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photo-response of planar cadmium
telluride X-ray detectors

Lijie Wang, "> Razan Nughays,'> Xin Song,”® Tieyuan Bian,®> Mohamed Nejib Hedhili,* Jun Yin,>*

Osman M. Bakr,?* and Omar F. Mohammed'.2.6.*

SUMMARY

Cadmium telluride (CdTe) crystals are widely used for X-ray detection
in applications ranging from medical imaging to non-destructive indus-
trial inspection. The surface charge carrier dynamics and photo-
response of the crystals are critical factors that determine their per8for-
mance. Here, we reveal the influence of crystallographic orientation of
CdTe crystals on their photo-induced behaviors. Notably, X-ray detec-
tor devices fabricated from the (110) lattice plane exhibit more than
two-orders of magnitude lower X-ray detection limit and a substantially
higher X-ray sensitivity over the devices fabricated from either (100) or
(111) crystal planes when subjected to a bias of 0.1 V. These findings
are elucidated through comprehensive investigations by time-resolved
spectroscopic and four-dimensional electron microscopic experiments,
further supported by high-level density functional theory calculations.
This discovery highlights the pivotal role of selecting an appropriate
crystallographic orientation in enhancing the detection performance
of high-energy X-ray sensors, thereby benefiting various X-ray imaging
applications.

INTRODUCTION

The detection of high-energy radiation, such as X-rays, plays a critical role in various
fields that have a substantial impact on our daily lives, including medical diag-
nosis, computed tornography,s'4 non-destructive inspection,5 securi’cy,6 and in-
dustrial monitoring.” X-ray imaging operates on two fundamental principles: indirect
conversion of X-ray photons into low-energy optical photons in X-ray imaging scin-
tillators or direct conversion of photons into electrical charges in X-ray detectors.®’
Key metrics for a direct conversion detector encompass the detection limit, charac-
terized by a high-current signal generation coupled with low noise and X-ray sensi-
tivity, denoting the detector’s exceptional capability to not only respond to a spe-
cific radiation level but also to exhibit spatial resolution enabling high-quality
imaging with minimal X-ray dose.®

Cadmium telluride (CdTe) has emerged as a highly promising material for X-ray detec-
tors due to its large atomic number and high density, resulting in strong absorption and
high detection efficiency of high-energy photons in the 10-140 keV range. In addition,
the unique optical and transport features of CdTe, including high resistance and low
leakage current, make it an ideal choice for a wide range of flat-panel imaging applica-
tions.'®'? Moreover, CdTe crystal exhibits significant charge carrier mobility (11) and long
lifetime (1), crucial for mitigating carrier trapping, recombination, and signal pulse ampli-
tude degradation in X-ray detectors. This enables efficient charge transport in devices
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with thicknesses spanning from millimeters (mm) to even centimeters (cm) when deple-
tion occurs. However, the prevalent CdTe crystals grown using methods such as the trav-
eling heater method and Bridgman techniques typically yield (111)-plane single crystals.
The current research centers around the (111) orientation and often focuses on intro-
ducing or comparing crystal preparation methods or analyzing modifications in funda-
mental material properties following the incorporation of specific elements.'’'*'*
Although these crystals have good stability performance under high electric field and
are widely used in industrial applications, they exhibit noticeable current fluctuations
during X-ray detection testing and suffer from low hole transport that negatively impacts
the detection limit and sensitivity,'>'® and a comprehensive analysis of the underlying
causes and potential alternative solutions is yet to be undertaken.

