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The CdTe semiconductor has been used for X- and y-ray imaging detectors owing to its
sensitivity to ionizing radiation, high energy and spatial resolution, and ability to operate at
room temperature. However, it is challenging to grow large-diameter CdTe. Therefore, we
aim to develop large-area high-resolution X-ray imaging sensors by tiling small CdTe wafers.
Postprocessing, bonding, and tiling require the heating of detectors; therefore, it is important to
develop high-thermal-tolerance radiation sensors. We have fabricated two types of In/CdTe/Au
diode detector (with a Schottky barrier and a p—n junction) using identical crystals and the
same technological procedures except laser irradiation, and examined their resistance to heat
treatment. The diodes with an In/CdTe rectifying contact and a p—n junction, formed by the
laser-induced backside doping of the CdTe subsurface layer with In, had similar electrical and
spectral characteristics, which did not significantly change after heating at temperatures below
the In melting point (156 °C). The Schottky diodes, subjected to heating at 200 and 300 °C,
exhibited the deterioration of the electrical characteristics (reverse dark current increased) and
lost their detection ability. In contrast, the p—n junction diodes demonstrated highly stable /-V
characteristics, and the measured 2*' Am radioisotope emission spectra did not degrade even
after melting and solidifying the In electrode.

1. Introduction

Owing to the direct conversion of photons to electrical charges (photoeffect), semiconductor
detectors have great advantages, in comparison with other types of ionization radiation sensor
such as gas-based detectors or scintillators, and their main features are high energy resolution,
imaging capabilities, and the ability to fabricate compact detecting devices. Among the
semiconductors used for X- and y-ray detectors, CdTe is the most attractive and promising
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material because of its suitable properties.*)

The high atomic numbers of components
(Zcq =48, Z1e. = 52) and the large density of the compound (5.8 g/cm3) provide excellent photon
absorption efficiency and stopping power, and therefore, a larger attenuation coefficient than

23 Si detectors

Si, Ge, and other semiconductors used for high-energy radiation detectors.
cannot detect X-rays above 100 keV because of low quantum efficiency, and for Ge detectors,
liquid nitrogen or Peltier cooling is required because of thermally induced leakage current. In
CdTe, the wide band gap (E; = 1.46 €V) and, hence, the high resistivity (~10° Q-cm) along with
appropriate charge transport characteristics allow CdTe-based detectors to operate without
cryogenic cooling and make it possible to achieve high detection efficiency, high energy
resolution, and fast timing response.(2’3)

Thus, owing to an optimal set of the physical characteristics of CdTe semiconductors,
CdTe is the basic material for high-energy radiation direct-conversion detectors operating
at room temperature and covering a wide energy range from 60 keV to 6 MeV. CdTe-based
detectors exhibit high sensitivity to ionizing radiation and offer satisfactory spatial and energy
resolutions. They are compact and, therefore, applicable to the fabrication of various portable X-
and y-ray radiation detection and imaging instruments. Such devices are necessary for various
fields of industry, science, medicine, security, ecology, astronomy, and so forth, requiring the
identification and localization of nuclear radiation sources (e.g., spectrometry, environmental
monitoring, and control of nuclear objects) or visualization and imaging (e.g., nondestructive
inspection, material identification, medical examination, customs control, baggage checking,
and space object imaging).>®) Researchers in fields related to these applications have strived to
achieve high detection sensitivity and spectral energy resolution to enable short-duration data
collection and high-contrast imaging at low exposure rates.>”)

Generally, CdTe-based detectors are fabricated as diodes with a high potential barrier to
reduce dark current because ohmic CdTe detectors suffer from enhanced dark current at higher
biases and cannot efficiently operate at applied voltages above 100 AACE Diode-type detectors,
fabricated as structures with a Schottky barrier or a built-in p—n junction, which operate at
larger reverse bias voltages, exhibit higher charge collection efficiency and energy resolution
than ohmic contact.*”? Nevertheless, CdTe has several disadvantages, including the small
size of its wafers. Currently available growth technologies cannot produce large CdTe crystals
without numerous structural defects. For example, C9732DK-11 flat-panel CMOS scintillator
image sensors with dimensions of 12 x 12 cm?, developed by Hamamatsu Photonics, are
currently used for precision dental examinations;® that is, 12 x 12 cm? is the recommended
size of sensors in the industry. However, CdTe single crystals with a maximum diameter of only
10 cm can be grown by Acrorad Co., Ltd., making their applicability in sensors difficult.”)

