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a-AgSbS, materials have shown excellent photosensitivity in early
studies, but the crystal growth and electrical properties were not
reported. In this paper, we report the single crystal growth of
a-AgSbs,, its photoresponse characterization, and alpha particle
radiation detection capability.

Room temperature radiation detector materials require specific
physical and electrical properties to offer the best performance
as radiation detectors."” These requirements include a high
atomic number (Z > 40) to facilitate effective interaction with
incoming radiation, and a wide band gap (1.5 eV < E, < 3 €V)
to minimize leakage current and manage thermally generated
electrons. Additionally, a close packed crystal structure is
essential to optimize material density.® More importantly, a
higher charge carrier mobility-lifetime product is crucial to
achieve better charge collection efficiency and energy
resolution of the detector. The mobility-lifetime product of a
material is contingent upon its purity and the concentration of
crystal defects in the semiconductor.””® As a result,
semiconducting radiation detectors are generally developed
based on single crystalline materials.>”

Due to these strict requirements, only a
semiconducting materials were successfully developed as
room temperature radiation detectors, where cadmium zinc
telluride is considered as the industry benchmark material.
Nevertheless, cadmium zinc telluride still suffers from its
compositional variations,” toxic heavy metal components,
and difficult crystal synthesis and growth, which limit crystal
size and induce high manufacturing costs, which hinder the

few

“ Department of Chemistry, Queen's University, Kingston, Ontario, Canada.

E-mail: wang.peng@queensu.ca

b Department of Physics, Engineering Physics & Astronomy, Queen's University,
Kingston, Ontario, Canada

“ Department of Chemistry, University of British Columbia, Vancouver, BC, Canada
4 Gran Sasso Science Institute, L'Aquila, 1-67100, AQ, Italy

¢INFN - Laboratori Nazionali del Gran Sasso, Assergi, I-67100, AQ, Italy

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5¢e00425j

4258 | CrystEngComm, 2025, 27, 4258-4263

material's commercialization. Furthermore, Si and high
purity Ge semiconductor detectors are limited due to their
low band gap values leading to high leakage current from
thermally generated charge carriers. Therefore, Si and high-
purity Ge detectors should be cryogenically cooled to
maintain a better performance and cannot be used at room
temperature.'® Therefore, it is necessary to investigate and
develop alternative semiconductor materials for room
temperature radiation detector applications.

Ternary metal chalcogenide semiconductors are a class of
materials composed of two different metals or metalloids and a
chalcogen (S, Se, Te). They offer tunable band gaps and diverse
stoichiometries with complex crystal structures, making them
promising candidates for radiation detection due to their
excellent physical and optoelectronic properties.' "

Some ternary heavy metal chalcogenide semiconductors
such as Pb,P,Ses and Cs,HgeS; are known for their high
densities (>6.0 g cm™) and acceptable resistivities (>10° Q
cm) at standard room temperature conditions.”'*'* Further,
Pb,P,Se, exhibits high Knoop hardness (106 kg mm™>), which
plays a crucial role in crystal processing, as softer materials
may undergo stresses and damage during cutting, polishing
and handling.”” Thus, hardness is a key factor in both
detector materials and fabrication processes. However, many
ternary heavy metal chalcogenide semiconductor materials
contain toxic heavy metal elements to achieve a high effective
atomic mass and density.

Ag-Sb-S-based ternary metal chalcogenide semiconductors
have been highlighted for their non-toxicity, excellent
optoelectrical properties, high density, and superior hardness,
making them viable candidates for radiation detectors. The
phase diagram of ternary Ag-Sb-S reveals three distinct
phases: AgsSbS,, AgSbS, and Ag;SbS;.'® Among these, AgSbS,
shows outstanding optical absorption, spanning the entire
visible to infrared range, with a high absorption coefficient of
a= 105 cm*1'17—20

AgSbS, exhibits two polymorphs: a low-temperature
monoclinic form (a-AgSbS,, miargyrite) and a high-temperature
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cubic form (B-AgSbS,, cuboargyrite).” The monoclinic form
undergoes inversion to the cubic phase at 380 °C, representing
a presumed first-order phase transition.*>

