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Probing the potential of CdZnTe
for high-energy high-flux 2D
X-ray detection using the XlDer
iIncremental digital

integrating readout

Marin Collonge'?, Oriane Baussens®, Paolo Busca'*,
Pablo Fajardo?, Peter Fischer?, Thierry Martin', Michael Ritzert?,
Marie Ruat?, David Schimansky? and Morag Williams*

'Detector and Electronics Group, European Synchrotron Radiation Facility, Grenoble, France, ?Institut fur
Technische Informatik, Universitat Heidelberg, Heidelberg, Germany

The latest synchrotron radiation sources have the capability to produce X-ray
beams with a photon flux that can be up to three orders of magnitude higher than
previous-generation facilities, and that are not manageable by the currently
available 2D photon-counting pixel detectors. The construction of new
detectors that exceed the limitations of existing devices is a critical strategic
need. Developing such detectors is a challenge in terms of readout electronics as
well as sensor material, particularly in the case of devices intended to operate at
X-ray energies above 30 keV. The approach adopted at the ESRF to deal with this
major difficulty is twofold: the use of a novel semiconductor material with
improved electrical properties, high-flux CdZnTe, and the investigation of a
specific readout scheme, incremental digital integration, via the XlDer project
in collaboration with the University of Heidelberg. Incremental digital integration
is a method intended to be less sensitive to variations of the dark current than the
conventional charge integration readout. However, this readout scheme requires
that the leakage current from the sensor material stays below a certain threshold
to reduce the leakage contributions. This paper introduces the ESRF strategy and
few examples of the methods employed to evaluate the performance and
leakage current behavior of high-flux CdZnTe pixelated sensors. These
examples illustrate the first results obtained with this material under moderate
to very high X-ray irradiation fluxes of up to 10*? photons/mm?/s.
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1 Introduction

1.1 Exploiting 4™ generation synchrotron
sources: limitations of current detectors

The proper exploitation of the latest generation of synchrotron
radiation storage rings presents non-trivial challenges. In addition to
the increased brilliance of these very low emittance accelerator-
based sources, the possibility of operating with reduced gap
undulators and the use of more efficient optics allow the delivery
of X-ray beams of unprecedented intensity [1]. The actual gain in
photon flux over previous sources is highly dependent on the
particular applications and experimental setups, but in many
cases can be as much as two to three orders of magnitude [2].
The photon fluxes are expected to increase further with the
development of optimized insertion devices and improved X-ray
optics. In this scenario, the construction of new X-ray detectors that
exceed the limits of current devices by several orders of magnitude is
a critical strategic need. In the case of the EBS (Extremely Brilliant
Source) [3], the new ESRF storage ring and the first fourth-
generation high-energy synchrotron facility in operation, the
monochromatic X-ray beams can reach 10'® photons per second.
In addition, the challenge of building a new generation of detectors is
further increased due to the need to cover a significant number of
applications with photon energies at or above 30 keV.

The most suitable 2D detectors currently available for diffraction
and scattering experiments at the ESRF and other synchrotron
storage rings are hybrid pixel detectors, built with pixelated
semiconductor sensors, and operating in photon-counting mode
[4, 5]. Thanks to the direct conversion of X-rays into charge, these
devices provide the single-photon sensitivity required for photon-
counting operation. And the signal-processing scheme in a photon
counting device produces output data with extremely low readout
noise that can be negligible in most practical cases [6, 7]. Another,
less obvious, but extremely important feature of photon-counting
readout is the possibility of engineering signal-processing electronics
that are insensitive to fluctuations of the dark current generated in
the semiconductor sensor. This aspect, which is relevant for silicon-
based devices, becomes absolutely critical when it comes to high-
energy photon detectors built
It has been
deployment of 2D photon-counting CdTe detectors at the ESRF,

with pixelated compound

semiconductors. instrumental in the successful
as well as at a number of high-energy experimental stations at other
synchrotron radiation facilities [8-10].

However, although photon-counting hybrid pixel technology is
the current state of the art for 2D detection in a wide range of
synchrotron applications, the maximum photon flux per pixel is
limited by pulse pile-up [11]. When the average photon flux per
pixel approaches a certain X-ray hit rate, the pulse discrimination
circuitry begins to miss counts and the detector suffers from count
losses. In practice, with the most advanced current photon-counting
detectors, when the flux per pixel approaches few million photon
hits per second, the pile-up count losses exceed 10% of the average
incident hit rate [8, 12]. This is a major limitation of existing
detectors, which prevents the efficient use of new generation of
synchrotrons. Two different strategies are being investigated at the
ESRF and other facilities to overcome the above limitation: (i) the
design of new photon-counting detectors with one to two orders of
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magnitude higher count rate capability, (ii) the implementation of
special charge-integrating detectors suitable for time-resolved
experiments and able to operate with continuous beams at high
photon energies at storage rings.