Assembling large sensor systems by tiling pixel detectors and 3D chip stacking requires
solder bumping and wire bonding fabrication. During these processes, the detectors are
subjected to heating to temperatures of up to 200 °C.1° CdTe Schottky diode detectors,
which are widely used for X- and y-ray imaging, are extremely sensitive to postprocessing
operations (e.g., mechanical and thermal bonding, and soldering), which limit the technological
procedures available in large-sensor module fabrication. It is known that a Schottky barrier is
formed directly at the metal-semiconductor interface, and its properties are determined by the
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surface states of the semiconductor crystal and the quality of the deposition of a defined metal
(such as In in this study).(ls) Thermal, mechanical, ultrasound or other types of treatment,
usually used during bonding procedures, can easily destroy the specific state, which was
created to form a high Schottky barrier and, therefore, to deteriorate the electrical and spectral
characteristics of Schottky diode-type detectors. Therefore, diodes with different types of
barrier that are more resistant to external influences, particularly to heating, and have stable
characteristics are desirable for practical applications. It is considered that diodes with a built-
in electrical junction, formed inside the semiconductor at a certain depth, are promising.(5’7)

Therefore, in this study, we examined the thermal stability of the electrical and spectral
properties of In/CdTe/Au X- and y-ray detectors fabricated on the basis of semi-insulating p-like
CdTe semiconductor crystals using two approaches: (i) the conventional method of forming a
Schottky barrier at the In/CdTe interface by the vacuum evaporation of an In electrode and (ii)
the creation of a p—n junction near the In/CdTe interface by the laser-induced backside doping
of a CdTe layer with In atoms.

2. Materials and Methods

Diode-type structures with a Schottky barrier and a p—n junction were fabricated
using (111)-oriented p-like CdTe semiconductor single-crystal wafers with dimensions of
5 x 5 x 075 mm>. The wafers had been chemically cleaned and etched using a standard
procedure: they were cleaned in acetone and methanol and then subjected to polishing etching
in a 5% Br—methanol solution.” Two types of electrode were used: (1) an In electrode in the
case of the Schottky barrier or p—n junction on the Te-terminated surface (B-face) and (2) a
Au electrode with a near-ohmic contact on the Cd-terminated surface (4-face). The In and Au
electrodes were deposited in a vacuum chamber at a pressure of 3.4 x 10~ Pa. The thicknesses
of the In and Au films were 200 nm. Thus, In/CdTe/Au barrier structures with a rectifying In/
CdTe contact were obtained and then examined as Schottky diode X- and y-ray detectors.

The In/CdTe/Au p—n junction diodes were fabricated by the laser irradiation of the In/CdTe
structures before Au electrode deposition. A p—n junction was created in the CdTe subsurface
layer by laser-induced backside doping with In atoms from the deposited In electrode, which
served as the dopant source.'®'? A schematic of the experimental setup for the laser-induced
doping procedure is shown in Fig. 1. A Nd:YAG laser with a pulse duration of 7 = 20 ns was
employed. The laser operated in the repetition mode with a repetition rate of 10 Hz. Laser-
induced backside doping was conducted after the In film deposition.

The In/CdTe interface was irradiated through the CdTe crystal using laser pulses at a
wavelength (1) of 1064 nm. Infrared laser radiation was attenuated by less than 1% in CdTe and
strongly absorbed by the In film, resulting in the local heating or melting of a thin In layer at
the In/CdTe interface.'® A simultaneously generated second harmonic of laser radiation with
a wavelength of 532 nm was cut using a selective mirror and a color filter (Fig. 1). An expander
provided a laser spot with a diameter of 12 mm; thus, radiation covered the entire surface of the
sample with a size of 5 x 5 mm?. A homogenizer was used to flatten the laser spatial intensity
profile. Neutral density filters were used to control the laser pulse intensity.
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Fig. 1.  (Color online) Schematic diagram of optical setup for backside laser irradiation of In/CdTe interface.

