chip. The nine outputs from each of the four
arrays are multiplexed onto a common nine-track analogue
bus which is driven off chip by output buffers. The outputs of
all nine pixels of the selected array are read out simulta-
neously allowing the analysis of the height and the shape of
the pulses. The pulses are characterized by rise times of less
than 60 ns and a noise (ENC) < 80 electrons. The bonding
process was performed at RAL by using low-temperature
curing (<150°C) silver-loaded epoxy and gold stud bonding
technique (Schneider et al., 2015).

The output waveforms from the PIXIE ASIC are digitized
and processed on-line by a 16-channel digital electronics,
developed at DiFC of University of Palermo (Italy) (Abbene
et al., 2013a,b, 2015b; Gerardi & Abbene, 2014). The digital
electronics are based on commercial digitizers (DT5724,
16-bit, 100 MS s™!, CAEN SpA, Italy; http://www.caen.it),
where an original firmware was uploaded (Abbene et al,
2015b; Gerardi & Abbene, 2014). A detailed description of the
digital firmware is reported in our previous works (Abbene et
al.,2015b; Gerardi & Abbene, 2014). The digital analysis starts
with the shaping of the output waveform from the detector-
ASIC by using the classical single delay line (SDL) shaping
technique (Knoll, 2000). SDL shaping is obtained by sub-
tracting from the original pulse its delayed and attenuated
fraction. The typical shape of the SDL pulses is shown in Fig. 2.
Generally, the SDL shaping is characterized by the following
main features: (i) the time width of each SDL shaped pulse is
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Figure 2

A typical output pulse from the charge-sensitive preamplifier (CSP) of
the PIXIE ASIC after digitation (black line), after SDL shaping (brown
line) with a delay line of 700 ns and after trapezoidal filtering (blue line).
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well defined (delay time + CSP peaking time), (ii) if the delay
time is greater than the peaking time of the CSP pulse, the
SDL shaping also preserves the leading edge (pulse height and
peaking time) of each CSP pulse, and (iii) fine pole-zero
cancellation (Knoll, 2000) is allowed by selecting the correct
attenuation fraction (which is related to the decay time
constant of the CSP pulses). To increase the signal-to-noise
ratio (SNR) we also performed a further shaping with a
trapezoidal filtering (Fig. 2). Generally, the digital electronics
are able to provide different results through several working
modes (Gerardi & Abbene, 2014). In this work, we used some
working modes with the following results:

(i) The arrival time, the height (i.e. the photon energy) and
time width (i.e. the pulse shape) of the pulses after SDL and
trapezoidal shaping, presented in list-mode.

(ii) The CSP output waveform (oscilloscope mode), helpful
to check the polarity of the waveform, ADC saturation and
the shape of the pulses.

(iii) The SDL output waveform (oscilloscope mode), i.e. the
pulses after SDL shaping, helpful to check the pole-zero
cancellation (Knoll, 2000) and to set the amplitude threshold
for pulse detection.

(iv) A sequence of time windows (termed ‘snapshots’) of
the CSP output waveform; each snapshot contains a single
CSP pulse, together with the related arrival time, and it is
centred on each pulse peak position. This working mode is
very helpful to check the shape of the CSP output pulses
in temporal coincidence and also perform further off-line
analysis.

2.3. Experimental procedures

The detectors were exposed, through the cathode side, to
uncollimated X-ray and gamma-ray calibration sources ('*Cd:
22.1,24.9 and 88.1 keV; **' Am: 59.5 and 26.3 keV; >’Co: 122.1
and 136.5 keV). The ’Co energy spectra also feature the W
fluorescent lines produced in the tungsten source backing
(K1 = 593keV, Ky = 58.0keV, Kg = 672keV, Kg =
66.9 keV). The source holders shield the 14 keV gamma line of
the °’Co source and the Np L X-ray lines of the **' Am source.