Crystallographic orientation, representing the arrangement of atoms within a crys-
tal lattice, significantly influences the electronic and transport properties of mate-
rials.’® In the context of CdTe, the structural properties critically govern the unifor-
mity of charge transport, which determines the collection efficiency of free carriers
induced by high-energy photons and noise sources within crystals. In this study, we
conducted a systematic investigation on the impact of lattice plane orientation,
specifically (110), (100), and (111), in CdTe crystals used for X-ray detectors in im-
aging applications. We combined ultrafast optical spectroscopy and four-dimen-
sional ultrafast scanning electron microscopy (4D-USEM)'"'® to directly probe
the evolution and transport of photo-induced charge carriers on ultrafast time-
scales.'”?! X-ray detection experiments were performed using X-ray detector de-
vices based on these crystals with different plane orientations. The results demon-
strated that CdTe X-ray detector devices fabricated from the (110) lattice plane
exhibited a more than two orders of magnitude lower X-ray detection limit
compared to devices fabricated from either (100) or (111) crystal planes. Further-
more, devices oriented along the (110) plane showed significantly higher X-ray
sensitivity, surpassing that of commercially dominant a-Se and a-Si X-ray detectors
by approximately 150-fold and 390-fold, respectively. These findings were consis-
tent with the observed behaviors of photo-induced charge carrier lifetime and
transport distances. Density functional theory (DFT) calculations attributed this
phenomenon to higher charge carrier mobility and less electron scattering. There-
fore, it highlights the importance of selecting appropriate CdTe crystallographic
orientations to achieve enhanced resolution and sensitivity in flat-panel X-ray imag-
ing applications, with particular relevance to the field of medical examinations and
security inspections.

RESULTS AND DISCUSSION

Sample preparation and optical characterization

CdTe crystals with three different plane orientations, namely (110), (100), and (111),
were investigated in this study. Detailed information about the samples and experi-
mental methods can be found in the experimental procedures section and supple-
mental information. Before starting any experiments, the crystal surfaces were sub-
jected to Ar ion sputtering for meticulous cleaning, ensuring the elimination of
impurities and oxide layers. The X-ray diffraction pattern presented in Figure S1
confirmed the presence of the three crystalline structures, and the X-ray photoelectron
spectra (XPS) depicted in Figure S2 demonstrated the successful elimination of oxygen,
carbon, and other elements in all three samples after the etching process. Specifically,
Figure S3 showcased high-resolution XPS spectra of Te 3d core level, revealing the pres-
ence of two distinct Te 3ds/» components at 572.3 eV and 575.8 eV, corresponding to
the Te?~ and Te*" states, respectively, before the cleaning |orocedure.22'23 However,
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Figure 1. The transient spectroscopic results of CdTe crystals

(A-C) The time-wavelength-intensity 3D maps of (110), (100), and (111) CdTe crystals, obtained by
exciting the sample with 400 nm under identical experimental conditions; the lower panel
represents the corresponding 2D time-wavelength maps.

(D) Time traces of the three crystals obtained by probing them at 700 nm, along with fittings. The
inset shows zoomed-out temporal traces until 1,500 ps.

the oxidation state (Te**) was completely eradicated following the surface etching
treatment.

We performed transient optical spectroscopic studies on the three CdTe crystals to inves-
tigate the behavior of photo-induced charge carriers. The transient maps obtained
through visible probing of the samples are illustrated in Figures 1A-1C, with the lower
panels showcasing the projected time-wavelength maps. It is noteworthy that although
the spectral features appear similar, the complete photo-cycle in (110) and (100) crystals
exhibits a longer duration compared to that observed in the (111) crystal orientation. Fig-
ure 1D presents the time traces probed at 700 nm (1.77 eV) under 400-nm excitation, with
green, orange, and purple dots representing the experimental traces, and solid lines indi-
cating their fits. The three kinetic traces have been normalized at the maximum signal and
are displayed within a time delay of 500 ps. Additional traces with longer (1,500 ps) and
shorter (100 ps) time windows are shown in the inset and Figure S4, respectively.
Following photoexcitation, the transient reflectivity (TR) signals for all three crystals
initially exhibit a negative sign but transition to positive within approximately 5 ps. Sub-
sequently, they undergo rapid decay with time constants of 4.16 ps for (110), 4.44 ps for
(100), and 3.35 ps for (111) plane orientations. In the long-time component, the decay dy-
namics differ significantly: the (111) orientation exhibits the quickest decay (t,: 85.9 ps, 3:
899.4 ps) compared to slower decays in (110) (t2: 126.6 ps, 73: 1.65 ns) and (100) (t: 185.6
ps, T3: 1.49 ns). The first two lifetime components have been attributed to electron trap-

