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Abstract

We introduce getchellite as a new layered material for fabrication of two-dimensional
van der Waals materials and heterostructures. Nanofilms of AsSbS3 were fabricated
by mechanical exfoliation. Transient absorption spectroscopy measurements identi-
fied a direct bandgap at about 710 nm, which is close to the ideal single-junction
photovoltaic bandgap. Transient absorption microscopy measurements with high spa-
tial and temporal resolution were performed to reveal the spatiotemporal dynamics of
photocarriers in AsSbS3. We obtained a photocarrier lifetime of about 200 ps, a diffu-
sion coefficient of about 5 cm? s™!, a diffusion length of about 320 nm, and a carrier
mobility of about 200 cm? V! s~1. These results establish AsSbSs3 as a promising two-
dimensional semiconductor for optoelectronic applications as an individual material or

in heterostructures.

INTRODUCTION

The discovery of graphene!? has created an exponentially growing interest in layered mate-
rials from which two-dimensional (2D) materials can be fabricated.®* So far, the most pro-
found examples® include layered transition metal dichalcogenides, transition metal oxides,
hexagonal boron nitride, and black phosphorus, etc. Due to their atomic thinness, 2D mate-

rials made from layered crystals possess several unique features, such as thickness-dependent
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electronic structures®® and crystalline symmetry,®*? reduced dielectric screening, and
near-perfect surfaces without dangling bonds.!'” These features make 2D materials attractive
candidates for electronic and optoelectronic applications. ¥ 2?3 Furthermore, these 2D mate-
rials provide a new route to fabricating heterostructures?* by combining them via van der
Waals interlayer interaction. Since lattice match is no longer a constraint, a large number
of materials can be chosen from to assemble multilayers with certain properties. Hence, this
new approach can produce a vast number of new materials for many applications, and can

potentially transform material discovery. 2526



One important research direction in 2D materials is to identify new layered crystals
with novel electronic or optical properties. Newly discovered layered crystals can enrich
the material library to produce 2D materials and, more importantly, 2D heterostructures. A
recent first-principles survey of materials has revealed that there exist more than 5000 layered
crystals,?” with about one third of which are exfoliable. Therefore, despite of extensive efforts
in the last decade on 2D materials, there are still a large number of materials to be explored.

In this article, we introduce a new type of layered semiconductor, getchellite, to the 2D
research. Getchellite has been known as an antimony sulfide mineral for several decades.?®
With the molecular formula of AsSbSj3, getchellite is a monoclinic layered crystal. This
crystalline structure is similar to CuTeO3,2° a predicted nodal-loop semimetal.?® The mono-

clinic structure also exists in commonly known 2D materials, such as MoTe,.3%:32

By transient
absorption microscopic and spectroscopic measurements, we identified a direct bandgap of
about 1.74 eV in bulk AsSbS; at room temperature. By spatially and temporally resolving
a differential reflection associated with this transition, we obtained a photocarrier lifetime of
about 200 ps and an in-plane photocarrier diffusion coefficient of about 5 cm? s~'. These re-

sults provide fundamental information for understanding photocarriers in this new material

and its potential optoelectronic applications.

EXPERIMENTAL METHODS

The photocarrier dynamics in AsSbS3 was studied by using a homemade transient absorption
microscopy setup, which is schematically shown in Figure 1. The femtosecond laser system
is composed of an 80-MHz passively modelocked Ti:sapphire laser and an optical parametric
oscillator (OPO). The Ti:sapphire laser produces 100-fs pulses with a central wavelength of
820 nm, the majority of which is used to pump the OPO. The signal output of the OPO
at about 712 nm was used as the probe pulse. The rest of the 820 nm pulse was incident

to a beta barium borate (BBO) crystal to generate its second harmonic at 410 nm, which
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Figure 1: Schematics of the transient absorption microscope setup.

was used as the pump pulse. The pump and the probe each goes through a half-wave plate
and a polarizer to control their polarization and power. They were then combined with a
beamsplitter and focused to the sample through a microscope objective lens with a numerical
aperture of 0.4. The sizes of the pump and probe spots at sample are about 1.8 and 2.3
pm in full width at half maximum, respectively, determined by using an imaging system
(not shown). The reflected probe beam was sent to a silicon photodiode, which output was
measured by a lock-in amplifier. A series of filters were used in front of the photodiode
to block the reflected pump beam. A mechanical chopper was used in the pump arm to
modulate the pump intensity at about 2 kHz, which was synchronized with the lock-in
amplifier.