The electrical properties of the obtained diodes with the p—n junction depended on the laser
energy and the number of laser pulses. The optimal conditions for laser-induced backside
doping were studied and estimated in our earlier publications.(m*w) The selected laser energy
in the experiments was £ = 11 mJ for which the temperature of the In surface at the In/CdTe
interface increased up to near the In melting point. The number of laser pulses, used for
backside doping, was 30.

The heat treatment of the obtained Schottky and p—» junction diodes was conducted in
vacuum at temperatures of 100, 200, and 300 °C for 1 h. The samples were cooled to room
temperature, following which electrical and spectral measurements were obtained. The applied
bias voltage in the /-V characteristic measurements varied over a wide range. As known,
diode-type X- and y-ray detectors operate in the reverse bias mode.?) Therefore, the voltage
dependences of the dark current of the fabricated In/CdTe/Au diodes with a Schottky barrier
or a p—n junction were studied under reverse bias in the range from —500 to 0 V. The reverse
current in the In/CdTe/Au diodes flowed when the In contact was biased positively with respect
to the Au one (ohmic contact).

For spectral measurements, an ANS-CSA1A100-02-NJ preamplifier and an ANS-
HSDMCA4M4N17-NJ multichannel analyzer (ANSeeN, Inc.) were used. The In and Au
electrodes were connected to the signal line and shield, respectively. An 2*'Am radioisotope
was employed as the high-energy radiation source. The energy of the **! Am spectrum peak
is 59.5 keV.>) Such radiation was significantly absorbed by the CdTe semiconductor. This
allowed us to examine the fabricated In/CdTe/Au detectors even if they did not have a high
sensitivity. Certainly, in the isotope emission spectra measurements, the relative positions
of the detector and X-ray emission source play a significant role.! In our study, the 2*'Am
radioisotope was placed over the In electrode for all the In/CdTe/Au detectors, and the distance
between the radiation source and the samples was the same during the spectral measurements.

The In/CdTe/Au diode detectors were reverse-biased at J' = —800 V. The rather high bias
voltage was applied to extend the depletion region (space-charge region width), overcome
the charge losses and, thus, provide the full collection of photogenerated charge carriers.?”
Generally, X- and y-ray spectral measurements for diode-type detectors are carried out at high
electrical field strength to obtain a higher energy resolution and an appropriate peak channel
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position in the radioisotope spectra.>!22%2)  Fyrthermore, CdTe diode detectors suffer much
less from the “polarization” phenomenon if a higher bias voltage is applied.?"

The fabrication procedures of In/CdTe/Au diodes and the measurements of the electrical
and spectral properties of the diode-type X- and y-ray detectors were carried out at room
temperature.

3. Results and Discussion

Thus, two types of In/CdTe/Au diode structure were developed using identical CdTe crystals,
the same surface processing, the same metals (In and Au) for electrical contact, and the same
electrode deposition technique (vacuum evaporation), i.e., the same technological fabrication
procedures were employed except laser irradiation. Unirradiated In/CdTe/Au structures were
typical Schottky diodes. Metal-CdTe Schottky diodes have been generally fabricated and used
as X- and y-ray detectors.?>%12:20.2D Op the other hand, In/CdTe/Au barrier structures formed
by frontside® ") or backside laser irradiation!'*'® have been considered as p—n junction diodes,
which have also shown high detection efficiency.

Figure 2 shows the schematic of the structures of In/CdTe/Au X- and y-ray detectors formed
as (a) a Schottky diode (without laser irradiation) and (b) a p—n-junction diode by backside laser
irradiation. X- and y-photons, absorbed by the semiconductor as a result of the photoelectric
effect, generated electron—hole pairs in the CdTe crystal. Nonequilibrium electrons and holes
were swept towards the appropriate electrodes by the applied electric field. The In film was the
collecting electrode formed with (i) a Schottky contact in the diodes fabricated without laser
processing and (ii) an ohmic contact to the thin low-resistivity n-CdTe layer, doped with In
atoms (donors), in the p—n junction diodes created by backside laser irradiation [Fig. 2(a) and
2(b), respectively]. The drift of holes towards the cathode (Au electrode) and electrons towards
the anode (In electrode) induced a charge signal at the collecting electrode, which was measured
with appropriated front-end electronics.