ping by the shallow and deep trap states,”**

respectively, while the longer one is likely
due to laser-induced heating.?® These observations imply a faster recombination of

photo-induced electron-hole pairs in (111) crystals compared to (110) and (100) crystals.
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Figure 2. Photo-induced charge carrier transport behaviors obtained by 4D-USEM

(A) A schematic diagram of 4D-USEM. In this configuration, electron pulses are generated through
the utilization of a 343-nm pulsed laser beam, serving as the probing source, while a 515-nm beam
(green) acts as a pump beam to initiate the dynamic processes. The signal is collected by employing
a secondary electron (SE) detector.

(B) The color-coded USEM images for (110)-, (100)-, and (111)-oriented crystal obtained as a
function of delay time.

Photo-induced surface charge carrier dynamics

The transport characteristics of photo-induced charge carriers on the crystal surface
were investigated using 4D-USEM. In this experiment, a beam of pulsed electrons
was generated from the SEM’s gun source by focusing a 343-nm probing beam
on it. Another 515-nm beam was used to excite the surface of the sample and to
generate electron-hole pairs,?’* as depicted in Figure 2A. The time-resolved sec-
ondary electron (SE) images were acquired by subtracting the excited signals from
the unexcited (at negative time delays) ones. No signal was observed at large nega-
tive delay times (e.g., —450 ps), indicating the complete restoration of the specimen
to its initial equilibrium state prior to the subsequent stroboscopic probing event
(see Figure S5 and Note S1).%7 Figure 2B presents representative color-coded diffu-
sion patterns of charge carriers on the three samples. The images were fitted with a
2D Gaussian function to improve the signal-to-noise ratio and provide qualitative in-
formation regarding the carrier transport behaviors of CdTe crystals at different
delay times for three distinct orientations. Figure Sé6 displays the charge carrier diffu-
sion, wherein the dashed white lines represent the reference positions of the pump-
induced spots across all images. The transport distances of the three samples were
measured over a range of approximately 11-220 ps, offering insights into the
spreading and diffusion extent of the charge carriers, as shown in Figure S7. Notably,
the (110)-plane sample exhibited the longest diffusion length of 15.5 um, followed
by the (100)-plane crystal with a comparable diffusion length of 13.2 pm. In contrast,
the (111)-plane crystal demonstrated a shorter diffusion distance of 9.5 pm, indi-
cating a superior surface carrier transport performance in the (110) and (100) crystals
compared to the (111) crystals (see also Figure S8). These results align well with the
TR measurements. Given that the three crystals were grown under identical condi-
tions and underwent pre-cleaning before measurements, the observed differences
can be attributed solely to variations in inhomogeneity of the surface morphology,
roughness, and the surface’s physical and transport properties arising from the
distinct lattice plane orientations.

DFT calculations

We further performed DFT calculations to provide insights into the transient behaviors of
photo-induced charge carriers in different plane orientations of CdTe crystals.
Figures 3A-3C present the optimized slab structures of (110)-, (100)-, and (111)-plane
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Figure 3. The DFT calculations on the three CdTe crystals

(A-C) Top and side views of the optimized slab structures for CdTe (110), (100), (111) plane orientations, respectively. Cd atoms are blue, Te atoms are
pink, surface H-terminations are omitted, and the black dashed lines indicate the slab cells for DFT calculations.

(D-F) Three-dimensional charge densities for VBM and CBM of CdTe (110), (100), and (111) plane orientations, respectively.

