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ARTICLE INFO ABSTRACT

Keywords: High-flux CdZnTe sensors are promising candidates for detecting high energy photons at 4th generation
Transient Current Technique synchrotron and free-electron laser experiments. Especially in the unique case of the MHz pulse rates of
Chabr?e collection European XFEL, it is imperative that the sensor collects the full deposited charge in 120ns or less, and that
Mobility

there is negligible residual charge or dynamic changes in the detector properties at high fluxes. In that context,
the Transient Current Technique (TCT) was used to study HF-CZT planar sensors, to characterize the charge
transport properties of the sensors for various applied bias voltages. Two different electrode technologies were
compared: one planar sensor had platinum contacts on both sides, while the other had platinum cathode and
titanium-gold anode. The sensors were tested in a TCT station with a pulsed 660 nm laser and also taken to the
P07-EH1 beamline at Petra III during a pulsed operation mode of the storage ring; transients were collected for
different positions in the sensors and different X-ray beam intensities at 87 keV. Both studied sensors showed
remarkable uniformity, good electron transport properties and fast charge collection for electric field strengths
above 2000V /cm; the titanium/gold anode device showed evidence of significant bias-induced polarization at
low field strengths, while localized excess leakage current effects were observed to be more significant in the
device with both platinum electrodes.

CZT
Electric-field profile
Time-of-flight measurement

1. Introduction ASIC, thereby reducing detector longevity. To mitigate these short com-
ings, high-atomic-number (high-Z) materials with superior quantum

The advent of diffraction-limited synchrotron sources and X-ray efficiency in high photon energy regimes are required.
Free Electron Lasers (XFELs) has pushed the frontiers of X-ray ap- Within the room-temperature detector community, compound semi-
plications towards ever-higher photon energies and fluxes. These ad- conductors such as chromium-doped gallium arsenide (GaAs:Cr) [1,2],
vancements require the development of detectors capable of operating cadmium telluride (CdTe) [3] and cadmium zinc telluride (CZT) [4] are

reliably in such demanding environments. Among the available tech-
nologies, hybrid pixel detectors represent the current state of the
art, wherein a semiconductor sensor is bonded pixel-by-pixel to an
Application-Specific Integrated Circuit (ASIC). This modular design
allows for independent optimization of the sensor and ASIC, enhancing
versatility across diverse experimental requirements.

While silicon remains the default material for semiconductor sensors
— owing to its mature fabrication processes and excellent charge

widely adopted as high-Z alternatives. While these materials are well-
suited to operation at higher energies, they also have some issues that
must be considered. Especially in CdTe and CdZnTe, the large specific
mass of holes means their mobility is over an order of magnitude
lower than that of electrons [4]. Growth of these materials is also more
challenging than elemental semiconductors like Si and Ge, resulting
in the unintentional introduction of impurities and crystalline defects
that can act as traps for the charge carriers. For these reasons, detector

transport properties — its quantum efficiency declines sharply for ) . )
photon energies exceeding 18 keV. This limitation leads to degraded systems based on Cd(Zn)Te typically operate in an electron collection
photon statistics and increased radiation exposure of the underlying mode, ensuring good charge collection efficiency.
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Table 1
Planar sensors tested in the LI-TCT setup and their characteristics. Contacts
are described in pad/sensor/pixel order.

Sensor label Contacts Area Thickness
S1 Pt/CZT/Pt 7.6 x 7.6 mm? 1.5mm
S2 Pt/CZT/Ti/Au + SU8 7.6 x 7.6 mm? 2 mm

Despite collecting electrons, the poor transport of holes can still
cause unwanted effects in these sensors. Excessive trapping of holes can
lead to a build-up of space charge in the sensors at higher photon fluxes,
leading to a degradation of the internal electric field and, in turn, the
detector response - a phenomenon known as flux-induced polarization
[5].

In 2016, the high-flux Cdj¢Zng;Te (HF-CZT) [6] was introduced
and subsequently characterized under various conditions and method-
ologies [7-10]. Owing to its improved hole transport properties, HF-
CZT has emerged as one of the most promising candidates for high
photon energy, high-flux detection. However, its performance in highly
demanding time-resolved applications such as those requiring the MHz
X-ray pulse repetition rates at the European XFEL remains unexplored.

Detector-grade CZT is a weakly compensated, semi-insulating mate-
rial with an exceptionally low intrinsic carrier concentration. It has a
polar nature from growth, and the natively p-type cadmium-terminated
face is typically employed as the pixelated anode and bump-bonded
to the ASIC, while the n-type tellurium-terminated face serves as the
cathode [11]. Under reverse bias, detrapped charge carriers are swept
away from the junctions and into the bulk, leaving behind fixed ionized
acceptors (e.g. cadmium vacancies) or donors (e.g. tellurium antisites).
This generates an opposing internal electric field that may weaken or
even counteract the externally applied field. Such behavior, termed
bias-induced polarization, is frequently observed in CdTe sensors with
Schottky contacts [12]: while such contacts block the injection of
charge carriers and result in devices with lower leakage current and
better signal-to-noise performance, they effectively starve the detector
from free charge carriers that could otherwise compensate the space
charge arising from the biasing.