1.2 The need and challenge of building high-
energy charge-integrating detectors

It is possible to increase the count rate capabilities of photon-
counting detectors by developing faster front-end readout electronics
with pile-up compensation techniques or other strategies such as
reducing the pixel size to increase the number of counting channels
per pixel area [13-15]. However, the maximum achievable photon flux
with photon-counting devices would still not be sufficient for
applications dealing with very strong signals, such as those found in
many diffraction experiments in material science. In these experiments,
the samples under study are usually made of inorganic materials and the
diffraction signals at the detector can be very intense. The energy of the
X-ray photons must be high enough to penetrate and properly probe
the regions of the samples being investigated. This results in illuminated
sample volumes that are usually well above 100 um in size, which are
significantly larger than in other types of diffraction or scattering
experiments with thin samples as it is the case, for instance, when
studying organic or biological materials. This circumstance strongly
influences the minimum required pixel size as, although the spatial
distribution of the measured pattern is dependent on the distance from
the sample to the active plane of the detector, the highest spatial
resolution of the pattern is limited, among other parameters, by the
size of the illuminated volume in the sample which is indeed the
effective diffracting source. This consideration is not applicable to
coherent scattering experiments, but it is fully valid for conventional
diffraction techniques such as single-crystal or powder diffraction and
has as a consequence that the required detector pixel size for this type of
experiments is not very small. In practice, in most material science
experiments, a pixel size in the range of 100 um-200 pm is well adapted
to properly record the diffraction patterns that can be very intense,
reaching, or exceeding in some cases, 10° photons per second per pixel.

The photon statistics in experiments with such intense signals are
sufficient to investigate physical phenomena on the micro- and sub-
microsecond time scale, including irreversible processes. Such short
time domains, that were unattainable with the previous generation of
synchrotron sources, can be reached with detectors able to sample the
diffraction patterns at MHz rates while coping with the high incident
photon flux. This requirement corresponds quite closely to the
capabilities of the high dynamic range charge-integrating hybrid
pixel detectors developed over the last decade for free-electron
lasers [16, 17] and more recently for spectroscopy applications
[18]. These detectors are designed to operate by integrating the
charge coming from the pixelated sensors during a very short time
window for which the undesired signal component resulting from the
integration of the sensor leakage current is negligible. Although these
last generation X-ray integrating detectors are very well suited for very
intense single pulse measurements or short integration times, they do
not offer the versatility required for applications at storage rings, in
which the duration of the integration intervals, the acquisition duty
cycle and the operation conditions vary considerably from experiment
to experiment.
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Furthermore, the use of high-Z compound semiconductor
sensor materials, which is essential to ensure good absorption
efficiency above 30keV, results in the degradation of the
performance of detector systems due to charge trapping and to
the associated polarization effects [19]. The polarization effects
correspond to over-time changes in the electric field distribution
in the sensor due to charge build-up. The build-up can be caused
both by the bias applied to the sensor and by high incident X-ray
doses. The bias-induced polarization effect specifically affects
Schottky devices by screening the electric field near the cathode
[20]. This not only results in a reduction of the charge collection
efficiency, but also in a reduction of the Schottky barrier height,
which causes the leakage current in the sensor to increase. Moreover,
the bias-induced polarization effect can take up to hours to stabilize,
which means that leakage current is unstable during that time. High
and unstable values of leakage current make it challenging to
implement an effective leakage current compensation scheme.
And without a proper compensation, the leakage current is
integrated along with the signal of interest. For intermediate or
long integration times, the leakage dominates the signal of interest,
thus degrading the dynamic range of the integrating system. As for
the irradiation-induced polarization, it affects both ohmic and
Schottky devices [21]. This effect depends on many factors,
including the energy and intensity of the X-ray beam, the sensor
type and the temperature. Like in the case of bias-induced
polarization, the charge build-up created can screen the electric
field in the sensor and hinder charge collection. Moreover, since in
this case the charge build-up is tied to the irradiation, stopping the
irradiation leads to the detrapping of the built-up charge. This
results in a residual current, the aftersignal, that decreases over
time with characteristic time constants linked to the traps levels
implicated in the initial build-up. This aftersignal component, also
referred to as “afterglow” or “lag” in the literature [22-24], is
particularly detrimental for applications requiring pulsed
irradiation. In the case of semiconductor compounds of the
CdTe family, the polarization effect is caused by the very poor
charge transport properties of holes and it makes conventional
charge-integration readout schemes inapplicable in practice.