CdTe crystals, both in top and side views, with black dashed lines indicating the slab cells
used for DFT calculations. It is noteworthy that the effective current flow directions are
orthogonal to the studied plane orientations on the top surface, in alignment with the
experiments. CdTe is zincblende crystal with a sphalerite structure, crystallizing in the cu-
bic space group.>*?" In this structure, Cd®* is bonded to four equivalent Te? atoms,
forming a corner-sharing CdTes tetrahedral, while Te? is bonded to four equivalent
Cd? atoms, forming a corer-sharing TeCda tetrahedral, and all Cd-Te bond lengths
are 2.84 A. The (110)-plane crystal exhibits a triangular channel-row structure, while
the (100) crystal surface consists of square islands with a close-packed tetrahedral
arrangement. In the (111)-plane orientation, the Cd atoms form a hexagonal shape on
the top layer. Figures 3D-3F illustrate the three-dimensional charge densities for valence
band maximum (VBM) and conduction band minimum (CBM) of CdTe. The charge den-
sity distribution in the (110) and (100) crystals is delocalized, whereas in the (111) crystal,
it is more localized, with the VBM predominantly distributed at the top (see also Fig-
ure S9). The effective mass describes the behavior of an electron within a crystal lattice
under an external electric field. It represents the inertia of the electron in the crystal lat-
tice and is related to the curvature of the electron energy bands in the material. In the
(110)-plane CdTe crystal, the effective mass is reduced to 0.079 myq, indicating higher
carrier mobility and larger transport speed compared to the other two crystals, as shown
in Figure STOA. The values are similar in the (100)- and (111)-plane crystals, although the
latter is slighter larger. Figure S10B shows the electron density of the CdTe crystals with
different plane orientations, and the surface electron density of (111)-plane crystal is
approximately 3 and 1.4 times higher than that of the (110)- and (100)-plane crystals,
respectively. This suggests a higher electron packing density in the (111) crystal, leading
to a higher probability of electron-electron interactions.'® Consequently, the electro-
static repulsion between electrons is expected to be stronger in the (111) crystal, result-
ing in shorter carrier diffusion compared to the (110) and (100) crystals. The resulting
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Figure 4. The performance of CdTe X-ray detectors

(A-C) The relationship between X-ray photocurrent and dose rate (34-355 uGy s "Yunder different bias voltages for different plane orientations of (110),
(100), and (111).

(D-F) Photocurrent stability measurement of CdTe crystals with different plane orientations under continuous X-ray irradiation with a constant 0.2 V
bias.

(G) X-ray sensitivities of different devices in the bias range of 0.1-1 V. The detection limit was obtained by the epitaxy method and was derived from the
slope of the fitting lines from (A), (B), and (C). The error bars represent the deviation of the slope in the fitting process.

(H) Signal-to-noise ratio (SNR) of the three devices with different CdTe plane orientations as a function of dose rate.

(I) X-ray images of a USB port and a metal key taken by the (110) (up), (100) (mid), and (111) (bottom) detectors at a dose rate of 550 uGy s~ '. The real
photos of the USB port and metal key can be found in Figure S13. Scale bars represent 1 cm.

trade-off between effective mass and density indicates that the (110)-plane crystal ex-
hibits the most favorable overall behavior among the three plane orientations of CdTe
crystals.

X-ray detection performance

To assess the photo-response of the CdTe crystal samples under X-ray excitation, we
fabricated planar X-ray detector devices with three different plane orientations. Fig-
ure S11 provides a schematic illustration of the device structure. Interdigitated gold elec-
trodes were thermally evaporated onto the crystal surface immediately after surface
etching by Arion sputtering, and an electric field was applied during measurements. Un-
der X-ray radiation and with the application of bias, the movement of electrons and holes
generates a response current in the detector. We compared the photocurrent densities
asafunction of dose rates in the biasrange of 0.1-1V for the (110)-, (100)-, and (11 1)-plane
devices (Figures 4A-4C). All three devices exhibited a linear increase in photocurrent
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density with increasing dose rates (34-355 uGy s™'). However, the linear trend of the (100)-
plane device became fluctuant when the bias voltage exceeded 0.5V, likely due to cur-
rent fluctuations during the test. In contrast, this phenomenon was nearly absent in the
(110)-and (111)-plane devices, indicating relatively stable current within this high voltage
range, especially for the (111)-plane devices. Furthermore, we observed a significantly
higher increase in current density for the (110)-plane device compared to the other
two, suggesting its potential for higher sensitivity and current response. To evaluate de-
vice stability, we measured the current stability of the devices in ambient conditions for
200 s with different plane orientations at a dose rate of 31 uGy s™' and a bias voltage
of 0.2V (Figures 4D—4F). The (100)-plane device exhibited a certain drift in both dark cur-
rent and photocurrent, whereas the (110)- and (111)-plane devices did not show this un-
desirable phenomenon.

