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ABSTRACT: In this work we study the morphology and electronic
properties of Bi2S3 nanostructures by means of atomistic simulations. We
focus on elongated nanoribbons that are the building blocks of the
corresponding crystal structures, and we study saturated and unsaturated
nanocrystals of finite size in comparison with one-dimensional infinite ones.
By means of (time-dependent) density functional theory calculations we
provide evidence that the optical gap can be tuned through quantum
confinement with sizable effects for ribbons smaller than three nanometers.
By a comparison with Sb2S3, we conclude that Bi2S3 nanostructures have
similar tunability of the bandgap and a better tendency of passivating defects
at the (010) surfaces through local reconstructions.

■ INTRODUCTION

Pnictogen sulfides are a class of compounds that usually exist in
nature as minerals. Because of their abundance and cheapness1

and their interesting physical properties, they have been object
of increasing scientific interest. In particular, metal sulfide
nanostructures have been employed in several kinds of devices,
such as solar cells, light-emitting diodes, sensors, thermoelectric
devices, lithium-ion batteries, fuel cells, and nonvolatile
memory devices.2−4 Because of their good light absorption,
some metal sulfides, such as stibnite (Sb2S3), have been used to
sensitize solid-state hybrid solar cells in order to improve the
absorption of solar photons and to inject photogenerated
electrons into titania (TiO2). Efficiencies as high as 5% have
been achieved in polymer/metaloxide (e.g., P3HT/Sb2S3/
TiO2) solar cells.5 Unfortunately, because of its toxicity,
stibnite is not the best option for commercial use. Bismuth
sulfide, also called bismuthinite (Bi2S3), has been recently
recognized as a valid environmental friendly alternative to
stibnite.6 The two sulfides have the same crystallographic
symmetry: they both belong to the Pnma space group with an
orthorhombic unit cell that contains 20 atoms. The crystal
structure is strongly anisotropic, consisting in tightly bonded
units of Bi4S6 (also called ribbons) in an herringbone
arrangement (see Figure 1). Each ribbon is a long (infinite,
in the perfect crystal) chain of atoms connected by ionic/
covalent bonds, which extend along the [010] direction.
Interactions between neighbor ribbons are weak7,8 and due to
van der Waals dispersive forces.
Bi2S3 is tipically synthesized in nanocrystalline form, with

individual grains of the order of tens of nanometers.9,10 Several
techniques have been explored to efficiently synthesize
nanocrystalline Bi2S3 via colloidal solutions.9−12 Colloidal
synthesis has the advantage of being much cheaper than

molecular beam epitaxy or other expensive growing methods
requiring ultrahigh vacuum conditions. By varying the solvent,
the temperature, and the time of growth, it is possible to form
nanocrystals of controlled size.11 These techniques have been
already successfully exploited in photovoltaics to produce bulk
heterojunctions by blending Bi2S3 with PbS nanocrystals13 or
by depositing Bi2S3 nanoparticles on nanoporous substrates to
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Figure 1. Crystal structure of Bi2S3 and Sb2S3 (S atoms in yellow; Bi/
Sb atoms in brown). The bulk consists in an herringbone pattern of
ribbons (see single ribbon in the inset) extending along the [010]
direction.
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enhance light absorption and electron injection.14 For all the
reasons explained above (nontoxicity, low-cost synthesis, and
good absorption properties) there has been a growing attention
to Bi2S3 and, together with the experimental investigations, a
series of theoretical studies8,15 was developed to better
understand the experimental observations. All the compounds
of the stibnite family where recently studied using state-of-the-
art first-principles calculations in the context of semiconductor-
sensitized solar cells.16,17 In addition to the bulk properties, the
study of nanosize effects on the electronic properties of the
nanostructures is of great relevance. In particular it is
interesting to understand the structure and the atomic
relaxations occurring in nanosized objects and, more
importantly, to clarify whether and to what extent it is possible
to tune the optical properties by controlling the size of the
nanoparticles. At variance with Sb2S3 for which this problem
has been already addressed,18 to our knowledge, a systematic
study of Bi2S3 properties as a function of nanocrystal dimension
is missing and it is the object of the present work.
Here, we investigate through ab initio methods the electronic

and optical properties of Bi2S3 and Sb2S3 nanostructures and
their dependence on the size through quantum confinement
effects, studying elongated nanostructures consisting of ribbons
of nanometric lengths. Our calculations are consistent with
experimental results and provide evidence that the optical gap
can be tuned through quantum confinement with sizable effects
for ribbons smaller than about three nanometers.