In this work, we present a comprehensive characterization of planar
HF-CZT sensors with Schottky contacts, employing both laser-induced
and X-ray-induced Transient Current Technique (TCT). The investiga-
tion aims to evaluate their suitability for integration into Adaptive Gain
Integrating Pixel Detector (AGIPD) systems [13], with specific focus
on their applicability to European XFEL experiments. Additionally,
two distinct electrode technologies were comparatively assessed under
identical experimental conditions.

2. Materials and methods

Planar sensors fabricated using proprietary Travelling Heater
Method (THM) material growth and fabrication processes were pro-
vided by the Science and Technology Facilities Council (STFC-UKRI).
Table 1 lists the two planar sensors covered in the scope of this work
and their main characteristics. The metal contacts are described in [pad
(Te-face)]/[sensor]/[pixel (Cd-face)] order.

One of the planar devices has platinum contacts deposited on both
faces; the other has platinum pad (Te-face) and titanium-gold pixel
(Cd-face), in a new electrode technology aiming at improving previ-
ously observed excess leakage current effects [10] and offering better
mechanical properties for the sensor-to-ASIC assembly process. In addi-
tion, a epoxy-based polymer film (SU8) passivation layer was deposited
on the gold electrode, with an opening of 1.80mm x 3.8 mm at the
center, as shown in Fig. 1. Both tested devices have 7.56 mm X 7.56 mm
area. Sensor S1 represents the reference material sensor in this study,
as pixelated devices of the same generation and electrode technology
were bump-bonded to ASICs and tested in previous characterization
campaigns [14].
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The pad (Te-)faces of the sensors were glued with silver epoxy to the
gold pads of dedicated PCBs. Wires for ground and bias voltage were
glued to the gold pad and to the pixel (Cd-)face of the sensors respec-
tively. The assembly was then mounted to a copper case also designed
for this purpose. Both the board and the copper case were designed
with a >2 mm opening in the sensor position, to allow irradiation of the
sensors from both sides. Care was taken to avoid covering the opening
with the silver glue.

2.1. Laser-induced TCT setup

The TCT setup has been used to determine effective trapping times
and electric field distributions in irradiated silicon sensors since its
installation in 2010 [15,16]. It allows the user to perform laser-induced
TCT with less than 90ps laser pulses of a few different selectable
wavelengths (660 nm, 830nm, 1015nm and 1052nm), using a Sepia II
multi-channel Picosecond Diode Laser driver from PicoQuant [17].
The setup is shielded by a metal box to reduce electrical interference.
Additionally, the laser is equipped with optics to focus the beam to
10 pm FWHM [16].

The detector stage has a motorized X-Y movement of minimum
50nm steps with 20 nm precision. The laser stage can be adjusted in Z
(direction of the laser) for changing the focus spot size on the detector,
with 100 nm steps and 30 nm precision [16]. Additionally, the detector
stage can be configured in two different positions, for top- or edge-
irradiation of the sensor under study. Fig. 2 shows the setup inside the
metal box, with a sensor mounted for top-TCT.

The sensors were biased by a Keithley 6517 A power supply, con-
nected through a Bias-T to the pixel (Cd-)face of the sensors. The
Bias-T is required to separate the DC level of the high-voltage bias
from the transient signal coming from the sensor. The transient signal
is transmitted to an amplifier; in this case, a Particulars AM-2 A 53 dB
with a bandwidth of 0.01 MHz to 3000 MHz was used. The output of
the amplifier is then connected to the high-sampling-rate oscilloscope
(Rohde & Schwarz RT0O2044, 20 GSa/s, 4 GHz), which was set to be
triggered by the trigger output of the laser driver.

The bandgap energy of CZT can vary with the exact zinc concentra-
tion; in this work the reference value of 1.57eV [4] for 10% zinc was
adopted. The 660 nm laser was chosen for the experiment, to be above
the bandgap and have a superficial depth of interaction (estimated
optical penetration depth of 1 pm [18]). This is a necessary condition to
have one charge carrier type inducing signal at a time, and characterize
their transport properties individually. Time-dependent measurements
were also done for a few bias voltages.