1.3 An ESRF approach to mitigate the
leakage current contributions

As introduced in the previous section, a major challenge faced
when building high-energy charge-integrating detectors for storage
rings is finding a sufficiently effective method to reduce the
contributions of the leakage current from the sensor material.
The approach adopted follows two complementary paths. On the
one side, there is the use of a semiconductor material with improved
electrical properties and minimum leakage current variations: the so
called high-flux CdZnTe (HF-CZT) [25, 26]. On the other side, the
implementation of a specific readout scheme, the incremental digital
integration, which uses quantization in the signal conversion process
to partially cancel undesired contributions coming from the
integration of the sensor leakage current. The investigation of
incremental digital integration is a central part of the XIDer
project, a collaboration of the ESRF and the University of
Heidelberg, and has been described and discussed in previous
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publications [27, 28]. The results presented in this work are
examples of the approach followed at ESRF for the evaluation of
the behavior of HF-CZT sensors at high X-ray incident fluxes with
both standalone discrete devices and with pixelated sensors
hybridized with XIDer readout ASICs.

2 Materials and methods
2.1 High-Z sensors and hybrids

HF-CZT material is a specific variant of CdZnTe, produced by
Redlen Technologies [29], that has the particularity of presenting
significantly enhanced hole transport properties compared to more
conventional spectroscopic CZT and to CdTe [25, 26]. Thanks to
this particularity, HF-CZT is much less subject to the build-up of
positive space charge in the sensor volume and therefore less
sensitive to both the bias-driven and radiation-driven polarization
phenomena. Previous work has shown that, at 20 keV, HF-CZT is
indeed more resilient than its standard counterpart, at least up to
10" ph/mm?/s [30, 31]. Although the material used in this work was
grown by Redlen Technologies, the samples under study were
reprocessed by IMEM-CNR with their own contact technology and
diced to produce sensors with the desired size and electrode layout. All
the sensors are terminated with quasi-ohmic contacts at both sides and
have a continuous cathode and a structured anode. The anodes are made
of sputtered platinum electrodes with layouts that include pixelated
structures surrounded by a full metal contact that is used as a guard ring.
For operation, the cathodes of the sensors are biased to negative voltages
while the guard rings are grounded and the pixel contacts at the anodes
are connected to the measurement devices.

This work presents results obtained with two types of HF-CZT
sensors: standalone samples measured with discrete readout
electronics, and devices that were hybridized with the XIDer
readout ASICs.

The standalone samples studied in this paper are 1.5 mm thick and
have a total external size, after reprocessing, of approximately 5 X
5 mm®. The anode layout, as seen in Figure 1, includes two single pixels
and a 2 x 2 pixel matrix surrounded by the full guard ring contact. All
the pixels are 500 um square. On the cathode side, sample 1 has a gold
electrode while sample 2 has a platinum electrode. These electrodes
sputtering  processes,
with
bicomponent epoxy glue and bonded using copper wires and

were manufactured via electroless and
respectively. The samples were mounted onto PCBs
conductive silver epoxy (Figure 1). These samples were originally
part of a larger study, testing all possible electrode configurations
with gold and platinum [32]. In this previous study, it was found
that a platinum electrode is needed on the anode (Cd-face) to act as a
hole blocking layer, but that both gold and platinum act as electron
blocking layers on the cathode (Te-face). Essentially, both samples
discussed in the present study exhibited similar response under dark
conditions. In addition, the response of these samples under irradiation
has previously been published [31] for lower incident X-ray fluxes than
those presented in this paper. It was found that both samples gave
similar responses under irradiation.

In the current paper, all of the measurements presented were
performed, at room temperature, on the single pixels. During
measurements of each sample, they were placed in a custom-
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FIGURE 1

10.3389/fphy.2024.1304570

Standalone HF-CZT samples: Electrode layout and pictures of one of the samples mounted on the test PCB. [left] Pixelated anode layout. [center]

Top side of the test PCB. [right] Bottom side of the test PCB.

FIGURE 2
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Hybridized HF-CZT devices: [left] 4 X 4 mm? sensor before hybridization, showing the 100 pm and 200 um pitch 16-pixel matrices designed to be
bonded to XIDer ASICs. [right] Picture of the 200 pm pitch sensor-ASIC assembly mounted on the test PCB

made metal box with a Kapton tape entrance window and their
cathodes were biased at —1000V (6.7 kV/cm) using a high
voltage power supply ISEG SHQ 224. The current collected
by the single pixel was then measured using a picoammeter
Keithley 6,485.

The devices with integrated readout are assemblies built with small
HE-CZT pixelated sensors hybridized to XIDer readout ASICs. These
readout chips are designed in CMOS 65 nm TSMC technology and
implement the incremental digital integration readout [27, 28]. The HF-
CZT sensors are 2 mm thick in this case and include two 4 X 4 pixel
minimatrices of 100 um and 200 pum pitch, as shown in the picture at
the left of Figure 2. The cathode consists of a continuous platinum
contact. In the assemblies used for this work only the 200 um
minimatrix was connected to the 16-channel readout ASIC. The
bonding was performed by Polymer Assembly Technology [33] by
applying a low-temperature flip-chip process with gold studs and
conductive epoxy [34]. The picture on the right shows one of the
hybridized assemblies mounted on the test PCB with the connection to
the top cathode electrode that, in operation, was biased at —1000 V.