We used differential reflection to probe the photocarrier dynamics. The differential re-
flection is defined as AR/ Ry = (R — Ry)/Ro, where R and Ry are the reflection coefficients
of the sample with and without the presence of the pump, respectively. This quantity re-
flects the change of the complex index of refraction of the sample at the probe wavelength
induced by the photocarriers injected by the pump.3® Hence, the spatiotemporal evolution
of this signal after the pump excitation monitors the dynamics of the photocarriers injected
by the pump. The differential reflection signal can be measured as a function of the probe
delay, which is defined as the arrival time of the probe pulse at sample with respect to the

pump pulse. This is achieved by using a retroreflector in the pump arm that is installed



on a motorized linear stage. The differential reflection can also be measured as a function
of the distance between the centers of the pump and probe spots, achieved by altering the
incident angle of the probe beam by tilting the beamsplitter that reflects the probe. All
the measurements were performed with the sample under ambient condition and at room
temperature. Furthermore, no signs of sample degradation was observed during the entire

course of the experiment.

RESULTS AND DISCUSSION

Figure 2(a) shows schematically the atomic structure of the monoclinic layered AsSbSs. Each
semimetal atom (As or Sb) is bond to three sulfur atoms to form a trigonal pyramidal. Eight
such pyramidals connect into one octagon with each sulfur atom bonds to two semimetal
atoms. The layered crystal structure is formed by these octagons wia the van der Waals
interlayer interaction. 343

The AsSbSs crystals used in this study were acquired from 2D Semiconductors. The
bulk flakes of AsSbS3 were fabricated by a standard mechanical exfoliation procedure using
these crystals. An adhesive tape was used to cleave the crystal first to obtain a fresh surface.
Another tape was then used to peel off flakes from the crystal onto a polydimethylsiloxane
(PDMS) substrate. Large and uniform flakes were identified under an optical microscope,
and then transferred onto a Si/SiO, substrate to facilitate optical measurements. Figure 2(b)
shows an optical microscope image of one such flake. Atomic force microscope measurement
was performed for the sample area indicated by the yellow square shown in Figure 2(b). The
obtained height map is shown in (c¢), with a line scan (indicated by the white line) plotted
in (d). According to this scan, the thickness of this flake is about 45 nm. From both optical
and electronic aspects, such a thickness is large enough for the flake to be treated as a bulk

sample. Figure 2(e) shows a Raman spectrum of this flake measured with a 532-nm laser.

The broad Raman shift at about 300 cm™! is consistent with previous results, confirming
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Figure 2: (a) Schematics of the lattice structure of AsSbSs layered crystal. (b) An optical
microscope image of the AsSbS; sample exfoliated onto a Si/SiO, substrate. (c¢) The atomic
force microscope image of the sample region indicated by the yellow square in (b). (d) Height
profile of the sample along the white line shown in (c), which shows a sample thickness of
about 45 nm. (e) Raman spectrum of the sample measured by using a 532-nm laser. (f)
Peak differential reflection signal as a function of the probe wavelength, measured with a
405-nm pump.
the quality of the sample.3°

The electronic bandstructure and optical properties of AsSbS3 are largely unknown. We
attempted photoluminescence spectroscopic measurements; however, no signal was detected.
To probe its bandstructure, we performed differential reflection spectroscopic measurements
over a large spectral range. In such measurements (see Experimental Methods), a 405-nm
pump pulse with a fluence of about 100 xJ cm™2 excited photocarriers in the sample. The
peak differential reflection signal, obtained by choosing the probe delay when the signal is
maximum, is measured as a function of the probe wavelength. The result of one of such
measurements is plotted in Figure 2(f). A peak at about 712 nm is observed. Since it is

known that the differential reflection signal peaks when the probe resonates with the direct

optical bandgap,? this result identifies a direct bandgap of AsSbSs3 of about 1.74 eV.
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Figure 3: (a) Examples of the differential reflection signal as a function of the probe delay
measured with a 405-nm pump and a 712-nm probe, under various pump fluences as indi-
cated. The solid curves are biexponential fits (see text). (b) Same as (a) but over a shorter
time range. (c¢) The peak differential reflection signal as a function of the pump fluence. The

solid line is a linear fit. (d) The two time constants deduced from biexponential fits as a
function of the pump fluence.

We next performed time-resolved differential reflection measurements, utilizing this direct
transition, to study the photocarrier dynamics. The 405-nm pump, with a photon energy
of 3.06 eV, excites photocarriers by interband absorption. The differential reflection of the
712-nm probe pulse was measured as a function of the probe delay. Figure 3(a) shows a few
examples of the time-dependent differential reflection signal measured with different values
of pump fluence, as indicated in the figure. Panel (b) provides a closer view of the signal near
the zero probe delay. The rising part of the signal is limited by the time resolution of this
setup of about 0.3 ps. This indicates that the photocarriers injected by the pump induces
the peak differential reflection of the probe on a time scale shorter than the time resolution.

The peak differential reflection is plotted as a function of the pump fluence in Figure 3(c).



The linear relation between the peak signal and the pump fluence, indicated by the line in
the figure, confirms that the differential reflection can be used to monitor the photocarrier
dynamics, since the injected photocarrier density is proportional to the pump fluence.