■ METHODS
For periodic structures (i.e., bulk and infinite ribbons), we
performed density functional theory (DFT)19 calculations by
using the QUANTUM ESPRESSO code.20 The initial
geometry was chosen corresponding to the experimental data
reported by Lundegaard et al.7 We used the Perdew−Burke−
Ernzerhof (PBE)21 functional within the generalized gradient
approximation (GGA) of DFT to perform geometry
optimizations. The valence electron wave functions are
expanded in planewaves basis sets with kinetic energy cutoff
of 30 Ry. Valence electrons are explicitly described, while the
core−valence interaction is taken into account by means of
Troullier−Martins pseudopotentials.22 The reciprocal space
was sampled with a 4 × 4 × 4 Brillouin zone mesh centered at
Γ. Both the energy cutoff and the number of k-points were
tested to be sufficient to ensure convergence of the total energy
of the system. For single ribbons we sample the reciprocal
space with a 1 × 4 × 1 mesh, according to the one-
dimensionality of the ribbon.
For the finite size nanocrystals the DFT calculations were

performed by using the TURBOMOLE software,23 which is
suitable for nonperiodic systems. We used both the PBE and
B3LYP24 functionals. For the electronic wave functions we used
the default single valence polarized (def-SV(P)) basis set of
Gaussian-type orbitals in conjunction with an effective core
potential including 78 (46) core electrons for Bi (Sb). We
proved the accuracy of such a basis set by comparing the results
with the computationally heavier triple-ζ valence polarized basis
set (def-TZVP). To check the validity of the methodology
adopted, we performed test calculations by taking into account
the spin−orbit coupling,25 the inclusion of Bi semicore states,26

and the quasi-particle correction to the DFT Kohn−Sham gaps
as computed through the ΔSCF method.27

In principle, DFT is correct only for ground-state properties
of the investigated system. Optical excited states are properly

described for finite systems by time-dependent DFT
(TDDFT).28 To compute the excitation energies we used the
TDDFT implementation of TURBOMOLE based on the linear
response of the density-matrix, in which the poles of the linear
response function correspond to vertical excitation energies and
the pole strengths to the corresponding oscillator strengths.29

The above computational methodology has been previously
applied for zinc-oxide30 and zinc-sulfide31 nanocrystals for
which we found a general good agreement between DFT/
TDDFT results and many-body perturbation theory calcu-
lations.31

■ RESULTS
Periodic Structures. We first characterize the properties of

the crystalline bulk material starting from available experimental
data.7 Our calculated Bi2S3 electronic gap is 1.40 and 1.50 eV in
the initial and relaxed structure, respectively. These values are
in good agreement with Sharma et al.32 (1.45 eV with GGA-
PBE) and Caracas and Gonze8 (1.47 eV with the local density
approximation). Moreover, consistently with previous theoreti-
cal literature, the bandgap of the relaxed crystal is nearly
direct.15 Experimental data are quite scattered and report a
bandgap in between 1.2 and 1.7 eV.33−36 Note that, as recently
reported by Filip et al.,17 the agreement between DFT Kohn−
Sham gaps and the experimental results for the crystalline bulk
material comes from the fortuitous cancellation between spin−
orbit and quasi-particle effects.
Since in the present work we are interested in nanocrystalline

materials we need to identify models of nanoparticles. In
particular we focus on single ribbons that are the building
blocks of the crystal structure, and we calculate the properties
of an isolated ribbon periodically repeated along its main axis.
Relaxation shows a minor geometry optimization effect,
consisting in a slight reorientation of bonds along the growing
direction (see Figure 2).

A small expansion of about 2% in the (010)-plane is also
observed. Consistently with the weak electronic coupling
between ribbons found in experiments7,37 and previous
theoretical works,8,32 our calculations show a small cohesive
energy difference between the ribbon and the bulk. In
particular, the total energy difference is smaller than ∼0.2
eV/atom to be compared with the large binding energy (2−3
eV/atom) within the atoms of the same ribbon due to the

Figure 2. Comparison between the optimized geometry of a Bi2S3
ribbon relaxed inside the bulk (left) and a Bi2S3 ribbon relaxed in
vacuo (right).
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strong Bi−S chemical bonds. Our calculations also show that
the bandgap of the single ribbon relaxed in vacuo is 0.1 eV
higher than the bandgap of the relaxed Bi2S3 bulk (1.6 vs 1.5
eV). This proves that, consistently with the weak electronic
coupling between ribbons, there is only a slight dependence of
the electronic gap on the size of the system in the (010) plane.
This is also consistent with theoretical results18 for Sb2S3.
Conversely we will show in the next sections that the electronic
confinement is sizable in the direction parallel to the ribbon
axis.
Finite Size Nanostructures. We considered Bi2S3 single

ribbons of variable size within the range 1−10 nm, by properly
cutting the infinite ribbon along the (010)-plane. This gives rise
to two surfaces and ten dangling bonds for each ribbon-like
nanocrystal. First of all, we performed single-point calculations
at fixed atomic positions with the PBE exchange-correlation
functional. The (010) surfaces give rise to surface states that lie
within the fundamental gap. The corresponding HOMO−
LUMO gap (HOMO, highest occupied molecular orbital;
LUMO, lowest unoccupied molecular orbital) turns out to be
as small as 0.3−0.5 eV in all cases. In fact, by inspecting the
energy position of the molecular orbitals in Figure 3a and their
spatial extension in Figure 4 it is evident that for each ribbon
there are ten surface states (six occupied and four unoccupied).