For comparison purposes, the results obtained with the HF-CZT
hybrids are presented in the next section together with results
obtained with CdTe sensors from the company Acrorad [35].
These sensors are also terminated with ohmic platinum contacts,
at both the anode and the cathode, and have the same size and layout
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that is depicted in Figure 2. However, as the CdTe sensors are 1 mm
thick, thinner than the HF-CZT devices, they were biased at a
proportionally lower voltage of ~500 V to operate with a comparable
internal electric field.

Note that the electric fields used to characterize the standalone
samples (6.7 kV/cm) and the hybridized samples (5kV/cm) are
different. This difference comes from the fact that the measurements
were planned separately for each type of samples. However, in both
cases, the electric field was chosen to ensure that the samples were
operated in full charge-collection regime. This regime occurs around
1 kV/em for both CZT and CdTe samples.

2.2 Application of the incremental digital
integration readout

The basic principle of incremental digital integration is the
division of the total exposure time in a number N of
subintervals, subframes in the XIDer terminology, where for each
subframe the input signal in each pixel is integrated and digitized
[27]. The resulting pixel intensity is the sum of the N digital values
produced during the total integration time, an operation that is fully
performed by the pixel electronics in the readout chip. This scheme,
operating with very short subframes in the micro- or sub-
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microsecond range, implements an in-pixel fast analog-to-digital
conversion with a certain level of rejection of the dark current
contribution. The rejection is effective if the total leakage charge
collected during each subframe is well below a certain threshold that,
in the case of the XIDer circuit implementation, is determined by the
resolution of the analog-to-digital converter (ADC). When working
with monochromatic radiation, the least significant bit of the ADC
in the pixel is typically set to the equivalent of one X-ray photon and
the threshold to 50% of that value. For example, with 30keV
monochromatic irradiation, the discrimination threshold would
be set at an equivalent 15 keV, which in CdZnTe corresponds to
a constant 260 pA/pixel leakage current being integrated during a
2 us window. The incremental digital integration readout then
behaves at low photon fluxes like a photon-counting readout,
and at higher photon fluxes, when quantization error becomes
negligible, digital integration is functionally equivalent to a
conventional charge-integrating scheme [36].

In the work presented in this paper, the XIDer readout ASIC
was used as a tool to investigate the variation of the leakage current
of the HF-CZT devices in the microsecond scale. For this purpose,
the devices were calibrated to operate with 30 keV photons, the
lowest photon energy they were designed to handle, and
configured to acquire single subframes. The calibration is an
important step which consists in trimming four adjustable
parameters of the internal circuitry of the ASIC on a per-pixel
basis. This includes the trimming of the quantization steps and the
discrimination thresholds with respect to the energy of the incident
photons in the pixel front-end electronics, for each of the two
pipelined stages, coarse and fine [28]. The calibration procedure
relies on the internal charge injection circuitry and each parameter
was trimmed by analyzing the effect of a sweep of their respective
DAC in the chip, under the injection of a specific amount of
charge, e.g., the charge equivalent to the integration of one 30 keV
photon. The equivalence between photon energy and injected
charge was derived from the theoretical sensor average ionizing
energy, 4.64 eV per electron-hole pair for CZT [37], and the
nominal values of the injection circuitry components.
Discussing the procedure in more detail is beyond the scope of
this paper but it is relevant to point out that, although the absolute
calibration accuracy is limited by the manufacturing tolerance of
the charge injection circuitry, it is possible and important to check
the consistency of the trimming of the four internal parameters in
each pixel. The proper relative matching of the pixel values can be
assessed by using the charge injector itself as any deviation in the
response of the front-end electronics reveals mismatches in the
calibration of the coarse and fine stages. For that purpose, any
arbitrary but controlled signal distribution can be injected into the
front-end to verify the correspondence of the data produced by the
ASIC. In the example below, a waveform generator was used to
inject a signal corresponding to a predefined number of 30 keV
photons with a superimposed Gaussian random component. For
each number of equivalent photons, a large number of subframes
was acquired, with the amplitude of the noise-like component
adjusted to make the injection approximately match the signal
distribution that would be produced by a Poissonian X-ray source
illuminating uniformly the device. Examples of retrieved
distributions of the acquired subframe values are shown in
Figure 3 as normalized histograms alongside their fits to

Frontiers in Physics

10.3389/fphy.2024.1304570

0.4 4

Normalised entries

<
o
)

e
o
!

0 50 100 150 200
XIDer output (¢g. 30 keV ph subf~")

FIGURE 3

Normalized distributions of the signals measured per subframe in

a calibrated front-end, obtained for different levels of charge injection
and with the superimposed noise-like Gaussian component described
in the text. The plot shows five histograms obtained for an

average injection of about 20, 60, 100, 140 and 180 30 keV X-ray
photons alongside the fits of Gaussian probability density functions in
black dashed lines.