Previous studies on polycrystalline AgSbS, primarily
focused on thin films using precursor methods such as spin
coating, evaporation, sputtering, and two-stage processes like
sulfurizing thermally evaporated Sb/Ag. These thin films were
investigated for use as photodetectors, photovoltaic devices,
rewritable optical data recording devices, and photochemical
water splitting applications.’”**>>  Additionally, AgSbS,
nanomaterials were synthesized through wet chemistry and
solvothermal methods for potential use as a solar absorber
material and an anode material for Li-ion batteries.>®*’

However, all of the above mentioned studies focused on the
growth of AgSbS, in the form of thin films, which are not
suitable for radiation detection due to the presence of
numerous grain boundaries that limit charge transport and
reduce detector performance. To the best of our knowledge, no
previous studies have reported the growth of bulk single
crystalline AgSbS, compounds to be used as room temperature
radiation detectors. In the present study, we address this gap
by growing bulk AgSbS, single crystals with large boundaries
and defect free volume using the vertical Bridgman method,
which results in photosensitive devices with a higher signal-to-
noise ratio compared to previous studies.

In this study, we present a comprehensive investigation of
the purification of elemental precursors, synthesis, and
single crystal growth of AgSbS, through a modified vertical
Bridgman method (all details in chronological order are
presented in the ESIf document). Furthermore, we have
conducted a thorough examination of the material's physical
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properties, an assessment of its electrical properties, and an
evaluation of its photoelectrical behaviour under visible light,
as well as under irradiation by alpha particles.

AgSbS, crystals (Fig. 1(a)) were grown by the vertical
Bridgman method as explained in Fig. S2+ by following the
temperature profile shown in Fig. S3.f To verify the existence
of the two phases of AgSbS,, a heated AgSbS, sample at
480 °C was rapidly quenched in cold water and compared
against the AgSbS, sample that followed the complete growth
process. The pXRD pattern of the quenched sample
(Fig. 1(c), green pattern) confirms the presence of the
B-AgSbS, phase adopting the space group Fm3m.

The pXRD pattern of the Bridgman-grown AgSbS, crystal
displays distinct characteristic peaks from the monoclinic
o-AgSbS, phase adopting the C2/c space group, which is
consistent with reported data (Fig. 1(c), purple pattern).*®
This also confirms that the a-AgSbS, phase transforms into
the p-AgSbS, phase at temperatures above 380 ©°C.
Additionally, no diffraction peaks corresponding to the Ag,S,
Sb,S;, or cubic B-AgSbS, phases were observed, confirming
high phase purity of the grown crystal.

The XRD pattern of the crystal wafer (Fig. 1(b)), cut
perpendicular to the growth direction, is shown in
Fig. 1(c), lowest pattern. Peaks at 43.255° and 63.534°
originate from the steel sample holder. The prominent peak
at 32.569° corresponds to the (204) crystal lattice plane
(Fig. 1(c), red pattern). This confirms that monoclinic
o-AgSbS, was grown with high crystallinity along a single axis
normal to the (204) lattice plane without any twinning
occurring within the crystal. The full width at half maximum
(FWHM) of the (204) peak is (0.2721 + 0.0025)°, which also
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Fig. 1 (a) The as-grown AgSbS, ingot produced by vertical Bridgman technique, (b) polished AgSbS, crystal wafer, (c) powder X-ray diffraction

patterns of the cubic (B-AgSbS,) and monoclinic (a-AgSbS,) phases, and the X-ray diffraction pattern of the single crystal, and (d) Tauc plot.
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confirms lower mosaicity leading to a higher degree of order
and uniformity within the crystal.>

Higher degree of crystallinity of a-AgSbS, offers significant
advantages over the polycrystalline forms due to the absence
of grain boundaries and associated defects. In polycrystalline
AgSbS,, grain boundaries act as recombination sites for
trapped charge carriers, reducing the carrier mobility and
creating potential barriers that hinder charge transport.>***
These barriers lead to media polarization and reduce the
charge collection efficiency when the detector operates under
an applied bias.>* Additionally, charge accumulation at grain
boundaries can distort the internal electric field, further
diminishing the effectiveness of the applied external bias
and limiting the charge collection at the contacts.