Micro-beam characterization of the detectors was carried
out on the B16 test beamline at the Diamond Light Source
synchrotron (Didcot, UK; http://www.diamond.ac.uk/Beam
lines/Materials/B16). For these measurements, the storage ring
was operated at 3 GeV with a current of 250 mA. Unfocused
monochromatic X-rays, below (25 keV) and above (40 keV)
the K-shell absorption energy of the CZT material, were
provided using a multi-layer monochromator. A 10 pm X
10 pm collimated beam was produced using a set of JJ-Slits
with tungsten carbide blades. Two sets of slits were used, one
at the beam entrance which was used to define the beam size
and another set close to the detector to clean up any scattered
X-rays. The detector system was mounted on a versatile optics
table which can be moved in X, Y and Z with a precision of
<1 pum. Line scans were automated using a TTL trigger
generated by the B16 control system after each 10 pm step

Figure 3

The experimental set-up used at the beamline B16 of the Diamond Light
Source (UK). (Left) The box with the detectors and the PIXIE ASIC.
(Right) The 16-channel digital electronics.

that began the data acquisition by the digitizers. Fig. 3 shows
an overview of the experimental set-up at the beamline B16.

3. Measurements with uncollimated radiation sources
3.1. Spectroscopic performance of the detectors

In this section, we will present an overview of the spectro-
scopic response of the detectors to uncollimated 'Cd, **' Am
and *’Co sources. To optimize the energy resolution and avoid
the effects of ballistic deficit (Knoll, 2000), we used a SDL
shaping with a delay time of 700 ns (Fig. 2). Fig. 4 shows the
measured '’Cd and **' Am spectra of pixel 9 of array 3 (pixel
pitch of 500 um) for the 2 mm-thick IMEM detector. All
detectors were investigated with a moderate cooling (7 =2°C)
to ensure more time stability of both the detectors and the
electronics, especially for long time measurements. Room-
temperature measurements were also performed but showed
an associated degradation of the spectroscopic performance
(percentage FWHM degradation of about 8%). As shown in
Fig. 4(b), the charge-sharing effects are clearly visible in the
spectra: the presence of (i) tailing in the low-energy side of
the main energy peak, (ii) low-energy background and
(iii) fluorescent peaks (e.g. the Cd K, line of 23.2 keV). The
energy resolution (FWHM) values for the large and small
arrays of all detectors are reported in Table 1.

Generally, the two 2 mm-thick detectors (IMEM and
REDLEN detectors) are characterized by similar perfor-
mance. At low and medium energies (22.1 and 59.5 keV), the
pixels of the large array (array 3; pixel pitch of 500 um) show
similar energy resolution values for both 1 and 2 mm-thick
detectors. At low energy, the energy resolution is mainly
dominated by the electronic noise. Degradation of the energy
resolution characterizes the pixels of the small array (array 0;
pixel pitch of 250 pm), especially for the 2 mm-thick detector.
This, despite the better unipolar behaviour of the weighting
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Table 1

Spectroscopic performance of the CZT pixel detectors (pixel 9) at T'=2°C, after SDL (delay time of

700 ns) and trapezoidal shaping.

Bias voltages of 250 V and 1000 V were used for the 1 mm- and 2 mm-thick detectors, respectively. The
Fano noise was calculated by using a Fano factor F = 0.1 (Devanathan et al., 2006; Kuvvetli & Budtz-
Jorgensen, 2005; Owens & Peacock, 2004). No charge-sharing corrections were applied.

potential of the small array (small pixel
effect), is due to the effects of charge
sharing in the small array, which is
characterized by a higher ratio between
the gap area and the pixel area (G/A

Energy resolution
FWHM at
22.1keV (keV)

Energy resolution
FWHM at
59.5keV (keV)

ratio). At high energy (122.1 keV), the
signals reflect a greater contribution
from the holes, and the energy spectra

Energy resolution
FWHM at
122.1 keV (keV)

Detector Array Fano noise: 0.2 keV Fano noise: 0.4 keV Fano noise: 0.6 keV are characterized by the typical hole
IMEM 500 um 12 16 32 charge trapping effects, such as the
1 mm thick 250 pm 13 2 24 degradation of energy resolution and
(250V) tailing (Del Sordo et al., 2009); at this
IMEM 500 pm 12 1.4 1.8 .
2 mm thick 250 pm 16 18 27 energy, due to the enhanced small pixel
(1000 V) effect (better unipolar properties, i.e.
REDLEN 500 pm 12 13 1.9 smaller hole contribution in the signals),

2 mm thick 250 pm 1.5 1.7 2.7 .