All measurements were conducted at room temperature. Although
the temperature of the sensor was not actively monitored during the
experiment, the laser pulse frequency was kept to a maximum of
160 Hz, giving enough time between pulses for the heat to be dissipated
laterally on the sensor and the metal electrode. Therefore, local heating
effects were considered negligible for the study.

2.2. X-ray TCT setup

The planar sensors were also tested with X-ray pulses during a
beamtime at Petra-III beamline PO7/EH1, while the storage ring was
configured to 40-bunch mode (192 ns between bunches, equivalent to
5.2 MHz pulses). The 87 keV monochromatic beam was defined with the
beamline slits to 100 pm X 100 pm. A TCT setup was used to collect the
transients generated by each 44 ps RMS X-ray pulse [19]. This time,
an ISEG SHR 20 60r power supply, an HSA-X-2-40 Femto amplifier of
40dB and 2 GHz bandwidth, and a Tektronix MSO 4104 5GSa/s 1 GHz
oscilloscope were used, keeping the same Bias-T; the more intense and
more penetrating source required less amplification than the Laser-
Induced TCT setup. The trigger for the acquisitions was defined by the
full revolution bunch clock of the storage ring (130kHz), so each ac-
quired waveform contained 40 pulses, corresponding to the 40 electron
bunches of each revolution.
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Fig. 1. Optical images of two planar sensors tested. Left: the anode side of sensor S1. Right: the anode side of sensor S2, with the passivation opening at the

center.
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Fig. 2. LI-TCT setup inside the enclosure. The picture shows the focusing
optics for the laser on top of the laser stage, the sensor under study mounted
on the sensor stage, and the amplifier. The system coordinates are indicated
on the top of the image.

The sensors were mounted on the sample stage as shown in Fig.
3(a). A 3D-printed plastic case was used instead of the copper case, to
allow the beam to pass through and irradiate the pad side of the sensors
with no limitation on the exposed area. The detector stage was scanned
in front of the beam, mapping half the area of each sensor under study,
as illustrated in Fig. 3(b); this scan was repeated for 4 different beam
attenuation settings, covering intensities of 115 photons/pulse to 500
photons/pulse. A reverse bias voltage of 1000V was applied to sensor
S1 and 1333V to sensor S2, for the same applied electric field strength
of 6666 + 1 V/cm.

The heat diffusion time estimated for a 100 pmx 100 pm spot in CdTe
is ~2ms, considering the thermal diffusivity of CdTe (¢ = 5.8 x 107®
m?/s) [20]; the 5.2 MHz pulsed X-ray source is considered continuous
from the thermal perspective. Even though the pulsed X-ray scenario is
thermally more demanding than the pulsed laser, the calculated steady-
state increase in temperature for the setup with 500 photons/pulse and
equivalent power of 36.3 pW is 6.9 mK [21], and was neglected for this
study.

3. Results and discussion
3.1. Laser-induced TCT

The transient current pulses induced by the 660 nm laser light when
illuminating the pad side of sensor S1 under reverse bias are shown in
Fig. 4(a), corrected for the impedance and amplification of the setup,
for applied bias voltages of 350 to 1100 V. Thousands of waveforms
were collected and averaged for each bias voltage. The transient signal
can be integrated with Eq. (1) to generate a profile of the accumulated
collected charge as a function of time, which is shown in Fig. 4(b).

1 t
00 == A Vndt, €8]

where R is the termination of the read-out channel of the oscilloscope
(set to 50Q), G is the 53dB amplification of the setup (factor 446.68),
and V(t) is the oscilloscope-recorded transient signal.

Fig. 5 shows the same plots for sensor S2; the shape of the accu-
mulated charge profiles are different to those in the S1, showing a
non-linearity for lower bias voltages. In both sensors, small undershoots
were observed after the transient current signals, and consequently a
reduction in the total integrated charge can be observed after the max-
imum is reached. This undershoot was attributed to an impedance mis-
match of the data acquisition setup, and the maximum value obtained
for the charge was used as a metric for the analysis.

In this configuration, the laser light impinges on the platinum pads
of the sensors, which are a few tens of nanometers thick [11]. The
electrodes reflect the majority of the incident light (74.25%), while
approximately 1.05% of the light is transmitted and reaches the CZT
sensors [22]. The remaining 24.7% is absorbed by the metal. The laser
power was set to the maximum, meaning an average optical power of
10mW; 105 puW of which is deposited on the first micrometers of the
sensors in less than 90 ps. According to previous calibration of the laser,
this amounts to 0.32 pC per pulse, a similar amount to what has been
reported in the literature [23].

Under reverse bias condition, the pad electrodes acts as the cath-
odes, being negatively biased with respect to the pixel electrodes. The
laser-generated electrons are drifted away from the pad and through
the sensor thickness, inducing a current signal. The holes, on the other
hand, drift a short distance towards the cathode and are immediately
collected, so the measured induced current signals were dominated by
moving electrons. Likewise, in forward bias condition the current signal
generated by impinging the laser on the pixel side is induced mainly by
electrons.