The microindentation measurements revealed that AgSbs,
possesses a Knoop hardness of 121 + 10 kg mm™ (Fig. S7,
Table S1 in ESIf). The measured hardness of AgSbS, exceeds
that of other chalcogenides, such as Cd;_,Zn,Te (60-80 kg
mm>)** and Pb,P,Ses (106 + 3 kg mm™),"” indicating that
AgSbS, is notably harder than these materials. This superior
hardness contributes to the mechanical resilience of AgSbS,
crystals, making them well-suited for conventional
semiconductor processing and device fabrication procedures.

According to the Tauc plot shown in Fig. 1(d), the AgSbS,
band gap was determined to be 1.79 eV, thereby aligning within
the reported band gap range of 1.73-1.83 eV.'”** According to
previous studies on AgSbS,’s band structure and density of
states, the valence band and conduction band are primarily
dominated by the S 3p states, with hybridization from the Sb
5p states and minimal contribution from the Ag 4d states. This
suggests that sulfur plays a crucial role in determining the
bandgap of the material.**

Photosensitive devices were fabricated by polishing crystals
of o-AgSbS, as shown in Fig. 1(b). Current-voltage (I-V)
characteristics of the Ag/AgSbS,/Ag device configuration were
evaluated through a bias range of 100-700 V as shown in
Fig. S8F Notably, this device exhibits ohmic behaviour
through the voltage range signifying a minimal charge
accumulation and showing a tolerance to higher applied
potentials. As can be concluded from the linear I-V curves,
the resistivity of the crystalline a-AgSbS, is 2.4 x 10°-3.7 x
10’ Q cm, which is in the range of the resistivity of
cadmium zinc telluride crystals.”® Higher resistivity of the
material will reduce the dark current, thus improving the
signal-to-noise ratio and enabling the device to detect
radiation with a lower energy threshold. Also, the low dark
current allows the detector to produce a signal at room
temperature without the need to be cooled.*®

To study the device performance with different contacting
systems, Au and In were deposited onto the surface of the crystal
by e-beam evaporation to obtain the Auln/AgSbS,/Au device
configuration as shown in Fig. 2(a). I-V characteristics and
photoresponse behaviour were compared with the Ag/AgSbS,/Ag
device (Fig. 2(b)) across an applied bias range (from 100 to
200 V). The Ag/AgSbS,/Ag devices show less resistive ohmic
behaviour compared to the Auln/AgSbS,/Au device.
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Fig. 2 Schematicdiagram of fabricated devices: (a) Auln/AgSbS,/Au
and (b) Ag/AgSbS,/Ag.

The change in conductive behaviour happens when there
is a certain mismatch of the work function between the silver
metal and AgSbS,, creating a different type of resistive ohmic
contact, while the indium-AgSbS, interface tends to be more
conductive by bringing the barrier height near zero, making
it a better ohmic contact.”” This also determines that
o-AgSbS, may have a work function closer to indium metal
which is 4.09 eV.*®

Moreover, linearity in the I-V behaviour of these two
devices could be due to the field emission tunnelling
conducting mode.* Furthermore, negligible resistance of the
contact compared to the resistance of the bulk
semiconductor material and linear I-V curves reveals that the
Ag/AgSbS,/Ag device has an unimpeded transfer of charge
carriers to its contacts and does not affect or modify the
detector signal compared to the Auln/AgSbS,/Au device
configuration.

To study the time-dependent photoresponse of the
Ag/AgSbS,/Ag device, it was irradiated with a white
LED at an optical power of 24 mW over multiple cycles of
illumination, alternating light-on and light-off for 10-second-
long time intervals. The Ag/AgSbS,/Ag device was biased under
different constant voltages ranging from 100-700 V (Fig. SOf).
Ag/AgSbS,/Ag devices have shown a considerable increase in
the photocurrents compared to the dark current under light
illumination with a signal-to-noise ratio of 1.7, which does not
depend on the external bias potential. The curves showed a
rapid and reproducible photocurrent response with excellent
cycling stability, where the photogenerated current increased
immediately under illumination and returned to its original
value when the light was turned off. During illumination, light
photons are absorbed by the AgSbS, crystal generating
electron-hole pairs. These charge carriers drift to the contacts
due to the applied bias and generate the photocurrent.