_— Anode ~

= Positively biased —»

Schottky

contact \

Ohmic contact

Low-resistivity
doped layer

p-n junction

Near-ohmic T {=Negatively biased—=» Near-ohmic

contact contact
T~ Cathode —
(@) (b)

Fig. 2. (Color online) Illustration of structures of two In/CdTe/Au X- and y-ray sensors formed (a) without laser
irradiation (Schottky diode) and (b) with laser-induced backside doping (p—n junction diode). The generation of
electron-hole pairs and charge collection in CdTe crystals in the reverse biased diodes under interaction with X- and
y-ray photons (photoeffect) are also schematically shown.
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In this study, for the laser-induced backside doping of a thin CdTe layer and the creation of
a p—n junction near the In/CdTe interface, we used the laser energy that caused the heating of
the In surface, adjoining to the CdTe layer, to near the In melting point. The temperature of
the In surface was calculated in the vicinity of the In/CdTe interface under irradiation with a
nanosecond laser pulse (A = 1064 nm, 7 = 20 ns) according to the simulation model based on the
thermal conduction equation.(16’22) The calculated time dependences of the In film temperatures
at the In/CdTe interface under irradiation with a laser pulse duration of 20 ns and energies of 5
and 11 mJ are depicted in Fig. 3. Laser pulses with £ = 11 mJ were used for the backside doping
and fabrication of In/CdTe/Au p—n junction diodes.

The electrical and spectral characteristics of the fabricated In/CdTe/Au diode-type detectors
were investigated before and after the heat treatment of the samples. Most of the p—n junction
diodes had similar or lower reverse dark currents than the Schottky diodes. To compare the
thermal stability features of both types of diode detector, we selected the Schottky and p—n
samples with similar initial reverse currents at the same reverse bias voltages. The typical /-}
characteristics of the reverse-biased Schottky diode and the diode with a p—n junction before
and after heat treatment at 100, 200, and 300 °C for 1 h are shown in Fig. 4.

As depicted in Fig. 4(a), the reverse current in the Schottky diode after heat treatment
conspicuously increased. In particular, a marked increase in reverse current was observed
when the In/CdTe/Au Schottky diode was subjected to heating at temperatures higher than
the In melting point (77, = 156 °C). As seen in Fig. 4, the current increased in the sample
after heating at 7= 200 °C (curve 3) and by more than two orders of magnitude in the sample
subjected to heating at 7= 300 °C (curve 4). Electrical noises also markedly increased. These
effects resulted in the deterioration of the In/CdTe Schottky contact. Consequently, heating and
especially melting and the following solidification of the In electrode led to the damage of the
Schottky barrier at the In/CdTe interface [Fig. 2(a)]. It is expected and understandable that the
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Fig. 3. (Color online) Calculated time dependences of temperature of In film surface at In/CdTe interface under
irradiation with laser pulse energies of 5 mJ (curve 1) and 11 mJ (curve 2). The In melting point (at 7= 156 °C) is
indicated by the dashed line, and the laser pulse profile is represented by curve 3.
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Fig. 4. (Color online) /-V characteristics of reverse-biased In/CdTe/Au diodes with (a) Schottky barrier and
(b) p—n junction before (curve 1) and after (curves 2—4) heat treatment of samples at different temperatures.

melted and solidified In contact partly loses its rectifying ability, i.e., reverse current increases
[Fig. 4(a), curves 2 and 3].