Gaussian  functions plotted with dashed black lines.
Qualitatively, of the

distributions are properly retrieved by the front-end electronics,

the Gaussian shapes input charge
and the resulting distributions closely match their respective
Gaussian fit, with no apparent defects. This is a neat indication

of the consistency in the calibration of the front-end.

2.3 Photocurrent generation by LED
illumination

The study of the response of semiconductor sensors to strong
irradiation transients in the microsecond regime requires a
readout system able to operate in such a time scale but also
the possibility of modulating the incident photon flux with very
short switching times, ideally shorter than the measurement
intervals. When using X-rays, the very intense photon fluxes
required for the measurements cannot be produced by
conventional laboratory sources and the only option is to use
pulsed beams from either X-ray free-electron lasers or from
synchrotron radiation storage rings operating in timing
modes. During the investigation of sensor response for the
XIDer project, the limited availability of suitable beamtime as
well as the lack of flexibility in selecting the time structure of the
irradiation patterns with synchrotron beams has motivated the
development of an alternative scheme to generate photocurrent
time patterns using visible light.

The scheme implemented is the use of a 730 nm LED device
mounted to produce a uniform illumination over the entire active
surface of the sensor, and whose intensity and temporal structure
can be modulated electronically. At this wavelength, the
transmission of the light through a 20 nm thick platinum contact
is close to 4% and the photon energy is above the bandgap of
detector grade CdZnTe (1.57 eV, 790 nm) [37]. Therefore, a small
but non-negligible part of the light can penetrate in the
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(A) Cycled irradiation of standalone HF-CZT samples for increasing incident X-ray fluxes. The measured current values are normalized by the pixel
area to be expressed in A/mm?. In grey, above each step, the corresponding incident X-ray flux in ph/mm?/s. In orange, the flux with highest beam
attenuation that was used as the low-level reference of the irradiation cycles (B) Response of the samples with respect to the incident X-ray flux. This
figure was produced with the data from (A). The dots correspond to the measured average intensity for the low-level reference and for each of the
higher irradiation steps. The dotted lines correspond to the linear regression of the data with the resulting R? displayed in the legend.

semiconductor material through the thin cathode metal and
generate electron-hole pairs near the surface of the device, the
absorption length of 730 nm light in CdTe being approximately
0.5pum [38]. These conditions differ from the photocurrent
generation by X-rays because of the different penetration depth.
However, given that, at 20 keV, the attenuation length in Cd(Zn)Te
is on the order of 80 um, the absorption of X-rays in the low end of
the energy range of interest can still be considered rather superficial
when compared to the 1-2 mm thickness of the devices under study.
Moreover, other observations made by the authors during
preliminary measurements, although with not properly calibrated
devices, have shown that the high-Z sensors have a similar response
in stability measurements under LED illumination and under low-
energy X-ray irradiation, as well as similar aftersignal time
components. Those observations support our assumption that
730nm LED can appropriately emulate the
illumination by superficially-absorbed low-energy X-rays.

illumination

3 Results

3.1 Linearity and stability of the HF-CZT
standalone samples

The linearity and stability under quasi-static high-flux irradiation of
the two standalone HF-CZT samples were investigated at the
BMO05 beamline of the ESRF. A multilayer monochromator was
used to produce a 20 keV monochromatic X-ray beam reaching a
maximum flux of 10" ph/mm?s on the samples. The beam was
collimated to match the pixel size (500 um x 500 pm) and aligned
on one of the single pixels. The measurement consisted in subjecting the
samples to 2-min long X-ray irradiation cycles with a progressively
increasing maximum incident photon flux. A set of aluminum
attenuators with 191 thickness combinations in steps of 60 um was
used to reduce the incident X-ray intensity and provide fast transitions
between flux values. The attenuators could be changed remotely using a
pneumatically-operated system with a response time of around 100 m.
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The incident flux as a function of the number of filters was obtained
prior to measuring the samples from the photocurrent measured in a
500 um thick silicon photodiode inserted in the beam path. The lowest
flux achievable with this setup, using 11.46 mm of aluminum, was 2.5 x
107 ph/mm?*/s (in orange in Figure 4), and it was taken as the reference
of the irradiation cycles. The samples were subjected to seven cycles
with flux values ranging from 6x107 to 6 x 10"' ph/mm?/s (1.5x10” to
1.5x10" photons per pixel per second). Each cycle consisted of
I minute of irradiation at a specific photon flux followed by
1 minute of irradiation at the low-level reference. During all the
sequence, the photocurrent collected by the irradiated pixel was
recorded every second using the picoammeter. As the irradiation
and the
synchronized, there is usually one data point for each rising and