(1000 V) the pixels of the large array of the
2 mm-thick detectors are characterized
by better energy resolution than the

L B S S B B B I S B B I I M B L S thin detector one, while the pixels of the small array showed a
i I | slight worsening at 122.1 keV with respect to the thin detector,
i ] due to the effects of charge sharing.
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[} .6 % (1. e . .
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600 | — _ . . . . . . .
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. incidence time windows (CTWs). The digital electronics allow
i ] fine TCA with CTWs up to 10 ns. Table 2 summarizes the
200 | h percentages of charge-shared events for the small and large
I (a) arrays of all detectors. We used an energy threshold of 3 keV,
0 AN A TP A BV A A B representing the optimum value for no noise detection, and a
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Figure 4

Measured energy spectra of uncollimated (a) '®Cd and (b) **' Am sources
of pixel 9 of the array 3 (pixel pitch of 500 um) at low rate conditions
(<600 counts s™!). At room temperature, we measured, for the same pixel
and by using the same bias voltage, energy resolution (FWHM) values of
6% (1.3 keV) and 2.5% (1.5 keV) at 22.1 keV and 59.5 keV, respectively.

CTW of 450 ns that allows a full detection of the shared events.
Since the 2 mm-thick detectors (IMEM and REDLEN)
have similar performance and sharing percentage values, we
preferred to present in Table 2 the results for the IMEM
detectors (1 mm- and 2 mm-thick detectors), at the same
electric field (2500 V cm™') and under the optimum electric
field conditions (2500 V cm ™' and 5000 V cm™! for the 1 mm-
and 2 mm-thick detectors, respectively). We present the
results at energies below ('’Cd) and above (**'Am) the K-
shell absorption energy of the CZT material.

Fig. 5(a) shows the number of shared events of the central
pixel with the eight adjacent pixels at different CTWs (2 mm-
thick REDLEN detector). Almost all shared events (>94%)
are detected within a CTW of 50 ns and the saturation of the
curves clearly shows the full detection of the shared events
within the investigated CTW range. Due to the higher G/A
ratio, the small array (array 0) is characterized by more
charge-sharing events; moreover, the difference in charge
sharing between the energies below ('’Cd) and above
(**'Am) the K-shell absorption energy of the CZT material
points out the critical role of the X-ray fluorescence. Fluor-
escent X-rays broaden the initial electron cloud and can create
cross-talk events in neighbouring pixels (side and back escape
events). The improvements in the energy spectrum after CSD
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Table 2
Charge-sharing percentages among the central pixel (pixel 5) and the
eight adjacent pixels of the CZT pixel detectors (IMEM detectors) at
T =2°C.

The shared events were detected within a coincidence time window (CTW) of
450 ns and with an energy threshold of 3 keV. The 2 mm-thick detectors
(IMEM and REDLEN detectors) are characterized by similar sharing
percentages.

Sharing Sharing
percentage percentage
Detector Array at 22.1keV (%) at 59.5 keV (%)
IMEM 500 pm 27 49
1 mm thick 250 pm 48 76
(2500 V ecm™")
IMEM 500 pm 43 66
2 mm thick 250 pm 58 86
(2500 V ecm™")
IMEM 500 pm 36 59
2 mm thick 250 pm 52 81
(5000 V ecm™")

are shown in Fig. 5(b). In particular, three different spectra are
presented for the central pixel: (i) the raw spectrum after
energy calibration (black line), (ii) the spectrum of the co-
incidence events with all eight adjacent pixels (red line) and
(iii) the spectrum after CSD (blue line). The strong reduction
of the shared events in the spectrum after CSD is clearly
visible. The low-energy side of the raw spectrum perfectly
coincides with the spectrum of the coincidence events and the
fluorescent X-rays are deleted after CSD.