By obtaining the rise time of 10% to 90% of the integrated charge
curve with a 100-points linear interpolation and multiplying it by 1.25,
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Fig. 3. (a) Photo of a planar sensor installed at EH1 test facility from P07/Petra III. (b) Schematic of the 2D mapping of the CZT sensors; the tilted sensor
illustrates the small misalignment of the sensors during the experiment.
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Fig. 4. (a) Transient current pulses obtained from the oscilloscope for sensor S1, applying positive bias voltages from 375 to 1100V on the pixel side (reverse
bias), and impinging the 660 nm laser on the pad side. (b) Cumulative integration of the current pulses on the left, providing the accumulated collected charge
as a function of time. The drift time can be obtained from the 10% to 90% risetime of the charge curve.

S2 - Pt/CZT/Ti/Au, 2.0 mm

S2 - Pt/CZT/Ti/Au, 2.0 mm

0.035
1.0
0.030
— 350V — o
_ 081 — 400V e
g — asov g 00B hrie
e 2 — 450V
" — 500V F — 500V
g o6 — ssov 5 0020 550V
=2 &=
3 — 600V s — 600V
t 6ad — 666V § 0015 — 666V
g g
2 — 733V 5 — 733V
£ —— 800V Z 010 — 800V
021 — 866V — 866V
— 933V —— 933V
i —— 1000V 0:005 1000 V
- 1050 v 1050 v
1100 V 0.000 1 1100V
20 o0 20 40 60 80 100 120 140 20 0 20 40 60 8 100 120 140
Time (ns) Time (ns)
(a) (b)

Fig. 5. (a) Transient current pulses obtained from the oscilloscope for sensor S2, applying positive bias voltages from 350 to 1100V on the pixel side (reverse
bias), and impinging the 660 nm laser on the pad side. (b) Cumulative integration of the current pulses on the left, providing the accumulated collected charge
as a function of time. A bending of the charge curve can be observed for this sensor at the lower bias voltages.
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Fig. 6. Drift time of the electrons, obtained from the 10% to 90% risetime of
the cumulative charge curves. The drift times fall beneath the 120ns limit for
applied electric fields higher than 2000 V/cm for both samples under reverse
bias.

the total drift time of the electrons in each sensor can be obtained. Fig.
6 shows the total drift time as a function of the applied electric field
(bias voltage normalized by the sensors thickness) for both sensors,
with the dashed line marking the 120 ns acquisition time limit for 4.5
MHz operation with AGIPD. The drift times obtained for sensor S2
under similar electric field strength are understandably higher due to
the ~ 33% larger thickness. It can be observed that in both sensors the
full charge of the laser pulse is collected faster than 120ns for applied
electric fields stronger than 2000 V cm~!. For reference, the standard ap-
plied field during user operation is 5000 V cm™!. This indicates that from
the time-resolution perspective, the sensors are suitable for EuXFEL
applications.

3.1.1. Time-dependent measurements

The current-voltage characteristics for each of the sensors (see
Appendix A) demonstrated a clear Schottky-diode response, with sen-
sor S2 being significantly more rectifying than S1. As with other
materials like CdTe [24], the presence of a potential barrier at the
metal-semiconductor junction means these devices are subject to bias-
induced polarization. To characterize the evolution of such effect,
time-resolved tests were performed with lower bias voltages for both
sensors, collecting transients from the moment the bias voltage is
powered on.

Fig. 7(a) shows the collected charge curves observed for sensor S1
over 15 min, reverse-biased at 60V (400Vcm™!). A subtle evolution
with elapsed time can be observed: Fig. 7(b) shows plots of the maxi-
mum collected charge and average velocity (v,,, = ﬁ) as a function
of elapsed time. The maximum collected charge decayed to 91% of
the initial value, and the average velocity decreased 2.9% during the
experiment. The plots were fitted to exponential decay functions, and
time constants of 71 + 11 and 58 + 15 s were extracted for the
maximum charge and average velocity, respectively.

For sensor S2, a much more dramatic effect was observed in a
shorter elapsed time, even for double the electric field strength. The
History Mode from the oscilloscope [25] was used to save timestamps
for individual waveforms over a shorter time scale. Fig. 8(a) shows
the collected charge curves observed for sensor S2 over 160 s, reverse-
biased at 200V (1000Vcm™'). Fig. 8(b) shows plots of the maximum
collected charge and average velocity as a function of elapsed time. The
maximum collected charge decayed to 85% of the initial value, and the
velocity decreased 15% during the 162 s experiment; a further bending

Nuclear Inst. and Methods in Physics Research, A 1094 (2027) 172158

of the collected charge curve is observed. The plots were fitted to
exponential decay functions and time constants of 26 + 3 and 34 + 3 s
were extracted for the maximum charge and average velocity.

