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ABSTRACT: The electronic and optical properties of low-dimensional ° o‘&vo&o
semiconductors are typically quite different from those of their bulk .\ -
o8 & ¢

counterparts. Yet, the optical gap of two-dimensional copper antimony

disulfide (CuSbS,) does not dramatically change with decreasing thickness
of the material. The absorption onset remains at about 1.5 eV in the
monolayer, bilayer, and bulk materials. Using density functional theory and
many-body perturbation theory, we rationalize this behavior through the
interplay of quantum confinement, electron—hole interactions, and the
formation of surface states. Specifically, the spatial confinement in thin
layers induces strongly bound optical transitions in the near-infrared region.
Our results explain the optical properties in copper antimony disulfide
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platelets of varying thickness and set these materials as potential candidates

for novel photovoltaic devices and near-infrared sensors.

B INTRODUCTION

Thin-film materials for solar photovoltaics are challenging
traditional wafer silicon in the renewable energy sector.'”>
Scarcity and competing industrial demands for the constituent
elements of CdTe and copper indium gallium disulfide/
diselenide devices have driven the search for alternative
systems with comparable performance.””’ Among them,
CuSbS, is a promising material formed by earth-abundant
elements and characterized by a large absorption coefficient at
relevant frequencies for solar light harvesting.”” The optical
gap of bulk CuSbS, ranges between 1.3 and 1.5 eV.”'*""?
Theoretical studies based on quantum density functional
theory (DFT) calculations' *'> have shown that in this material
the fundamental gap is indirect, like in bulk silicon, and that
the direct gap appears at a marginally higher energy of 1.73
oV 1620

Recently, single-crystal CuSbS, platelets of varying thickness
have been experimentally prepared using the hot injection
method.”"** This bottom-up approach enables the synthesis of
nanomaterials with well-defined size and homogeneous shape
down to monolayer thickness.”” Interestingly, in CuSbS,,
quantum confinement effects accompanying the nanostructur-
ing process do not lead to a sizable increase of the optical gap,
as typically observed in low-dimensional semiconductors and
insulators in comparison with their bulk counterparts.”*~>” For
example, in transition metal dichalcogenides, spatial confine-
ment increases absorption and photoluminescence™™** or
even induces superconductivity.”> Enhancement of optical
activities has also been observed in hexagonal boron
nitride®*™® and heterostructures thereof,>”* as well as in
the more recently produced silicene.*' ~**

© 2021 The Authors. Published by
American Chemical Society
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Such peculiar behavior of CuSbS, has already been explored
in a DFT study,” which, however, has not been able to
convincingly rationalize the change of the optical gap of thin
platelets (1—5 nm) of this material compared to the bulk.
Understanding the fundamental mechanism that is responsible
for this counterintuitive behavior is essential to fully exploit the
potential of CuSbS, in optoelectronic and photovoltaic
applications. Most importantly, it is mandatory to gain further
insight into exotic behaviors of quantum-confined semi-
conductors.

In this work, based on DFT and many-body perturbation
theory (MBPT),*® we rationalize why the optical gap of two-
dimensional CuSbS, platelets does not increase compared to
their bulk counterparts. From the analysis of the band
structure, the density of states, the charge-density distribution,
and finally the dielectric and optical response of this material in
the monolayer, bilayer, and bulk form, we ascribe this behavior
to the concurrent contribution of localized surface states that
are formed in the nanoconfined systems and strongly bound
excitons that appear therein.

B METHODS

All calculations presented in this work are performed with the
Vienna ab initio simulation package (VASP)* utilizing the
projector-augmented wave (PAW) method.***’ The electronic
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Figure 1. (a) Layered and (b) bulk CuSbS, with Cu, Sb, and S atoms shown as blue, brown, and yellow spheres.

structure was calculated using DFT with the Heyd—Scuseria—
Ernzerhof (HSE06) hybrid functional.”® A 4 X 6 X 2 k-point
mesh and 370 eV cutoff are used, and the structures were
assumed to be relaxed when the forces on each atom were
smaller than 10 meV A™%. The mono- and bilayer structures are
simulated including in the unit cell 9 A of vacuum along the
(001) surface in order to prevent unphysical interactions
between the replicas. We checked this value by ensuring the
band gap remained constant with an additional vacuum and by
checking that the total charge density decays to less than 1 X
107 a5° in the nonperiodic direction.