Some escape peaks are present in the **' Am spectra even
after CSD, due to the back escape events (e.g. from the
cathode side) and fluorescence events absorbed beyond the
adjacent pixels (i.e. absorbed below the guard-ring electrode).
With the energy threshold (3 keV) used in the sharing
detection, no improvements in the energy resolution of the
main peaks were obtained after CSD.

To recover the shared events, rejected after CSD, we
applied the CSA technique. The energy (Ecsas) recovered
after CSA is obtained by summing the energies of the co-
incidence events between two adjacent pixels (multiplicity
m = 2). The multiplicity m is defined as the number of pixels
detecting an event within the selected CTW, with an energy
greater than the energy threshold of 3 keV. Each of the
detectors tested demonstrated an increase in FWHM in the
energy spectra after CSA. Moreover, a reduction in the
position of the peak centroid was also observed, related to
charge losses occurring in the inter-pixel gap. Fig. 6 shows the
energy spectra after CSA, related to the coincidence events
between two adjacent pixels (pixels 5 and 8 of the 500 pm
array), for the 1 mm- and 2 mm-thick detectors. At energy
(22.1 keV) below the K-shell absorption energy of the CZT
material energy, all detectors and arrays showed a charge loss
of about 2 keV; at higher energy (60 keV), where charge
sharing is increased by X-ray fluorescence, charge losses are
more severe (4 keV). Moreover, these losses are enhanced for
the pixels of the small array (6 keV). We also observed that
the charge loss depends on the bias voltage; e.g. the pixels of
the large arrays of the 2 mm-thick detectors are characterized
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Figure 5 (b)

(a) Relative coincidence events (percentage) of the central pixel 5 of the
2 mm-thick REDLEN detector, for the array 3 and array 0, with the eight
adjacent pixels at different CTWs and energies ('*’Cd, **'Am). The
absolute percentage values of the coincidence events (within a CTW of
450 ns) are also shown (energy threshold of 3 keV). (b) The raw **'Am
spectrum of the central pixel (black line), the spectrum of the coincidence
events with all eight adjacent pixels (red line) and after charge-sharing
discrimination (CSD) (blue line).

by a charge loss of 7 keV at 500 V (4 keV at 1000 V). This last
result strengthens the idea that charge losses after CSA are
mainly related to the electron trapping in the inter-pixel
region due to the presence of lower electric field.

Fig. 7 also shows the energy Ecsa after CSA versus the
charge-sharing ratio R, between the two pixels. The charge-
sharing ratio R is typically used to provide information about
the interaction position of the shared events and is generally
calculated from the ratio between the energy of the pixel
events, as follows: R = (pixel 5 — pixel 8)/(pixel 5 + pixel 8).
The curvature shows that the shared events do not have 100%
efficient charge collection and that charge losses are more
severe for those events for which R is zero, theoretically
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Figure 6

The energy spectra of the coincidence events, between the pixels 5 and 8,
after charge-sharing addition (CSA) for the (a) 1 mm-thick and (b) 2 mm-
thick detectors. Both detectors clearly highlight the presence of charge
losses near the inter-pixel gap.

related to events stopped at the centre of the inter-pixel gap.
The two kinks at R = £0.22 are due to the escape of the
fluorescent X-rays of the CZT material. In the distribution
shown in Fig. 7, the majority of interactions have combined
energies of no more than 60 keV. This demonstrates that the
majority of events are true charge-shared events. False shared
events can be created by photons interacting simultaneously
on the neighbouring pixels or by induced-charge pulses with
positive polarity (Bolotnikov et al, 2016; Kim et al., 2011; Zhu
et al., 2011).