The fact that the S2 is highly rectifying indicates the presence of a
larger potential barrier posed by the Ti/Au contact in comparison with
the Pt contact; it follows that space charge generation is more likely, as
there are less compensating holes being injected into the sensor. This
can be seen clearly in the time-resolved measurements, with the net
space charge in the sensor favoring bias-induced polarization.

The time-dependent analysis was repeated with sensor S2 for ap-
plied electric field strengths of 750, 1125, 1250, and 1375V /cm. The
measured values for charge and velocity after 60s (Qg, and vg,, av-
eraged from 60 to 65s) compared to the initial values obtained for
elapsed time = 0 (Q, and v, averaged from 0 to 5s) were defined as
the losses for each applied field. Fig. 9 shows such(QlossQes)as percentages

0~¥60

of the initial values of maximum charge (100 X Q—) and velocity
0

(100 x @), as a function of the applied electric field in sensor S2.
It can be seen that the effect is reduced for stronger fields; by fitting
the data points to exponential decay functions, the estimated loss for
E ppiica = 5000V /cm is 0.009% in velocity and 0.007% in charge. The
mitigation of the bias-induced polarization with higher applied field
strengths is in agreement with previously reported results obtained for

p-type CdTe [12,26].

3.1.2. Charge transport properties

With the drift times obtained from the transient signals at different
applied bias voltages, it is possible to obtain an average velocity by
assuming the charge path to be the entire thickness L of the fully
depleted sensors, and the measured signal to be dominated by a single
carrier. By evaluating how the average velocity v,,, evolves with the
applied bias V, the mobility x4 of the charge carriers can then be
extracted by the slope of the average velocity plot as a function of the
applied electric field (Eq. (2)).

L 14

= P =puX Z =puX Eapplied (2)
drift

Vavg

Fig. 10 shows the average velocity plot obtained for electrons
drifting through S1 and S2 under reverse bias. The data are plotted as a
function of the applied electric field E,,,,,, for a more straightforward
comparison of the devices. Electron mobility values of y, = 964 + 1
em? V-!'s™land g, = 1002 + 2 cm? V=1 s~! were obtained, respectively.
The linear coefficient obtained is associated with a minimum electric
field to induce signal (E,,;,), and was considered negligible.

Furthermore, the ur products defining the charge transport proper-
ties in semiconductor sensors, with = being the lifetime of the charge
carriers, are usually obtained by fitting a plot of the total collected
charge as a function of the applied bias voltage to the single-carrier
Hecht equation [1,7], which is applicable in this case.

Eq. (3) was used to fit the maximum collected charge obtained
from each sensor as a function of the applied bias voltage, including
a velocity parameter S [24,27] to account for surface recombination
effects. The fit was applied to data obtained collecting electrons in
forward bias configuration, to minimize non-uniformities of the electric
field associated with bias-induced polarization; for electron collection,
this means irradiating the pixel side of each sensor, while applying a
negative bias voltage to the same electrode.

_ HeTeV L? 1
o-o i [-eo (5 )X (mrsmr) @

In Eq. (3), Qy is the total deposited charge in the sensor, yu,z, are
the mobility and lifetime figures for electrons, V' is the applied bias
voltage, L is the sensor thickness and S is the surface recombination
velocity. The collected charge data as a function of the forward applied
electric field E,,,,,, and the corresponding fits to the modified Hecht
Eq. (3), with Qy, .S and .7, as free parameters, are shown in Fig. 11
for both sensors.
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Fig. 7. Evolution in time of the cumulative charge curves obtained for sensor S1, for an applied reverse bias voltage of 60V (400 V/cm) and for a time interval
of 1000s. A small decay of the maximum collected charge can be observed. (b) The maximum charge and the average velocity were plotted as a function of
the elapsed time: by fitting the data points to exponential functions, time constants of 71 + 11 and 58 + 15 s were obtained for the charge and the velocity,
respectively.
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Fig. 8. Evolution of the cumulative charge curve obtained for sensor S2, for an applied reverse bias voltage of 200V (1000 V/cm) and for a time interval of 162s.
The arrow direction indicates the elapsed time evolution. A decay of the maximum collected charge and an increasing bending of the curves can be observed.
(b) The maximum charge values and the average velocities were plotted as a function of the elapsed time: by fitting the data points to exponential functions,
time constants of 26 + 3 and 34 + 3 s can be obtained for the charge and the velocity, respectively.