Based on the current densities presented in Figures 4A-4C, we have calculated the
sensitivity of the three CdTe devices across a dose range of 34-355 uGy s~ ', as
shown in Figure 4G. The (100)- and (111)-plane devices exhibited sensitivities of
1,497 and 334 uC Gy-cm ™2 at a bias of 0.1V, respectively, while the (110)-plane de-
vice demonstrated significantly higher sensitivity at 3,127 uC Gy-cm ™2, surpassing
the sensitivities of commercially dominant a-Se and a-Si X-ray detectors,'%>?:3
which typically range around 20 and 8 uC Gy-cm, respectively. At a bias of 1V,
the sensitivities further increased to 374,383, 86,574, and 784 nC Gy-cm ™2 for the
(110)-, (100)-, and (111)-plane devices, respectively. These sensitivity values, partic-
ularly for the (110)-plane CdTe detector, far exceed the reported sensitivities of
perovskite-based X-ray detectors, which usually fall within the range of 10%-10% uC
Gy-crn‘2.34'35 Furthermore, the signal-to-noise ratios (SNR) of the devices were influ-
enced by their lattice plane orientations, as depicted in Figure 4H, with the (110)-
plane device exhibiting the highest SNR. The detection limit, another crucial metric
of detector performance, was determined from the SNR figure using the epitaxy
method. The (110)-plane device displayed the lowest detection limit value of
64 nGy s~ at 1V, while the (100)- and (11 1)-plane devices had detection limits of
5.2 uGy s7' and 24 uGy s™' at the same bias, respectively. These values for the
(110)-plane and (100)-plane CdTe devices are lower than those of regular medical
diagnostics based on active personal dosimeters, which typically have a detection
limit of 5.5 pGy s™'.°**” Nevertheless, the (11 1)-plane device can also achieve a bet-
ter detection limit by increasing the applied voltage, given its super stability perfor-
mance under high electric field."® From all of the above, it is evident that the (110)-
plane CdTe device exhibits the highest sensitivity and the lowest detection limit,
making it the most suitable plane orientation for low-dose X-ray radiation detection
under low bias voltage.

X-ray imaging

To compare the imaging performance of the three CdTe X-ray detector devices, we
conducted a low-dose single-pixel imaging experiment using a moving x-y stage to
record the electrical signal of the detector. The experiment was conducted at a fixed

-1 and

position with a scanning step of 0.5 mm and a scanning speed of 0.5 mm s
the collected current was used to generate the image. The experiment was carried
out at dose rates of 10 and 550 pGy s~' under a bias of 0.2 V. A schematic diagram
of the imaging device structure is shown in Figure S12, and the resulting images for
the three plane devices under 550 uGy s~ are presented in Figure 4l for a USB port
and a metal key (Figure S13). Both the (110)- and (100)-plane devices enable clear
visualization of the internal structure beneath the USB’s black rubber, and it was
particularly pronounced on the (110)-plane devices, where traces of the rubber