4. Microscale line scanning with collimated
synchrotron X-rays

Collimated synchrotron X-rays, at the B16 beamline of
Diamond Light Source, were used to investigate charge-
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90 | Array 3 500 um B
85| - .
_. 80 | REDLEN detector @ @ J
= 75F  2mmthick ]
= L : ]
& ]
o .
X .
B ]
+ 4
] ]
) ]
X ]
[ ]
n 3
g J
12}
8 ]
w ]
0 L 1 L 1 L 1 L 1 1 1 1 1
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
R = (Pixel 5 - Pixel 8) / (Pixel 5 + Pixel 8)
Figure 7

Two-dimensional scatter plot of the energy Ecsa of the coincidence
events (m = 2), between the pixels 5 and 8, after CSA. The energy Ecsa is
plotted versus the charge-sharing ratio R, which gives information about
the interaction position of the events. The shift of the track to lower
energies than 59.5 keV (blue line) is due to charge losses near the inter-
pixel region. The two kinks at R = +0.22 are due to the escape of the
fluorescent X-rays of the CZT material (e.g. the Cd K, fluorescent line is
characterized by an energy of 23.2 keV).

sharing and charge-loss effects on a sub-pixel level. The results
of a microscale line scanning between the centres of two
adjacent pixels (pixels 5 and 8) are presented. We used colli-
mated (10 pm x 10 pm) synchrotron X-ray beams with ener-
gies below (25keV) and above (40keV) the K-shell
absorption energy of CZT material, with position steps of
10 pm. During the line scanning between the two pixels, we
acquired, at each beam position, the data from all nine pixels
of the investigated array. Fig. 8 shows an overview of the
variation of the photopeak centroid of the main peak (25 keV)
and the multiplicity m with changing beam position for the
1 mm- and 2 mm-thick detectors.

Centroid variations are observed in a region of 100 um that
is centred on the middle of the inter-pixel region. For both of
the detectors tested, coincidence events (m > 1) were only
detected at beam positions within 100 um of the centre of the
inter-pixel region. At the centre of the inter-pixel gap, 100% of
events were shared between the two pixels.

At 40 keV (Fig. 9), coincidence events were detected in a
wider region, even for beam positions near the centre of the
pixels. This is due to the propagation of fluorescent X-rays that
increases the initial charge cloud and creates cross-talk events.
The attenuation lengths of the Cd K, and Cd Kz X-rays are
116 pm and 161 pum, respectively (Abbene et al., 2018; Allwork
et al., 2012). At the centre of the inter-pixel gap, 96% of the
events are shared between pixels 5 and 8 (m = 2), while 4%
with other pixels (m > 2). As shown in the literature (Bolot-
nikov et al, 2016; Montémont et al., 2014), the energy and
the multiplicity of the coincidence events can be helpful to
measure the locations of interaction points with sub-pixel
spatial resolution.
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Results of a microscale line scanning (position steps of 10 pm) between the centres of two adjacent pixels (pixels No. 5 and No. 8) at energy below
(25 keV) the K-shell absorption energy of CZT material. Photopeak centroids and multiplicity m for the (@), (b) 1 mm-thick and (c), (d) 2 mm-thick
detectors. (a) The jump discontinuities present in the curves for peak centroid values around 4 keV are due to the non-zero energy threshold (3 keV).

The presence of charge losses after CSA was also confirmed
with collimated beams (10 pum x 10 pm). The energy spectra
after CSA for a beam position at the centre of the inter-pixel
gap are shown in Fig. 10. We measured the CSA spectra,
between pixels 5 and 8, for the large and the small arrays of
the 2 mm-thick REDLEN detector. The main peaks are both
widened and shifted to lower energies confirming the presence
of charge losses at the inter-pixel gap. The presence of charge
losses at 25 keV allows us to exclude the non-zero energy
threshold of the electronics as the possible cause of charge
losses.

We also presented, at the same beam position, the two-
dimensional scatter plot of the energy Ecsa after CSA versus
the charge-sharing ratio R (Fig. 11). The spreading of the ratio
R at this collimated beam position is also shown. The R
distribution at 40 keV (Fig. 11d) clearly shows the presence of
secondary peaks, due to the presence of fluorescent X-rays.
Fig. 12 shows the relationship between the charge-sharing
ratio R and the real interaction position within the inter-pixel
gap. To a first-order approximation, a linear function can be
used to define the position of the beams in the inter-pixel gap.