The quasiparticle band structures are calculated with a
single-shot GoW, approach applied on top of the HSE06
electronic structure. The GW band structure converged with
600 bands or 320 bands in the case of the monolayer. The
optical properties were calculated by solving the Bethe—
Salpeter equation (BSE)®' and included contributions beyond
the Tamm—Dancoff approximation.”> The 30 highest valence
and the 60 lowest conduction bands are considered in the
bilayer and bulk, and the 28 highest valence and the 60 lowest
conduction bands are considered in the monolayer. Spurious
contributions arising from the vacuum in the layered structures
are excluded by rescaling the dielectric permittivity with the
effective volume of the layer.

B RESULTS AND DISCUSSION

The optimized lattice constants and atomic positions obtained
for bulk CuSbS, (Figure 1) are consistent with previous
findings in the literature obtained on similar footinglé’17 (see
Table S1 in the Supporting Information). CuSbS, is an
orthorhombic crystal with space group Pnma. The space
groups of the bilayer and monolayer are P2,/m and Pm,
respectively. In the layered crystals, no surface reconstruction is
found, although the atoms are bound closer together normal to
the (001) surface. Specifically, the material volume in the
monolayer shrinks by 4.2% compared to the bulk, as an effect
of the quantum confinement along the c axis (see Figure 1a), in
agreement with experimental findings on powder CuSbS,
platelets.”” In the bilayer, this reduction is only 0.8%.

From the analysis of the electronic properties, we find for
bulk CuSbS, an indirect fundamental gap of 1.67 eV, as
predicted from DFT using HSE06 (see Figure 2a), in
agreement with previous calculations.'®"”** Despite quantum
confinement, both monolayer and bilayer CuSbS, exhibit
smaller band gaps than the bulk, with the former featuring the
narrowest gap. The inclusion of the quasi-particle correction
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Figure 2. GW (black lines) and HSE06 band structure (red lines) of
(a) bulk, (b) bilayer (BL), and (c) monolayer (ML) CuSbS,. The
density of states and atom-projected contributions calculated using
HSEOQ6 are shown adjacent to the band structures.

via the perturbative GyW, approach applied on top of the
HSEOQ6 electronic structure leads to a reduction of the band
gap in both the bulk and bilayer and to an increase in the
monolayer. The nature of the gap (indirect in the bulk and
direct in the low-dimensional sheets) is unaffected by the
inclusion of the self-energy contribution (see Table 1).

The crossover from indirect- to direct-band-gap material
going from bulk to the mono- and bilayer is ubiquitous in
layered semiconductors.”******* In order to understand this
behavior in CuSbS,, we analyze the band dispersion shown in
Figure 2. The Brillouin zone of each system is shown in Figure
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Table 1. Band Gaps and Optical Transitions of Bulk and
Layered CuSbS,

indirect band direct band i E,
gp (V)  gp(V) (V) (V)
Bulk
this work, MBPT 1.35 1.40 1.20 0.20
this work, HSE06 1.67 1.71
HSE06' 1.68 1.73
HSE06'” 1.69
Layered
this work, MBPT BL 1.30 0.95 0.35
this work, MBPT ML 1.30 0.76 0.54
this work, HSE06 BL 1.38
this work, HSE06 1.25
ML
Experimental
platelets (25—50 nm 1.51¢ 1.57¢ 092" 0.65°
thick)**
platelets (1—5 nm 1.44° 1.52¢ 104" 048°
thick)**

“Optical gap measured using diffuse reflectance spectroscopy.
bEnergies less than 0.85 eV were beyond the experimental range.
“The experimental binding energy, E;, was obtained by subtracting
the optical transition energy from the direct optical gap.

S1. In the bulk material, the valence band maximum of bulk
CuSbS, lies between the I' and Z points, and the conduction
band minimum lies between the I" and X points. The smallest,
direct gap lies between the I" and X points. Interestingly, in the
layered materials, the highest valence band and the lowest
conduction bands flatten along the B and Y directions. This
change in the band dispersion is responsible for the crossover
to a direct band gap. The variation in the fundamental band
gap in increasingly confined layers is attributed to the reduced
band dispersion accompanied by the formation of a surface
state at the Sb-terminated (001) surface. The states have Cu d
and S sp character at the top of the valence band and S sp and
Sb spd character at the bottom of the conduction band (Figure
2). There is no significant change in the character of the states
in the layered materials. The partial DOS of bulk CuSbS, is
consistent with previous DFT studies in bulk CuSbS,.”

To confirm the presence of surface states in the Sb-
terminated dangling surface of mono- and bilayer CuSbS,, we
inspect the electron density at the conduction band minimum.
The results plotted along a two-dimensional slice in the (001)

plane (see Figure 3) confirm that the electron density
accumulates at the surface of the low-dimensional structures.
The electron density between the layers in the bilayer is similar
to the interlayer electron density in the bulk material. The
electron density spills out of the monolayer more than the
bilayer (Figure 3c). This results in electron density
accumulation between the adjacent surface Sb atoms.