At the same time, the In/CdTe/Au diode with a p—n junction was sufficiently resistant to heat
treatment; i.e., the reverse current did not increase [Fig. 4(b)]. Even after heating the samples at
T > Ty, 1.e., when the In electrode was melted and solidified, the current was lower (curve 3) or
only slightly higher (curve 4) than that in the heat-untreated diode (curve 1) [Fig. 4(b)]. It was
revealed that heat treatment did not affect the In-doped CdTe region near the In/CdTe interface
nor did it deteriorate the built-in p—n junction. The key feature is that the p—n electrical junction
with a high potential barrier is formed not at the In/CdTe interface, as in the case of a Schottky
barrier in the In/CdTe/Au diodes [Fig. 2(a)], but in the underlying semiconductor region, i.e.,
inside the crystal at the boundary of the n-type CdTe:In layer and the bulk part of p-type CdTe
[Fig. 2(b)]. The thickness of the In-doped CdTe layer has been estimated as ~50 nm. Heating
the In/CdTe/Au diodes up to 200 or 300 °C cannot destroy a p—n junction located at such depth
in the semiconductor because the melting point of CdTe is much higher (7cgte = 1090 °C).

Furthermore, the decrease in the reverse current of the p—n junction diodes after heat
treatment at 7 = 200 °C improved the performance of the In/CdTe/Au detectors fabricated by
laser-induced backside doping [Fig. 4(b)]. The ideality factors of the obtained Schottky and p—n
diodes were estimated from the forward bias parts of the /-V characteristics in the range of [0.05 V,
0.2 V], where V> kT/q at T =297 K.(1323-25) The results are presented in Table 1.

As reported in the literature, the ideality factor is equal to 1 for ideal p—n junctions, whereas
for p-i-n junctions, it is equal to approximately 2.2425) The In/CdTe/Au p—n junction diodes,
obtained by the laser-induced backside doping of the subsurface layer of the p-like CdTe
crystals with an n-type dopant (In atoms), showed an ideality factor of approximately 2.8, which
was higher than that for p—n diodes but close to that for p-i-n diodes.*> This may be related to
the intrinsic nature of the CdTe semiconductor wafers.”) The ideality factor of the In/CdTe/Au
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Table 1

Ideality factors of In/CdTe/Au diodes with Schottky barrier and p—n junction.
Temperature (°C) Schottky barrier diode p—n junction diode
Before heat treatment 3.9 2.9

100 4.8 2.8

200 5.9 2.8

300 33 2.7

Schottky diodes was higher than that of the p—n junction diodes, and it increased in the samples
after heat treatment, particularly at 7 = 300 °C (Table 1). This was due to the significant
changes in the recombination processes because of the deterioration of the Schottky barrier.>?%

The spectroscopic performance of the fabricated In/CdTe/Au diode X- and y-ray detectors
was tested by measuring the emission spectra of an >*' Am radioisotope at room temperature.
The Schottky and p—n diodes before heating, whose electrical characteristics did not differ
markedly, showed similar (almost identical) spectra taken under the same conditions. A
spectrum typical for In/CdTe/Au detectors with either a Schottky barrier or a p—n junction is
shown in Fig. 5 (curve 1). The detection efficiencies and energy resolutions of both types of
In/CdTe/Au diode detector were almost the same. The energy resolution [full width at half
maximum (FWHM)] for the 59.5 keV peak was about 3.2-3.3 keV (6.5-6.9 %). The **'Am
isotope spectra measured using both types of In/CdTe/Au diode detector after heating at
T < T, were slightly worse or better than those shown in Fig. 5. Slight differences in spectral
characteristics were associated with the initial detector performance characteristics (e.g.,
morphology and structure inhomogeneities in different CdTe wafers, and deviations in surface
processing and electrode deposition).

It was revealed that, after heat treatment at 7> 77y, the In/CdTe/Au Schottky diode detectors
significantly degraded and did not record radioisotope spectra. The main reason for the
deterioration of the In/CdTe Schottky contact properties is that Schottky barrier is formed just
at the crystal surface as a metal-semiconductor interface and can be easily damaged during
heating, particularly when the In electrode is melted and solidified, which markedly changes
the In/CdTe interface states. The significantly increased leakage current [reverse dark current,
Fig. 4(a), curves 3 and 4] and other thermally induced degradation phenomena in the rectifying
contact (e.g., lowering the potential barrier height and increasing electrical noise) strongly affect
the signal-to-noise ratio of the In/CdTe/Au Schottky-diode detector subjected to heating at 200
and 300 °C.