A reasonable fit was obtained for sensor S1, with p,z, = 1.7 = Tosurface = L/S = 0.56 +0.02 ps. For sensor S2, a regime transition was
03x 1073 cm?>V~! and S = 2.7 + 0.1 x 10° cms~!. Using the u, value observed when the forward bias voltage surpassed 160V, deviating the

obtained with Eq. (2), these result in 7, 4,/ = p,7,/p, = 1.8+£0.3 ps and collected charge from the predicted behavior. The data points obtained
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for lower voltages did not provide enough statistics to disentangle the
surface effect from the bulk characteristics. By fixing the bulk lifetime
to match the value obtained for S1, a surface recombination velocity
of § =0.60+0.03% 10% cms™! is obtained, corresponding to 7,y race
33+0.2 ps.

While the sensors are expected to have similar bulk characteris-
tics, their irradiated surfaces are significantly different; the irradiated
electrode in S1 is made of platinum, while in S2 is titanium/gold.
This difference can be identified when comparing the surface life-
time (7, rqc.) values for electrons obtained for each sensor: the ti-
tanium/gold electrode presented a surface lifetime 6x longer than the
platinum electrode.

3.1.3. Electric field profiles

Different approaches to extract information on the electric field
from the transients are explored in the literature [28-31]. The main
challenge for High-Z sensors is that the electric field in these sensors
cannot be assumed to be uniform; effects like bias-induced polarization
and charge trapping are likely to occur and influence the electric field
profile. The approach introduced by Uxa et al. [30] was the method
chosen for this analysis. It assumes the space charge density for a given
bias voltage was in the stable regime during the data acquisition, and
that the electric field profile affected by such space charge density is
linear.

Eq. (4) was used to fit the transient current signals I(r) obtained
under reverse-bias conditions, and extract the electric field slope a and
the field immediately under the pad E,,;,. The assumed values for u
and 7 are the figures obtained in Section 3.1.2; L is the full thickness
of the sensors, and Q, is the maximum charge collected by each sensor
at the highest bias voltage. More details on the method and examples
of transient signals and corresponding fits are presented in Appendix B.

~(a+ Lt
XuE, .. Xe ue
@) = QO HELpin (4)

L

The resulting electric field profile when in user operation conditions
(Ezppiica Of 5kVem™') is shown in Fig. 12(a). A rising slope can be
observed for both sensors, with a weaker field region formed under the
pad.

Space charge density values can then be obtained from the electric
field slope using Eq. (5). The gradient of the space-charge affected
electric field opposes the direction of the applied field; this means that
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negative space charge is formed, and it can be seen in Fig. 12(b) that it
increases with voltage. Moreover, sensor S2 shows higher space charge
density values for the same applied electric field conditions.

p= 05 dE 5)
e dx

In Eq. (5), p is the space charge density in cm™>, ¢, is the vacuum

permittivity, e, is the relative dielectric constant for CZT (10.9), and

‘(’1—5 is the electric field gradient over the sensor thickness, given by the

slope a.

3.1.4. Discussion of the LI-TCT results

It has been reported that the main source of leakage current in
HF-CZT under reverse bias conditions comes from injection of positive
charge carriers into the Cd-face, from the anode through a ~10nm thick
CdTeO; interfacial layer [11,32,33].

According to the literature [32], the oxide layer pins the Fermi level
in the middle of the CZT bandgap, producing a fixed barrier height
in the order of 0.76eV to 0.79¢eV for platinum contacts that has been
experimentally measured. The titanium anode, however, would form a
barrier for electrons of ¢, = ¢; — y =4.33 —4.3 = 0.03eV and hence a
barrier for holes of ¢, = Ep; — ¢, = 1.57—0.03 = 1.54¢V, being ¢, the
titanium work function, y the CZT electron affinity and Eg; the CZT
bandgap.

The disparity in barrier heights fundamentally dictates the opera-
tional differences observed in this Section between the two devices.
While the relatively low ~0.77eV barrier of Pt allows partial hole
injection to neutralize the ionized acceptors close to the anode, the
substantially higher 1.54eV barrier of Ti/Au effectively blocks hole
injection entirely. This phenomenon results in more negative space
charge near the anode, and a sensor comparatively more prone to bias-
induced polarization, as has been observed in Section 3.1.1 for the
time-dependent measurements at lower bias voltages and confirmed
by the electric field profiles and space charge densities obtained in
Section 3.1.3. However, it is expected to have a small or negligible
impact for sufficiently high applied electric field strengths.

On the other hand, the very low, quasi-ohmic Ti/Au barrier for
electrons in forward bias operation leads sensor S2 to quickly reach
the space charge limited current (SCLC) regime, being overflown with
charge carriers more rapidly than sensor S1, where a significant barrier
of ¢, = pp, — x =5.65—4.3 =135V still exists. The regime transition
around 160V = 800V /cm observed in Fig. 11 can also be identified in
S2 current-voltage characteristics (Appendix A).