were discernible. In contrast, the (111)-plane device only facilitates rudimentary
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contour recognition, with significant distortion in the detailed region. Furthermore,
the (110)-plane device produced a highly resolved and undistorted image of a metal
key without any current drift, and the (100)-plane device also produced a clear im-
age with only minor distortion at the edge of the key under the same dose rate,
while the (111)-plane device exhibited insufficient resolution, particularly at the
key's edge, and experienced some current drift. When the dose was reduced to
10 uGy s~ (Figure S14), the (111)-plane device could hardly recognize any image
signal, whereas the (110)-plane device still produced a high-definition-resolution im-
age. The (100)-plane device was able to distinguish the image, but the resolution
dropped dramatically compared to the (110)-plane device (Figure S14B). These re-
sults indicate that the sensitivity and detection limits of the CdTe devices have a sig-
nificant impact on the imaging resolution, with the (110)-plane device demon-
strating the best performance, followed by the (100)- and the (111)-plane devices.

In summary, we fabricated planar X-ray detector devices using CdTe crystals with
three different lattice plane orientations. Our investigations demonstrate that the
(110)-plane device exhibits superior X-ray detection performance particularly for
low-dose X-ray radiation detection under low bias voltage, outperforming not
only (100)- and (111)-plane devices but also exceeding commercial X-ray detectors.
More specifically, the (110) lattice plane device exhibited exceptional X-ray detec-
tion capabilities, with a remarkably low detection limit of 64 nGy s™' at 1V, nearly
85 times lower than the dosage typically required for a standard medical examina-
tion. Furthermore, the (110)-plane devices show X-ray sensitivity surpassing those

of commercially dominant a-Se and a-Si detectors,' 92?32

as well as widely reported
perovskite-based X-ray detectors.***> These results are in line with the transient
spectroscopic and microscopic behaviors observed in the three CdTe single crystals
and are supported by DFT calculations. Therefore, this discovery provides an alter-
native solution to optimize the detector performance by selecting crystals with
appropriate crystallographic plane orientations to meet the requirements of
different application scenarios under high and low electric fields, with profound im-
plications for various real-life application scenarios and potential extensions to other
material systems utilized in X-ray detectors.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to,
and will be fulfilled by, the lead contact, Omar F. Mohammed (omar.abdelsaboor@
kaust.edu.sa).

Materials availability
This study did not generate new unique reagents.

Data and code availability

All data needed to evaluate the conclusions in the paper are present in the main text
or the supplemental information and are available upon reasonable request from the
lead contact.

Materials

CdTe single crystals with the three lattice plane orientations, (110), (100), and (111),
were purchased from MTI Corporation (Materials Tech. Intl., USA). The crystals were
undoped, p-type, and 5 mm X 5 mm in area. The crystals have no ligands on top, and
no treatment has been done except removing the oxide layers by using the Ar ion
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sputtering process. XPS was employed before and after surface etching to examine
the elimination of impurities. The XPS measurements were carried out in a Kratos
Axis Supra DLD spectrometer (hv = 1,486.6 eV) operating at 75 W, a multichannel
plate, and delay line detector under a vacuum of 1 x 10~7 mbar equipped with a
monochromatic Al K X-ray source. Survey and high-resolution spectra were per-
formed at fixed analyzer pass energies of 160 and 20 eV, respectively. The etching
process was performed using Ar* ion beam etching operated at 5 keV.

Transient spectroscopic measurements

The broadband visible TR measurements were performed using a Helios pump-
probe setup (Ultrafast Systems), which allowed a tunable visible excitation of the
samples. A 1-kHz 800-nm ~150 fs/7 mJ laser pulse was split into two parts for
the pump and probe. The pump was obtained using a nonlinear optical parametric
amplifier (SpectraPhysics), which delivered pulses in the visible, and the probe was
generated by focusing the rest of the 800-nm beam into a 2-mm CaF, crystal.
Particularly, the white-light probe beam was further split into two beams; one
was used as a reference to reduce the SNR significantly. The pump and electroni-
cally delayed probe were then spatially overlapped on the sample, and the re-
flected signal was collected and focused into a fiber detector. The pump power
used for the experiments is 150 pW with a repetition rate of 500 Hz, and the
detailed experimental setup and analysis software of the Helios system can be