Having clarified the electronic characteristics of low-
dimensional CuSbS,, we complete our analysis by inspecting
its optical properties, calculated by solving the BSE>' of
MBPT. Bright excitations below the fundamental band gap
occur at 1.20, 0.95, and 0.76 eV for the bulk material, bilayer,
and monolayer, respectively, as a signature of excitonic effects
(see Figure 4 as well as Figure S2 for the real part and the out-
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Figure 4. Imaginary component of the dielectric permittivity of bulk,
bilayer, and monolayer CuSbS, in the in-plane directions calculated
using GW+BSE. The lowest-energy optical transition in each structure
is marked with an arrow.

of-plane components). The contributions of the BSE
eigenstates to each exciton are represented as a fat band plot
in reciprocal space (Figure S3). The contributions between the
direct electron—hole pairs are predominately from the bands
near the band gap. The strength of the contributions is more in
the layered materials, which have a reduced band dispersion.
The exciton binding energy, calculated as E;, = ng = Egpticar 18
0.20 eV in the bulk where ng is the direct gap from GW and
Epiical is the lowest-energy excitation from BSE. The reduced

0 3e-3a,’
[ o

a)

Figure 3. Spatial distribution of the probability density associated with the conduction band minimum of (a) bulk, (b) bilayer, and (c) monolayer
CuSbS, calculated from DFT. The displayed isosurface value is 0.003 ag>. The positions of atoms above (below) the considered plane are marked

by open (closed) circles: brown for Sb and yellow for S.
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Figure S. (a) Absorption coefficient, a, and (b) Tauc plot for bulk, bilayer, and monolayer CuSbS, in the in-plane direction calculated using GW

+BSE.

dimensionality of the system increases the exciton binding
energy to 0.35 eV in the bilayer and to 0.54 eV in the
monolayer (see Table 1). The experimental binding energy is
similar to the prediction from theory despite the natural size
distribution of platelets in the powder samples.”* Furthermore,
the effects of ligand passivation, defects, or stacking of
monolayers into towers could obscure the band gap crossover
and optical properties.”> Experimental detection of the changes
in the excitonic peaks or lattice would be improved if the
ensemble contains only monolayer platelets. We also note that
the possible exciton-like peaks in the layered material may be
resolved at lower temperatures, which was previously shown
for bulk CuSbS,.*

For a closer comparison with experimental results, it is
convenient to display the optical properties of each material in
the form of the absorption coefficient and Tauc plot. The
absorption coeflicient is @ = 47K/, where k is the extinction
coefficient and 4 the wavelength of the incident light. From the
plot in Figure Sa, we notice that the absorption coeflicient
increases above 10° cm™" between 1.7 and 1.9 eV regardless of
dimensionality. In particular, the Tauc plot in Figure Sb shows
that (i) despite the spatial confinement in the low-dimensional
structures the absorption increases steeply at about 1.5 eV in
the bulk, bilayer, and monolayer and (ii) weak optical
excitations appear below the band gap in all materials, as
anticipated in the discussion of the dielectric permittivity
(Figure 4). The first finding, (i), is consistent with recent
results from diffuse reflectance spectroscopy on platelets which
detected only a small decrease (0.05 eV) in the direct optical
gap energy in thin (1 to S nm) platelets compared to the
thickest platelets (25—50 nm) .** The second finding, (ii), is
supported by the presence of weak absorption peaks below the
optical gap that have been detected in the ellipsometric data of
bulk CuSbS,*® and two-dimensional platelets.”> The thinnest
platelets had a peak at 1.04 eV, and energies less than 0.85 eV
were beyond the spectral range.””

B CONCLUSIONS

In summary, by means of DFT and many-body calculations, we
rationalized the peculiar behavior of CuSbS, which exhibits a
reduction of the lowest optical transition going from the bulk
to mono- and bilayer films. In addition to the crossover from
indirect- to direct-band-gap materials, bilayer and monolayer

21090

films of CuSbS, exhibit (slightly) reduced band gaps compared
to their bulk counterpart due to the formation of localized
surface states on the dangling facet. On top of this, now in
agreement with physical intuition, larger exciton binding
energies were found upon increasing quantum confinement,
which led to the decrease of the absorption onset going to the
bulk, bilayer, and mononlayer, with the latter absorbing
radiation in the near-infrared region. By disclosing the
fundamental mechanisms behind the peculiar electronic and
optical properties of CuSbS,, this study opens important
perspectives for nanoengineering this material and related
compounds for optoelectronic and photovoltaic applications.
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