5. Charge-loss correction at the inter-pixel gap

In this section, we will present an original technique able to
correct the charge losses after CSA. The technique exploits
the strong relation between the energy Ecsa after CSA and
the charge-sharing ratio R (Figs. 7 and 11). The relation
between the energy Ecsa and R was modelled through the
following equation:

ECSA(R) =E— AECSA(O) (1 - Rz)’ 1)

where E is the true photon energy and AEcsa(0) = E —
Ecsa(0) is the energy lost at the centre of the inter-pixel gap
(R =0). Fig. 13(a) shows the energy Ecsa at different R values.
Each R value corresponds to a real beam position (10 um x
10 pm) within the inter-pixel gap with a position step of 10 pum.
The energy Ecsa was calculated as the centroid of the main
photopeak of each spectrum obtained after CSA. The curves,
obtained at three different energies, are well modelled by
equation (1). Moreover, it is interesting to note the linear
behaviour of the energy lost A Ecsa(0) with the true energy E,
as shown in Fig. 13(b):
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Figure 9

Results of a microscale line scanning (position steps of 10 pm) between
the centres of two adjacent pixels (pixels No. 5 and No. 8) at energy above
(40 keV) the K-shell absorption energy of CZT material. (a) Photopeak
centroids and (b) multiplicity m for the 2 mm-thick detector were
calculated. At 40 keV, even for beam positions near the centre of the
pixels, the multiplicity is m > 1, due to the presence of fluorescent X-rays.
(a) The jump discontinuities present in the curves for peak centroid
values around 4 keV are due to the non-zero energy threshold (3 keV).

AECSA(O) = k1 + kz E, (2)

where k; and k, are the slope and the y-intercept of the linear
function. Combining (1) and (2) yields

ECSA(R) + kl (1 B Rz)]

1—k,(1—R? ®)

ECOI':E:[

By using (3) it is possible to correct the charge losses after
CSA through the measurement of the bi-parametric distri-
bution Ecsa — R and the estimation of the constants k; and k»,
which can be obtained by a preliminary calibration procedure
[equations (1) and (2)]. We stress that this correction does not
depend on the photon energy but it is related to the physical
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Figure 10

The energy spectra after CSA with the collimated synchrotron X-ray
beams positioned at the centre of the inter-pixel gap between pixels 5 and
8 of (a) the 500 pm and (b) 250 pm arrays of the 2 mm-thick REDLEN
detector. The photopeaks are both widened and shifted to lower energies
(energy shifts > 10%), confirming the presence of charge losses at the
inter-pixel gap.

and geometrical characteristics of the inter-pixel gap, in
particular the ratio between the gap area and the pixel area.
Indeed, we obtained, for the pixels of a fixed array the same
values of k; and k, for all detectors (500 um array: k; =
0.009 keV and k, = 0.10 keV™'; 250 um array: k; = 0.015 keV
and k, = 0.14 keV ™). Fig. 14 clearly shows the recovery of the
charge losses after CSA and improvements in the energy
resolution (collimated beam at the centre of the inter-pixel
gap).

We also applied this technique for uncollimated irradiation.
Fig. 15 shows the good agreement between the Ecsa — R
points with equation (1) and the energy spectra after CSA
(black line) and after correction with equation (3) (red line)
to the uncollimated '®Cd source. The **' Am spectra are also
presented for the small and the large arrays (Fig. 16).
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first-order approximation, a linear function can be used to define the
position of the beams in the inter-pixel gap. Similar results were obtained
for all detectors.

6. Analysis of negative pulses for charge-loss correction

Measurements at the energies of the *’Co source highlighted
the presence of pulses with opposite polarity (negative
polarity), with respect to standard pulses (positive polarity),
in the output CSP waveforms of all detectors. Moreover, as
shown in Fig. 17, these events were always detected in
temporal coincidence with positive pulses of adjacent pixels.
In particular, Fig. 17 shows the temporal coincidence of a
positive pulse of the central pixel with the negative pulses of
three adjacent pixels. The appearance of negative pulses in
CZT pixel detectors was already predicted and observed in the
past (Budtz-Jgrgensen & Kuvvetli, 2017; Eskin et al., 1999;
Hong et al., 2006; Zhu et al., 2011). The negative pulses are
induced-charge pulses produced by non-collecting pixels and
they are mainly related to photon interactions near the pixel
boundary and at interaction depths close to the pixel plane
(i.e. the pixelated anode). As is well known, the output
detector pulses are typically classified as collected- and
induced-charge pulses (or transient pulses). The collected-
charge pulses are generated by the charge carriers actually
collected by a pixel, while the induced-charge pulses are
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behaviour of the charge loss AEcsa(0) with the true photon energy E.