sequences photocurrent measurements were not
falling edge that was measured during the change of attenuators.
These data points are disregarded in the discussion. Figure 4A
shows the measured current obtained for both standalone samples.
The two standalone devices exhibit similar behavior under
cycled irradiation as well as an excellent linearity with the
incident X-ray flux. This is depicted in Figure 4B, where the
average measured intensity of the low-level reference and of each
of the higher intensity irradiation steps are displayed as a function of
the incident flux. In terms of stability, the rms variations of the
measured photocurrent did not exceed the 0.4% of the mean value
during the 1-min irradiation intervals, variations that are difficult to
fully dissociate from the fluctuations of the intensity of the incident
X-ray beam. Previous measurements, taken during longer intervals
of 10 min, and for fluxes up to 10'° ph/mm?/s, have shown variations

below 1 nA/mm? rms [31].

3.2 Transient response of HF-CZT
standalone samples

The measurements in Figure 4A were not optimized to evaluate

the transient response because the low-level reference did not
correspond to the true dark current baseline and the recording
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time resolution was limited to 1s. However, these measurements
still provide some useful information about the transient responses.
Firstly, Figure 4A shows sharp rising edges for the pulses, regardless
of the incident X-ray flux. Secondly, the falling edges exhibit some
visible aftersignal, for instance after the last pulse of the sequence in
the case of sample 1. The decay of the measured current for each
sample is presented in more detail in Figure 5, in which the tails of
the falling edges for all the irradiation levels are superimposed.

The data shown in Figure 5 gives a first insight into the
aftersignal behavior of the sensors within the first 60 s after the
end of the irradiation cycles. The aftersignal amplitude at a given
time appears to increase with the incident X-ray intensity. In the case
of sample 1, this behavior is clearly visible above 6 x 10° ph/mm?/s.
In the case of sample 2, this behavior is only noticeable above 1 x
10" ph/mm?/s.

Before discussing these results further, another set of data,
measured 1year before the data shown in Figure 5, will be
introduced to give more elements for the analysis. This older
dataset, that is already published [31], comes from a similar
measurement campaign, conducted with the same HF-CZT
samples, at the same X-ray energy of 20keV. However, there
were some differences in the way the experiment was carried out.
Firstly, the irradiation times were longer, 10 and 20 min for sample
1 and sample 2 respectively. Secondly, the low level of the cycles
corresponded to the dark current baseline, which was about 100 pA/
mm’. This was feasible because the maximum flux used for those
measurements, 8 x 10° ph/mm?®/s, was two orders of magnitude
lower than in the case of Figure 5, so that the strongest attenuation
(using 11.46 mm of aluminum) corresponded to dark conditions.
And finally, the photocurrent was sampled at a 4 Hz rate. In the
Supplementary Figure S1 displays the photocurrent and aftersignal
tails of both datasets side by side to facilitate the comparison
between the two.

The superimposed tails of the current decay of the samples
under cycled irradiation for the older dataset [31] are displayed in
Figure 6. All the aftersignal values in the plots of the figure are the
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result of subtracting the dark current component from the
measured current.

The results of Figure 6 are similar for both samples. Aftersignal
tails are visible and the aftersignal amplitude at a given time
increases with the intensity of the preceding X-ray irradiation.
The aftersignal presents a fast component, that cannot be
measured with the low time resolution of this setup but is the
subject of the following section, and a slow component with a decay
time in the range of seconds. In order to illustrate the dependency of
the slow component of the aftersignal with the irradiation, Figure 7
presents the levels observed in Figure 6 for both samples as a
function of the photon flux. The values in Figure 7A are the
aftersignal levels obtained 1 s and 60s after the end of the
irradiation cycle, while the chart in Figure 7B compares the
aftersignal 1s after the end of the irradiation with the average
photocurrent measured during the irradiation interval.

The measured aftersignal tends to increase with the incident X-ray
flux. The aftersignal values at 1's for sample 2 are consistently smaller
than for sample 1. However, this difference subsides, and is even
reversed, for longer times. Even if the aftersignal amplitude increases
with incident X-ray flux, the ratio between the aftersignal and the
photocurrent produced during the irradiation phase remains small.
After 1 s, this ratio is below 0.15%, even for the most intense irradiation
conditions. And, after 60 s, the ratio drops below 0.01%.

Going back to Figure 5, we observe much larger aftersignal
values for sample 1 than for sample 2. A possible explanation
could lie in the difference of cathode contacts. Even if both gold
and platinum act as electron blocking contacts, the Schottky
barriers might react differently to the density of charge created by
the irradiation near the cathode [21]. Following this line of
thought, a medium-flux irradiation could introduce the small
difference observed in the response of the samples in Figure 6 and
Figure 7, and a high-flux irradiation would amplify this difference
further, as observed in Figure 5. However, there is an alternative
explanation for the large difference observed between samples in
Figure 5, and it resides in the history of the samples. As
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mentioned above, the dataset used in Figure 6 was measured
1 year prior to the one used in Figure 5. During this time period,
sample 1 suffered an electrical breakdown on one of its corners.
This corner was sanded down to remove the damaged part.
remained functional but its
transient been affected by the
introduction of new mechanically induced trapping centers. It

Following this, the sensor

response might have
is worth noting, however, that the preservation of the
functionality of the sensor after such a crude removal of the
damaged area can be taken as a strong indication of the resilience
of the material.