In particular, the HOMO−LUMO levels correspond to
localized surface states that are due to the dangling bonds
appearing at the (010) surfaces of the finite ribbon, where the
Bi−S bonds are cut. There are two ways of passivating the
surface states: by performing structural relaxation of the system
through self-healing31,38 or by suitable saturation of the
dangling bonds. In this work, we investigated both methods.
Relaxed Nanocrystals. First, we consider the effect of the

relaxation of the atomic positions. In Figure 5a we report the
HOMO−LUMO electronic gap of the relaxed Bi2S3 nanocryst-
als as a function of the nanoribbon length. The zero of the
energy scale is set to the bandgap of the relaxed infinite ribbon.
Let us examine first the part of the curve associated with ribbon

longer than 2 nm. The inverse dependence of the bandgap
from the size (quantum conf inement) is very little: the bandgap
converges fast to the asymptotic value with a power law ∝ L−2

and variations of tens of meV when the length is increased by 1
nm. A more unusual feature is observed when relaxing ribbons
shorter than 2 nm where an abrupt lowering of the bandgap by
about 1 eV (from 1.6 to 0.7) eV is observed. In order to
validate the above behavior we repeated the optimizations by

Figure 3. Density of states integral as a function of energy for a 10 nm-
long ribbon in its experimental geometry. The green background
indicates the filled molecular orbitals. (a) before saturation. The
presence of dangling bonds on the surface causes the formations of
trap states in between the valence and the conduction band. (b) After
saturation. H atoms and OH groups passivate the surface (see inset)
and a clean bandgap is obtained.

Figure 4. Direct space representation of the molecular orbital
isosurfaces for L = 10. Left: The lowest unoccupied molecular orbital
(LUMO). The orbital is confined to the ribbon edges: in fact, it is a
surface state due to the presence of dangling bonds. Right: The
LUMO+4. The orbital is fully delocalized and belongs to the
conduction band.

Figure 5. DFT Kohn−Sham gap variation as a function of the ribbon
length after relaxation. The zero of the energy scale is set to the PBE
bandgap of the relaxed infinite ribbon (1.63 and 1.62 eV for Bi2S3 and
Sb2S3, respectively); the B3LYP and PBE asymptotes have been
aligned. (a) Bismuth sufide. An abrupt transition is observed at 2 nm.
For long ribbons, the bandgap converges to the value of the periodic
case. (b) Antimony sulfide. No transition is observed. The ribbons are
unable to self-repair their defects and the bandgap does not converge
to the value of the periodic ribbon.
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using the B3LYP exchange-correlation functional. Though the
B3LYP overestimates the absolute value of the bandgap with
respect to PBE, it provides the same bandgap dependence on
size and it validates the occurrence of the same jump below 2
nm. In addition, since recent computational results show that
the DFT Kohn−Sham gap is sensitive to the inclusion of Bi
semicore shell, spin−orbit coupling, and quasi-particle gap
correction,17 we took explicitely into account all the above
effects to check the validity of the methodology adopted. In
Figure 6, we compare the PBE Kohn−Sham gap dependence

on size with and without spin−orbit and quasi-particle effects.
In the case of the spin−orbit correction,25 we also included the
Bi 5s25p65d10 semicore shell.26 The quasi-particle gap has been
evaluated through the ΔSCF method as difference between the
ionization energy and the electron affinity of each cluster.27 As
shown in the picture, the explicit inclusion of all the above
effects does not change importantly the functional gap
dependence on size. In particular, it is still found a jump and
a ∼L−2 decay. From a quantitative point of view the combined
effect of spin−orbit and semicore is to lower by about ∼0.2 eV
only the long ribbons energy gap. Conversely, the band gaps of
small ribbons are unaffected. In practice, the spin−orbit
correction is always about −0.2 eV, while the semicore
correction is +0.2 eV for small ribbons and almost zero for
long ribbons. A small reduction of the gap discontinuity is
therefore calculated by including spin−orbit coupling and
semicore electrons with respect to DFT. As for the quasi-
particle effects, consistently with the GW result for the bulk
material,17 the ΔSCF gap calculated for finite ribbons is larger
than the corresponding DFT gap. However, for finite ribbons,
the difference between quasi-particle and DFT gap is
considerably larger due to the sizable exciton binding energy
expected for finite systems. Overall, we did not find any
significant difference as far as the bandgap dependence on size
is concerned. The entire discussion on quantum confinement is
therefore not affected significantly by the explicit inclusion of
spin−orbit, semicore, and quasi-particle effects.
Figure 7 shows separately the variation of the B3LYP