generated by the induced charge, collected by another pixel.
The induced-charge pulses are fast pulses that in the absence
of charge trapping will drop quickly to a zero value. For
interactions just outside the pixel boundary and at depths near
the pixelated anode, the collecting pixel will give a positive
collected-charge pulse, which will be in temporal coincidence
with a negative induced-charge pulse generated by the adja-
cent pixel. The monotonic weighting potential of the collecting
pixel will give a positive pulse, even if characterized by charge
losses; this is due to the effects of hole trapping that is more
severe for interaction depths near the pixel (Barrett et al. 1995;
Eskin et al., 1999; Mardor et al., 2001; He, 2001); whereas the
adjacent pixel (i.e. the non-collecting pixel), due to the non-
monotonic behaviour of the weighting potential (Abbene et
al., 2018; Eskin et al., 1999) and to the hole trapping, can give a
fast transient pulse with negative polarity.
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The energy spectra for a collimated synchrotron beam (40 keV) at the
centre of the inter-pixel gap between pixels 5 and 8 for the 2 mm-thick
REDLEN detector. The spectrum after CSA (black line) and after the
proposed correction technique (red line) with equation (3).
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Figure 16

The energy spectra after CSA (black line) and after the proposed correction technique (red line) with equation (3). The results for the pixels of (a) array
3 and (b) array 0 of the 2 mm-thick REDLEN detector.

Two main features characterize the negative pulses; first,
they are characterized by a different shape than the positive
ones, as shown in Fig. 17; second, they are in temporal coin-
cidence with positive pulses characterized by charge losses due

to hole trapping.

Concerning the first feature, the different shape (i.e. the
different decay time) of the negative pulses can produce
distortions after the shaping operation, as shown in Fig. 18. By
selecting the correct value of the decay time, the positive SDL

shaped pulse is characterized by no undershoot at the base-
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Figure 17

Temporal coincidence involving a positive pulse of the central pixel with negative pulses (*’Co
source) of the adjacent pixels (2 mm-thick REDLEN detector). The pulses are in temporal
coincidence within a coincidence time window of 10 ns.

line, confirming a proper application
of the pole-zero cancellation technique;
whereas the negative pulse after the
SDL shaping, applied with the same
decay time constant of the positive
pulses, presents a positive overshoot at
the baseline. This positive overshoot can
be detected as a positive event that is
in temporal coincidence with another
positive pulse of an adjacent pixel,
i.e. producing as a false detection of a
shared event. The detection of these
false shared events will distort the
statistics of the shared events and the
application of CSA. Moreover, the
presence of these positive overshoots
can distort the correct estimation of the
baseline, especially at high rates.

The second feature of the negative
pulses was used to try to correct the
positive pulses that suffer from incom-
plete charge collection. The coincidence
measurements showed that the positive
pulses of the central pixel of the large
array are in temporal coincidence with
the negative pulses of the eight adjacent
pixels with percentages of 5% and 16%
for the 2 mm- and 1 mm-thick detectors,
respectively  (energy threshold of
7 keV). In particular, Fig. 19(a) shows
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Figure 18

Positive and negative CSP pulses after SDL shaping (2 mm-thick
REDLEN detector). Due to the different decay time of the negative
pulses if compared with the positive pulses, the SDL shaping will produce
positive overshoots that can be detected as false positive events. Since
these events are in temporal coincidence with other positive pulses, false
shared events can be detected.

three different energy spectra of the positive events of the
central pixel: the raw spectrum of the central pixel 5 (black
line), the spectrum of the coincidence events with the negative
pulses of the adjacent pixels (red line) and after charge-
sharing discrimination (CSD) (blue line). It is clearly visible as
the positive pulses, in temporal coincidence with the negative
pulses, are positioned in the tailing of the 122 keV photopeak,
confirming that they suffer from charge losses. This result is
also confirmed by the high values of the time widths of the
coincidence positive pulses (SDL shaped pulses), reflecting
the hole trapping influence.