To finish with, in Figure 5, no aftersignal is visible below 6 x
10° ph/mm?/s in the case of sample 1, and below 1 x 10" ph/mm?*/s
in the case of sample 2. This is due to a combination of two factors.
Firstly, there is a significant difference between the transients
observed in Figure 5 and those observed in Figure 6. On the one
hand, in Figure 5, the transients correspond to the transition
between a trapping-detrapping equilibrium at high flux and a
trapping-detrapping equilibrium at a lower flux because, as
previously mentioned, the low-level reference is not the dark
current baseline. On the other hand, in Figure 6, the transients
correspond to the transition between a trapping-detrapping
equilibrium under high flux and the equilibrium under dark
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conditions. This means that the trap states being emptied to
reach equilibrium might not be the same, or at least, the
concentration of traps emptied might not be the same. This
could explain the faster transient response observed in Figure 5
compared with Figure 6 at similar incident X-ray fluxes. Secondly,
because the low-level reference in Figure 5 is three orders of
magnitude higher than the dark current baseline, the lowest
picoammeter measurement range that could be used for the
current measurement was 20 nA. This measurement range has an
accuracy of 0.4%, so the smallest variations that could be recorded
were 3 x 107" A/mm® This is too large to measure any of the
aftersignal responses observed in Figure 6.

3.3 Fast response of hybridized detectors

This section presents an example that illustrates the
implementation of the methods introduced in Section 2 and
their application to the evaluation of the fast components of
the photocurrent aftersignal transients of HF-CZT and CdTe
pixelated sensors. For this purpose, the following results were
obtained from 200 um pixel pitch devices connected to XIDer
readout ASICs as described in 2.3 and the measurements were
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Comparison of the aftersignal of the standalone samples measured 1 s after the irradiation was stopped, with the average photocurrent measured during

the irradiation.

performed by illuminating the assemblies with LED light
emulating low-energy X-rays as discussed in 2.4. As the XIDer
devices were carefully pre-calibrated to provide the value of the
integrated charge as an integer number of 30 keV equivalent
photons, the adopted approach is to express the LED
illumination also in the same units by assuming that under
continuous illumination conditions, the readout values
provided by XIDer are a good representation of the equivalent
incident flux. This assumption would not be fully valid to provide
accurate absolute flux values if the charge generation or the
collection efficiency in the sensors is not ideal, but it can be
taken as an adequate approximation to investigate the dynamic
performance of the leakage current and the aftersignal effects.
Therefore, despite the use of visible light, all intensity values for
both incident and measured intensities in this example are
referenced to 30 keV equivalent photons.

During the measurements, the assemblies were illuminated
with a periodic 5 Hz square waveform of 50% duty cycle that
corresponds to light pulses of 100 ms duration. The XIDer readout
was set to acquire single subframes with a repetition period of
2.8 ps. This value is somehow arbitrary for the purposes of these
measurement but it corresponds to the period of the orbit of the
ESRF storage ring and is one of the standard subframe times
foreseen for the regular final operation of XIDer at the ESRF. In the
conditions of these measurements, the effective integration
window within each 2.8 ps subframe period was of 1.97 s,
followed by a dead time of 0.83 ps. The LED source was
independently characterized with a silicon photodiode to verify
the proper shape of the light waveform and that the light emission
fully decayed to zero in less than 1 ps at the falling edges of the
illumination cycles.

Figure 8 shows the falling edges of the sensor current measured
with the CdTe and HF-CZT assemblies under the pulsed
illumination, for several light intensities ranging from 20 to
530 equivalent 30 keV photons per pixel per subframe. For the
given pixel pitch and integration window, these values correspond to
fluxes from 3x10° to 7 x 10° ph/mm?*/s. The figure shows the
response of one of the 200 um pixels of each assembly once the
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steady state has been reached after several cycles of pulsed
illumination. The plots present the pixel signal integrated for
each 2.8 ps subframe during the time interval immediately
following the falling edge of the incident illumination. They
illustrate the level and temporal evolution of the aftersignal from
the sensors. The vertical axis in the plot for the HF-CZT assembly
has been expanded to reveal the aftersignal decay, as the measured
values are between one and two orders of magnitude lower than in
the case of CdTe. Because the subframe acquisition was not
synchronized with the periodic 5 Hz illumination pulses, the first
subframe recorded after the initial signal drop is likely to include
partial illumination and should be disregarded.