found elsewhere.*®

4D-USEM measurements

In this technique an infrared laser system is coupled with SEM. The infrared beam is
divided into two beams and guided to a second harmonic generator and third har-
monic generator to produce two beams with different wavelengths, 515 nm (pump
beam) and 343 nm, directed to the gun source inside the microscope to create pri-
mary pulsed electrons through photoelectron effect. The primary pulsed electrons
will be accelerated and focused by different magnetic lenses and then guided to
the sample to probe the surface of the sample to generate SEs, while the pump
beam will hit the sample’s surface to initiate the dynamics. The arrival for pump
beam is controlled by optical delay line to introduce an extra traveling distance to
match the probe beam. The experiments were conducted using repetition rate of
8.33 MHz, with different powers for the pump beam ranging from 0.56, 0.25, and
0.20 mW for (110), (100), and (111) to avoid photo damage. For the SEM parameters,
30 kV accelerating voltage was applied, and the SEM images were obtained using
100-ns dwell time and 64 frames.

DFT calculations

We carried out DFT calculations using the projector-augmented wave method
as implemented in the Vienna Ab initio Simulation Package code.?”* The general-
ized gradient approximation together with the Perdew-Burke-Ernzerhof exchange-
correlation functional was used. A uniform grid of 6 x 6 x 6 k-mesh in the Brillouin
zone was employed to optimize the crystal structure of bulk CdTe, and 4 x 4 x 1
k-mesh for CdTe slabs. The energy cutoffs of the wavefunctions were set at 500 eV
for the bulk and slabs. The unit cells had a (1 x 1) lateral periodicity and contained
20 octahedral layers of CdTe with exposed (110), (100), and (111) surfaces. All the
symmetric slabs were put in the middle of crystal structures separated by both
top and bottom vacuum layers (~10 A) to prevent spurious interslab interactions.
Each structure was optimized until forces on single atoms were smaller than
0.01 eV/A.
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X-ray detection and X-ray imaging

Interdigitated Au electrodes were deposited on the surface of the single crystals by
vacuum evaporation to fabricate the planar photodetectors. The spacing between
neighboring fingers was 40 pm, and the effective illuminated area of each device
was approximately 2 x 1072 cm? The X-ray-related measurements and images
were recorded using a 2-mm-thick, Al-filtered, tungsten anode source and operated
with a constant 40 kV voltage, resulting in a dose range of 34-355 pGy,;,-s ' by vary-
ing the magnitude of the tube current. A RaySafe X2 MAM Sensor was used to cali-
brate the X-ray dose rate. The X-ray response of the devices was obtained using a
Keysight B2902A semiconductor characterization system and a manual probe sta-
tion under various bias voltages. The X-ray peak energy was estimated to be 29
keV by using the software (SPEKTR3.0), which was kindly shared by the I-STAR lab
at Johns Hopkins University and can be freely downloaded from http://istar.jhu.
edu/downloads/. The CdTe X-ray detectors were characterized by moving the imag-
ing targets in the horizontal x-y direction and collecting the electrical signals in a
fixed position; thus, the attenuated X-rays were detected by the CdTe detectors.

Calculation of signal-to-noise ratio

The noise current was determined by calculating the standard deviation of the
photocurrent to obtain the SNR. The detection limit is defined by the IUPAC stan-
dard as the equivalent dose rate to produce a signal greater than three times the
noise level, so we used the dose rate with an SNR value of 3 as the detection limit
at a given electric field.

The signal current (l;) was derived by subtracting the average dark current (lg) from
the average photocurrent (I). The noise current (I,) was obtained by calculating the
standard deviation of the photocurrent.

Isigna/ = 7P - 7d (Equation 1)

1T . ,
Inoise = N Z: (Il - Ip)z (Equatlon 2)

Then the SNR was calculated according to the following equation:

I
SNR = ol (Equation 3)

Inoise
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