An interesting result was obtained by summing the energy
of the coincidence positive pulses with the absolute value of
the energy of the negative pulses (events with multiplicity m =
2). After the negative induced addition (NIA), the charge
losses were recovered, as shown in Fig. 20, for both the 1 mm-
and 2 mm-thick detectors. It means that the double co-
incidences between the positive and negative pulses occur at
interaction positions where the charge deficit of the positive
pulse, due to the hole trapping, is the same of the absolute
height of the negative pulse. Further measurements at higher
energies could be helpful to understand these last results.

7. Conclusions

Charge-sharing investigations were performed in CZT pixel
detectors, fabricated by different manufacturers (Redlen
Technologies and IMEM-CNR). The detectors with sub-
millimetre pixels (pixel pitches of 500 and 250 pm) allow high-
bias voltage operation (5000 V cm™') and good energy reso-
lution (3% and 2% FWHM at 60 and 122 keV, respectively)
with a moderate cooling (7 = 2°C). Charge losses after the
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Figure 19

(a) The raw spectrum of the central pixel 5 (black line), the spectrum of
the coincidence events with the negative pulses of the eight adjacent
pixels (red line) and after charge-sharing discrimination (CSD) (blue
line) for the 2 mm-thick REDLEN detector. (b) The time width
distribution (with time bin widths of 10 ns) of all positive pulses of the
central pixel 5 (black line) and of the coincidence positive pulses (red
line). An energy threshold of 7 keV was used.

application of CSA were observed in all detectors with both
collimated and uncollimated X-ray beams, in particular:

(i) at energies (22.1 keV; uncollimated X-ray source) below
the K-shell absorption energy of the CZT material, all
detectors and arrays showed the same charge losses of about
2 keV;

(ii) at higher energies (60 keV; uncollimated X-ray source),
where charge sharing is increased by X-ray fluorescence,
charge losses are more severe (4 keV); moreover, these losses
are enhanced for the pixels of the small array (6 keV), i.e. by
increasing the ratio between the gap area and the pixel area;

(iii) charge losses depend on the bias voltage: e.g. the pixels
of the large arrays of the 2 mm-thick detectors are char-
acterized by a charge loss of 7keV at 500 V and 4 keV at
1000 V (60 keV; uncollimated X-ray source);
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Figure 20

The energy spectra of the central pixel of the (a) 2 mm-thick REDLEN
and (b) 1 mm-thick IMEM detectors after negative induced addition
(NIA). The spectra are obtained by summing the energies of the positive
pulses of the central pixel with the energies (absolute value) of the other
negative pulses (absolute value) that are in temporal coincidence with
multiplicity m = 2.

(iv) the voltage dependence of charge losses and their
presence, even for collimated beams (10 pm x 10 pm) at the
centre of the inter-pixel region, strengthen the idea that charge
losses are mainly related to the electron trapping in the inter-
pixel region due to the presence of lower electric field.

A novel technique able to correct the charge losses after
CSA, for both uncollimated and collimated irradiations, was
presented. This approach, exploiting the strong relation
between the energy Ecsa after CSA and the charge-sharing
ratio R, allows the recovery of charge losses and improve-
ments in energy resolution.

An interesting result was also obtained through the analysis
of induced-charge pulses with negative polarity created at high
energies (°’Co source). In particular, by summing the absolute
value of the energy of the negative pulses with the energy
of the coincidence positive pulses (events with multiplicity

m = 2), it is possible to correct the charge deficit due to hole
trapping. We also highlighted the importance of the detection
of the negative pulses in order to prevent the presence of false
shared events and baseline shifts.

Further measurements at energies higher than 122 keV (e.g.
with collimated synchrotron X-ray beams) are foreseen to
better understand the results obtained with negative pulses.

Moreover, we foresee to apply the novel correction tech-
nique for charge losses on detectors with different electrode
layouts (e.g. strips, drift-strips) and at different flux conditions.
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