By using the same setup, we have tested the photocurrent
response of Auln/AgSbS,/Au devices as shown in Fig. 3(b)
across the 100 to 200 V bias range exhibiting a signal-to-noise
ratio of 1.4.

An increase in the baseline current with higher bias
potential, as seen in Fig. 3(b), is likely due to bulk leakage
currents arising from thermally generated carriers and

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Electrical measurements of Ag/AgSbS,/Ag and Auln/AgSbS,/Au device configurations. (a) -V characteristics and (b) photoresponse of

devices illuminated under 24 mW white LED.

crystal imperfections.*' It was also observed that the dark
current was increased compared to the Ag/Ag contacts,
while the photocurrent responses sharp upon
activating the LED with a slow decay time when the light
was turned off indicating a slower charge-detrapping
process in the material.

To compare the time profile of the photoresponse pulse
for two device types, the response time (z) was considered as
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shown in Fig. 4(a) and (b). The response time is comprised of
the rise time (rs), denoting the duration for the net
photocurrent to elevate from 10% to 90% of its saturation
value, and the decay time (zgecay), indicating the duration for
the net photocurrent to decrease from 90% to 10% of its
saturation value.””** In Fig. 4(a), for the Auln/AgSbS,/Au
detector, Trge/Tdecay = 875/3100 ms. In contrast, as shown in
Fig. 4(b), the Ag/AgSbS,/Ag detector exhibits a 7;se/Tqecay =
425/3470 ms. In both devices, it is observed that 7;se < Zdecays
indicating delayed extraction of photogenerated carriers due
to trapping within the crystal.*> The response time of Ag/
AgSbS,/Ag detectors is around 1.5 orders of magnitude lower
than previous photodetectors produced by AgSbS, alone,
while the decay time of photoresponse pulse is 35 times
shorter.”® This could be due to low concentration of defects
and shallow traps in the crystalline detector compared to the
polycrystalline photodetectors fabricated by spin-coating.
Even though the 7gecay for Auln/AgSbS,/Au devices is shorter
than those for the Ag/AgSbS,/Ag devices, we can determine
that the Ag/AgSbS,/Ag devices have better sensitivity as a
photodetector, since ts. is shorter.

The Ag/AgSbS,/Ag device underwent pulse-height
measurement (Fig. 4(c)) by exposure to an **'Am alpha
particle source with an activity of 0.9 uCi under a negative
applied bias to collect holes. Background data collection was
conducted over the same time interval without any radiation
source at —150 V bias potential. In comparison to the
background data, a distinct response was observed in the
charge collected under irradiation by the **'Am source at
-150 V bias potential. As the magnitude of the bias potential
across the sample increased from —150 to -350 V, a higher
counting rate was recorded, providing additional
confirmation of the sample's responsiveness to the radiation
source. As shown in the inset of Fig. 4(c), the charge
collection efficiency increases with the applied bias up to 300
V, as indicated by the rising counting rate. A slight decrease

CrystEngComm, 2025, 27, 4258-4263 | 4261
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in the counting rate between 300 and 350 V may be
attributed to reduced charge collection efficiency, possibly
due to bulk polarization. The spectroscopic features of the
*Am alpha particle radiation were not resolved. It is
plausible that the presence of electronic defects related to
intrinsic  impurities may have limited the device's
performance as a radiation detector. Addressing these issues
requires continuous refinement in crystal growth and
fabrication techniques.

In summary, a-AgSbS, single crystals were grown using
the vertical Bridgman method, confirming high phase purity
of monoclinic a-AgSbS, by p-XRD. The material exhibited
high crystallinity, higher hardness (121 + 10 kg mm™) than
cadmium zinc telluride and other chalcogenides, and a band
gap of 1.79 eV. Ag/AgSbS,/Ag devices demonstrated high
resistivity (2.4 x 10°-3.7 x 10"° Q em), low dark current in the
nanoampere range, and higher sensitivity to light photons.
Pulse-height measurements confirmed a-radiation response.
In the future, improved fabrication and growth techniques
are essential to enhance detector performance by minimizing
electronic defects.
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