In contrast to the In/CdTe/Au Schottky diodes, both the untreated and heat-treated (even at
T > T1y) In/CdTe/Au diode detectors with a laser-induced p—n junction almost did not show a
change in detection efficiency. The peak in the 24 Am isotope spectrum, obtained using the
p—n junction diode detector after heating at 7= 300 °C, slightly shifted toward the lower-energy
side, and the energy resolution (FWHM) was equal to 3.4 keV (curve 2), whereas the FWHM
of the untreated sample was 3.2 (curve 1) (Fig. 5). These insignificant changes could be due to
Compton scattering effects.”)

The fact that the electrical and spectral characteristics of the In/CdTe/Au p—n junction diode
were stable and did not deteriorate after heating the sample at temperatures higher than the In
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Fig. 5. (Color online) Spectra of >*' Am radioisotope obtained using In/CdTe/Au diode detector with p—n junction
before (curve 1) and after (curve 2) heat treatment at 300 °C.

melting point [Figs. 4(b) and 5(b)] is attributed to the multilayered structure of the diode and
the location of the electrical barrier in the deeper region (b) compared with the In/CdTe/Au
Schottky diode (a) (Fig. 2). As illustrated in Fig. 2(b), the diode, formed by laser-induced
backside doping, consists of the In electrode, In/n-CdTe ohmic contact, low-resistivity In-doped
n-CdTe layer (about 50 nm thick), built-in p—n junction, high-resistivity p-like CdTe bulk,
near-ohmic Au/p-CdTe contact, and Au electrode.

Thus, the deposited In film (electrode) is located on the low-resistivity n-type CdTe surface
region doped with In atoms [Fig. 2(b)]. The In electrode and the surface of the n-CdTe:In layer
form an ohmic contact. If the In film (electrode) is melted under the heating of the In/CdTe/Au
p—n junction diode at 7> T, and then solidified, the electrical properties of the In/n-CdTe:In
interface are unchanged. The electrical contact between the metal and low-resistivity highly
doped surface layer of the semiconductor remains ohmic [Fig. 2(b)].

It is a fact that the electrical potential barrier (p—n junction) located inside the CdTe
semiconductor at a certain depth below the In/CdTe interface explains the absence of the
thermal deterioration of the electrical and spectral properties of the In/CdTe/Au diodes, formed
by laser-induced backside doping, and their tolerance to heating at temperatures lower and
higher than the In melting point [Figs. 4(b) and 5(b)].

4. Conclusions

In this study, we examined the thermal stability of the electrical and spectral properties of
In/CdTe/Au X- and y-ray detectors, namely, diodes with a Schottky barrier and those with a
p—n junction, which were fabricated using identical CdTe crystals and the same technological
procedures except laser irradiation. Despite the fact that both types of diode had similar
electrical and spectral characteristics, heating the samples, particularly at temperatures above
the In melting point, led to rather different results. The characteristics of the In/CdTe/Au
Schottky diode detectors deteriorated and exhibited an increase in reverse dark current (leakage
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current). Moreover, the X- and y-ray sensitivities of such detectors completely disappeared after
heat treatments, which resulted in the melting of the In electrode (rectifying Schottky contact).
Certainly, the Al electrode used as a rectifying contact in CdTe-based Schottky diode detectors
is not melted at such temperatures. However, the deposition of Al is more difficult than that of
In; nonetheless, the heating of Schottky diodes degrades their characteristics.?"

The In/CdTe/Au diode detectors with a p—n junction, formed by laser-induced backside
doping, were more resistant to heat treatment and demonstrated practically the same -V
characteristics before and after heating at temperatures below and above the In melting point.
The ideality factor of such diodes was stable with a value of approximately 2.8. The spectral
characteristics of the untreated and heat-treated p—n junction diode detectors, measured using
an >*' Am radioisotope, exhibited almost the same detection efficiency and energy resolution.

The excellent thermal resistance of the In/CdTe/Au p—n junction diode detectors has
enabled postprocessing and tiling, which require the heating of samples. This finding opens
opportunities for the application of various bonding and bumping procedures for such X- and
y-ray detectors, which are expected to be useful in creating pixel matrices, forming tiled arrays,
assembling large sensor modules, and developing other devices for imaging. In the future, we
intend to reduce the pixel sizes of these detectors in order to use them as imaging sensors.
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