The mobility and lifetime values obtained for electrons are within
the range of the literature reported values for HF-CZT obtained with
alpha particles [34]. However, a similar analysis of the hole transport
properties could not be performed. This is related to limitations of the
laser-induced TCT method: the very superficial (~1 pm [18]) generation
of charge carriers makes them more susceptible to surface recombi-
nation effects and trapping on the highly defective interface region,
especially for holes, known to be significantly less mobile. Moreover,
to obtain a detectable signal from the holes in forward bias condition,
very high bias voltages would be required; this was not possible with
sensor S2 due to its very high leakage current.

For a better understanding of the sensors response at the final user
application, the X-ray TCT is a more representative technique: the
attenuation length for the 87 keV photons on CZT is expected to be
785.34 pm [35], therefore less susceptible to surface effects.

3.2. 2D mapping with X-ray TCT

Ten full revolutions of the electron bunches in the storage ring were
recorded at each position of the scan, meaning 10 x 40 pulses were
recorded and averaged, for a fixed electric field strength of 6666 + 1
V/cm. Signal reflections due to impedance mismatch were identified
in the raw signals, but could not be eliminated experimentally and
were removed in data post-processing. The processed current pulses
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were integrated to charge as done in Section 3.1; the maximum charge
collected per position of the beam in the sensor was mapped and is
shown in Fig. 13 for both sensors. The charge collection times were
also obtained from the integrated charge profiles, mapped and plotted
as a function of the beam position in the sensors, and are shown in Fig.
13. A few regions were identified with aberrational behavior in both
sensors and are marked in Fig. 13. Their behavior was reproducible for
the four different beam intensities evaluated.

Examples of current pulses obtained for the marked region R2 are
shown in Fig. 14(a). The current pulse obtained at position (2.5,3.0)
has less amplitude than the ones obtained at neighboring positions and
presents a bump after the falling edge, nevertheless resulting in the
same total integrated charge as the other regions of the sensor.

The positions standing out in regions R1 and R3 in the charge maps
show higher total integrated charge. A temporary shift of the pulse
baseline can be observed in Fig. 14(b) for the S1 aberrant region R1
and in Fig. 14(c) for the S2 aberrant region R3, lasting almost 180 ns.

When it comes to AGIPD operation, the measured quantity is the
integrated charge; even though the full photo-generated charge is

collected within the 120 ns acquisition window, the remaining spurious
charge arriving at the amplifier after 120ns could impact the ASIC
performance. If charge injection occurs during the reset phase of the
electronics, it would generate a shift of the baseline in the next frame
due to a misinterpretation of the dark signal. The collected charge
can be extracted by the cumulative sum of the current transients and
are shown in Fig. 15 for regions R1 and R3, from sensor S1 and S2
respectively. The inset plots show the excess charge accumulated after
the 120ns threshold in each sensor; it can be seen that sensor S1
shows an excess charge reaching 0.15 pC after the time threshold, while
sensor S2 shows an excess charge after threshold in the same order of
magnitude of the undershoot of the transients (negative slopes observed
for the neighbor positions) and therefore considered negligible. In both
sensors, the charge seems to reach a plateau before 170ns, and no
impact was observed in the subsequent pulses.

3.2.1. Discussion of X-ray TCT results

In the conditions of this experiment, both holes and electrons con-
tribute to the signal formation; however, taking into account the elec-
tric field profile obtained in Section 3.1.3, the X-ray mass attenuation
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coefficient on CZT [35], the electron transport properties obtained in
Section 3.1.2, and the most recent hole transport properties reported for
a similar sensor [34], the integrated charge contribution of holes would
account for 18.8% in the 192ns window between pulses. Therefore,
the analysis was performed considering only the major contribution of
electrons to the signal.

The effect observed in Fig. 14(a) can be intuitively associated with
a partial amount of trapped charges (electrons) arriving later to the
electrode, likely related to sensor defects at this position in the sensor.
On the other hand, the excess of charge observed in Figs. 14(b) and
14(c) can only be explained by a highly-localized excess-leakage cur-
rent effect, in a similar fashion to what has been observed by Cline et al.
[10]: the nature of the electrodes change temporarily from blocking

to injecting charge carriers, due to a build-up of trapped charge at
the interface layer that effectively reduces the potential barrier height.
However, this effect was not yet characterized for such high instanta-
neous photon intensities as the ones reached in this experiment, with
an estimated flux of 5 x 10* 87keV photons/mm?/pulse for pulses of
44 ps RMS [19].