The decay of the signal can be satisfactorily fit by a bi-exponential function, AR/ Ry =
Ajexp(—t/m)+ Asexp(—t/m) + B, as shown by the solid curves in the Figure 3(a). The two
time constants obtained from these fits are summarized in Figure 3(d). Both time constants
are independent of the pump fluence. The long time constant of about 200 ps is attributed to
the lifetime of the photocarriers. This value is on the same order of magnitude of most layered
semiconductors, such as bulk MoS,.%” In a semiconductor, a low photoluminescence quantum
yield can be caused by a short photocarrier lifetime (due to low crystalline quality) or the
lowest bandgap being indirect in momentum space. Since the observed lifetime is moderate,
the lack of photoluminescence signal suggests that AsSbS; is an indirect semiconductor.
The pump-fluence-independent lifetime indicates that contributions from multiple-carrier

38,39 are negligible in the fluence range studied here. The short time constant of

processes
about 2 ps is also independent of the fluence. We can attribute this decay component to
the energy relaxation of photocarriers from the states associated with the direct bandgap to
those of the indirect bandgap. Such intervalley scattering decreases the differential reflection
of the probe, which is tuned to the direct transition.

Finally, we performed spatially and temporally resolved differential reflection measure-
ments to study the in-plane photocarrier transport properties. The spatial scans were
achieved by changing the incident angle of the probe beam by tiling the beamsplitter that
reflects it to the objective lens. At each probe position, the signal was measured as a func-
tion of the probe delay. Such scans produced the data plotted as the contour map in Figure
4(a). At each probe delay, the signal is a Gaussian function of the probe position. A few
examples at various probe delays are shown as the symbols in Figure 4(b), along with the

corresponding Gaussian fits (the curves). The rather symmetric profiles confirm that the

setup was stable during the entire scan. Figure 4(c) shows the squared width (w?, where w
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Figure 4: (a) Differential reflection signal as a function of the probe delay and probe position.
(b) A few examples of the spatial profiles of the differential reflection signal (symbols) along

with Gaussian fits (curves). (c¢) The squared width of the profiles as a function of the probe

delay. The linear fit (solid line) produces a diffusion coefficient of 5 +1 cm? s7'.

is the full width at half maximum) of the profile, obtained by the Gaussian fit, as a function
of the probe delay.

The broadening of the profile over time is caused by the diffusion of the photocarriers after
the excitation. Here, the major effect is the in-plane diffusion, since the interlayer diffusion
occurs along the vertical direction and thus does not contribute to the lateral broadening of
the profile. For an in-plane diffusion process, the classical drift-diffusion equation indicates

that the squared width of the profile increases linearly with time,

w?(t) = w§ + 16In(2) D, (1)

where wy and D are the initial width and the diffusion coefficient, respectively.3? Based on
this model, the data shown in Figure 4(c) was fit by a linear function, which results in a
photocarrier diffusion coefficient of D = 541 cm? s~!. Furthermore, using the photocarrier
lifetime of about 200 ps shown in Figure 3(d), we obtain a photocarrier diffusion length of
about 320 nm.

After the excitation, photocarriers can exist in forms of free electron-hole pairs or excitons.

Currently, the properties of carriers in AsSbS3 is largely unknown. If the exciton binding



energy in AsSbSj is larger than the thermal energy at room temperature, photocarriers would
be dominated by excitons, and the measured quantities would be the diffusion coefficient
and diffusion length of excitons. Otherwise, these quantities would describe the ambipolar
diffusion, where free electron-hole pairs diffuse as pairs due to their Coulomb attraction.
Furthermore, by using the Einstein’s relation, we can deduce an exciton or ambipolar mobility
of = (D/e)kgT of about 200 cm? V=1 s7! where ¢, kg, and T = 300 K, are the elementary

charge, the Boltzmann constant, and the carrier temperature, respectively.

CONCLUSION

The vast interests and significant efforts since 2004 have created an extremely active re-
search field on 2D materials. However, the 2D materials studied so far are still a small
portion of the available layered materials. New layered materials that are suitable for 2D
research are highly desired, especially since they can enrich the material library for fabricat-
ing 2D heterostructures. In this work, we showed that mechanical exfoliation can produce
semiconducting nanofilms of AsSbS; that are stable under ambient conditions. Transient
absorption spectroscopy identified a direct bandgap at about 712 nm, which is close to the
ideal single-junction photovoltaic bandgap. Transient absorption microscopy measurements
further revealed a photocarrier lifetime of about 200 ps, a diffusion coefficient of about 5 cm?
s~!, a diffusion length of about 320 nm, and a mobility of about 200 cm? V~! s=!. These char-
acteristics are comparable to previously studied 2D semiconductors, such as MoS,. Hence,
these results could stimulate more studies on this material and its potential integration with

other 2D materials.
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