The weaker HF-CZT aftersignals drop with a much smaller time
constant when compared to CdTe. After a few hundred
microseconds, the HF-CZT aftersignal integrated during one
subframe drops below the 15keV equivalent photon preset
threshold,
significant bit photon level, resulting in an effective null readout

discrimination corresponding to half the least
value. This coincidentally illustrates how the analog-to-digital
conversion in the XIDer readout can completely discard residual
signals by exploiting the intrinsic quantization of the X-ray
illumination. This is the key feature of the incremental digital
integration readout that makes possible in-pixel aggregation of
multiple subframes without accumulating leakage current and
similar undesired contributions, such the aftersignal, as long as
they remain below the discrimination threshold.

The variation with the intensity of the illumination and the
differences between sensor materials is more clearly appreciated in
Figure 9, which presents the aftersignal level measured 10 and 100 ps
after the end of the LED illumination pulses as a function of the
injected signal expressed as equivalent X-ray flux. For comparison
with the results in Figure 7, the measured aftersignal values in the
vertical axis have been converted into equivalent current density
units by using the pair creation energies tabulated in [13]. Please
note again that the electric fields used for the standalone samples and
the hybridized samples are different due to differences in thickness.
This has
from Figure 7, 9.

to be considered when comparing the results
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4 Summary and outlook

This paper introduces the strategy followed at the ESRF for the
development of 2D X-ray detectors suitable for experiments with the
high brilliance beams produced by the last generation of
synchrotron storage rings such as the ESRF-EBS source. The
most demanding applications require charge-integrating detectors
able to operate at high X-ray energies up to 100 keV and with photon
fluxes that may reach 10" ph/mm?*/s at the detector. A major
challenge for building such a type of detectors is the proper
management of the fluctuations and instabilities of the leakage
current from the compound semiconductor sensors required to
operate with high-energy X-rays. The presented approach is based
on the use of the incremental digital integration readout scheme that
is being developed within the XIDer project. This type of readout can
mitigate the impact of sensor leakage current variations, as long they
remain under certain limits [27, 28]. The availability of high-Z
sensors with good performance under intense photon fluxes and
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with low leakage current is therefore essential, and today, high-flux
CZT is the only material candidate to fulfil those requirements.

The characterization of HF-CZT, in particular its ability to
operate with high X-ray fluxes and the behavior of the leakage
current is a crucial aspect. Understanding and quantifying the effects
of the irradiation on the sensor performance including effects such
as leakage or aftersignal variations are fundamental. The paper
presents examples of the work recently started at the ESRF with
HE-CZT sample sensors and some first promising results that
confirm the much better performance of this material with
respect to CdTe as it has already been observed under different
conditions in several other published works [26]. The examples also
illustrate how the XIDer readout can be used as a tool to evaluate the
leakage variations in the micro- and sub-microsecond time scale.
The results show good linearity and stability when the HF-CZT
sensors are irradiated under quasi-static conditions with very high
incident fluxes, well above 10" ph/mm?*/s, showing no apparent
drop in charge collection efficiency. The measurements also reveal
the presence of weak but observable aftersignal components, i.e., a
decaying residual current when the incident illumination on the
sensor is sharply stopped or attenuated.

Our study is at an early stage, the measurements with HF-CZT
have so far been performed at relatively low X-ray energies (20 keV) or
with visible light illumination, conditions in which the charge carriers
are generated close to the surface of the devices. An important aspect
will be the investigation of the behavior of the HF-CZT sensors under
higher-energy irradiation, up to 100 keV, which penetrates deeper
into the material. A good understanding of all the dark or leakage
components, not just the aftersignal, is essential. Some preliminary
observations, still under investigation and that we plan to present in
future publications, suggest an increase of the sensor leakage current
that is induced by the irradiation itself, which adds to the generated
photocurrent. If this effect is confirmed, the aftersignal component
could be wholly or partly due to this additional leakage current
component rather than only to charge detrapping processes in the
sensor. Another important aspect that needs thorough study is the
impact of the bias voltage and the operating temperature. So far, all the
measurements have been carried out with HF-CZT sensors at room
temperature. With the present knowledge of the leakage and charge
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transport processes in these devices, it is difficult to predict the
temperature dependence of the sensor response. However, it is not
excluded that one could find operating conditions with significantly
improved sensor performance.

Therefore, the deeper investigation of the HF-CZT sensors and a
better understanding of their electro-optical response under high
incident flux conditions is a key objective as it will have a decisive
impact on the final design, construction, and operation of charge-
integrating X-ray hybrid pixel detectors for high-energy applications
with intense photon beams. In a more general way, the
establishment by the detector community of a strong knowledge
base on materials suitable for high-energy X-rays and high-flux
applications is absolutely essential to overcome the challenges posed
by the latest generation of synchrotron radiation sources. We expect
that the ongoing work on the characterization of HF-CZT within the
XIDer project will contribute in this direction.
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