This effect could have an impact on the ASIC operation of these
sensors at 4.5MHz in EuXFEL, since it lasts longer than the 120ns
acquisition time limit. However, besides being highly localized, the
accumulated charge for 55ns after the acquisition window of 120ns
is below 0.2pC for S1 and below 0.05pC for S2 for all evaluated
pulses. The charge was observed to stabilize at ~170ns, and no impact
was observed on the subsequent pulses during the 5.2 MHz bunch-rate
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operation. It must be noted that sensor S2 shows a significantly better
performance in that regard, leading to the conclusion that there was
indeed an improvement on the impact of the Excess Leakage Current
effect on the data with the new Ti/Au electrode technology.

4. Conclusion and future prospects

The charge transport properties of electrons on CZT sensors were
successfully characterized using laser-induced TCT. The drift time of
electrons was evaluated for different bias voltages and for the two
electrode technologies, and has proven to be conclusively fast enough
for 4.5MHz operation with AGIPD when in user conditions of biasing
(5000 V/cm).

The electric field profiles inside the sensors were evaluated and
a model was proposed to explain their behavior. Bias-induced polar-
ization was observed in both sensors during time-dependent measure-
ments, being significantly stronger for the Ti/Au electrode device; a
bias refresh is recommended for user operation of the detector over
longer (> 12h) time scales.

The mobility and lifetime of electrons drifting through the sensors
were evaluated under forward bias using a modified Hecht equation
to account for surface recombination effects, and the obtained figures
are compatible with results for this sensor material reported in the
literature [34]. The transport properties of holes could not be explored
due to experiment limitations.

The planar sensors were also tested under high intensity 87 keV X-
ray pulses; overall a high uniformity of the response was observed over

10

the sensors areas, both in terms of charge collection and drift time. For
the few regions with abnormal behavior, the excess charge after 120 ns
was below 0.2 pC (14% of the average photo-generated charge) for the
device with platinum contacts, and below 0.05 pC (3.6% of the average
photo-generated charge) for the device with Ti/Au anode. In both cases,
the excess charge is stable after 170ns and no interference between
pulses was observed. Furthermore, their functionality was not impacted
by the high fluxes used (equivalent to 2.6x 10'! photons/mm? /s), imply-
ing that no flux-induced polarization was observed for these sensors in
the evaluated flux range.

In view of the aspects covered by this study, the material is consid-
ered suitable for high frame-rate operation at XFELs. While the Ti/Au
electrode seems to have successfully mitigated the Excess Leakage
Current effect, being more suitable for spectroscopic applications, the
standard Pt electrode presented higher stability in terms of bias-induced
polarization and would be more suitable for long-term operation. Mean-
while, further experiments with pulsed X-ray illumination of pixelated
devices bump-bonded to AGIPD ASICs are planned for the near fu-
ture, where the sensor material will be put to test under application
conditions.
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Appendix A. Current-voltage characteristics

The current—voltage characteristics of the two sensors were also
characterized and are shown in Fig. 16. The bias supply is connected to
the [pixel (Cd-)] face, meaning a negative bias voltage corresponds to
forward bias, while a positive bias voltage corresponds to reverse bias.

The behavior of sensor S1 at forward bias show a transition from the
linear regime (I « V09+904) to space-charge limited current (SCLC)
regime (I « V!86£002) at 263 V. Sensor S2 shows a transition from
the linear/trap-filling regime (I o« V!33*001) to SCLC regime (I «
y214£007y at 160V, confirming what was observed in Fig. 11(b). Both

sensors presented a rectifying behavior typical for Schottky contact
Sensors.

Appendix B. Method for obtaining the electric field profiles

The method presented by Uxa et al. was adapted to a negative slope
a and a minimum electric field strength under the cathode E,,;, as
follows. Assuming a linearly increasing electric field:

dx
E(x):EmM—a-x—>U:E:ﬂ(Emm—a-x)

Ry l t
/ —dxz/ydt
0o Epin—a-x 0

_ —aut
E®)=E,, Xe } 1) = Ou(t) _ O E . e—(a+ ‘,mr _ Ioe—(a+ﬂ%)m

0() = Qe L Lo

(6)

Eq. (6) was used to fit the transient current signals, with I, and a as
free parameters. Values of 4, and 7, obtained in Section 3.1.2 for each
sensor were fixed as y and r. E,,, was then obtained as I, X - using
the maximum charge collected by each sensor at the highest gpplied
bias voltage as Q.

Fig. 17 shows a few examples of transients obtained for sensors S1
and S2 and their respective fits.

Data availability

Data will be made available on request.
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Fig. 17. Examples of current transients obtained for sensors S1 and S2 and their corresponding fits to Eq. (6) in dashed black. From the fits, the electric field
under the cathode E,,, and the electric field slope a were obtained.
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