HOMO and LUMO energies as a function of the size. The
jump of the bandgap at about 2 nm is associated to two
corresponding steps in the two curves. The two insets in Figure
7 show the HOMO spatial distribution of a 4-units ribbon
(left) or 5-units ribbon (right) around the length of the

discontinuity in the electronic gap. The HOMO level of
nanoparticles shorter than 2 nm is localized on the edges (left
inset). Only for ribbons longer than 2 nm, the HOMO is
delocalized on the whole crystal structure (right inset). We
conclude that by means of atomic relaxations the ribbons
shorter than ∼2 nm are unable to get rid of their surface states
and still contain localized levels inside the gap. Only for ribbons
longer than 2 nm a complete reconstruction of the surfaces is
possible providing the disappearance of defect states and
restoring a clean gap. It is interesting to compare these
observations with a different pnictogen sulfide having the same
crystal structure. To this aim we performed similar atomic
relaxations on stibnite ribbons using either PBE or B3LYP
functionals. As shown in Figure 5b, the bandgap is practically
independent of size with no large discontinuities. The
asymptotic value of finite nanocrystals is 0.4 eV lower than
that of the periodic ribbon. We conclude that Sb2S3 is unable to
completely self-repair its dangling bonds by surface recon-
struction even in the case of 10 nm long ribbons, and the
remaining surface states within the gap hinder the occurrence
of a clear trend in the bandgap dependence on size.
In order to correlate the above bandgap dependence on size

to morphological features, we studied the bond length changes
upon relaxation of nanoribbons of different length. In
particular, for each nanocrystal we calculated the bismuth−
sulfur distance for all atom pairs within the ribbon and
calculated the corresponding number distribution (number of
bonds as a function of their length). In Figure 8a, we reported a
comparison between the Bi−S bond distribution in the relaxed
periodic ribbon (red) and the ribbon of length 4 unit cells
(green) and 5 unit cells (blue).
These latter systems delimit the discontinuity in the bangap-

to-length curve (see Figures 5 and 7). It is clear that the two
finite ribbons differ strongly in their Bi−S bond distribution
despite their very similar length. We identify two major
differences. Going from five to four unit cells, a significant
disorder is induced as shown in the larger distribution of
lengths found for the 4 units system. Second, a short bond of
2.4 Å is created, which is not present in the ribbons longer than
4 units. Such variations of the ribbon morphology occur only
when passing from 4 to 5 units ribbons. The short bond formed
for ribbon lengths <2 nm is related to a shortening of the Bi−S
bonds involving undercoordinated S atoms at the surfaces. By
inspecting the geometrical relaxation of systems of different
length, it can be seen that the ribbons longer than 2 nm
undergo a particular reconstruction at the surfaces that involves

Figure 6. Calculated gap dependence on size according to different
corrections to PBE: no corrections (blue); spin−orbit and Bi semicore
states (red); quasi-particle correction through the ΔSCF method
(black). The lines are guides to the eye. The zero of energy is set to 1.5
eV, i.e., the asymptotic value of the PBE blue curve.

Figure 7. B3LYP HOMO and LUMO energy as a function of the
ribbon length. For ribbons shorter then 2 nm, both the MO are
localized surface states (left inset). For ribbons longer than 2 nm,
relaxation passivates the surfaces, and fully delocalized HOMO and
LUMO are observed (right inset).
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the saturation of the dangling bonds through the formation of
new bonds (Figure 9).

Such a reconstruction is not energetically convenient for
ribbons shorter than 2 nm. In this case the sulfur atoms at the
surface are not able to form new bonds, and their Bi−S bond
length is substantially decreased preventing electron sharing
with other surface atoms. The results for Bi2S3 are quite
different from the case of Sb2S3 ribbons. In Sb2S3 relaxed
ribbons there is no surface reconstruction for any size
investigated (up to 10 nm) (see Figure 8b), and there is
always a short bond of about 2.3 Å in the bond distribution.
We further characterize the ribbon relaxations by calculating

the squared effective length λ2 = Σiyi
2 along the [010] direction

and the relative variation Δy = ((λ2 − λ0
2)/(λ0

2))1/2 with
respect to the square length of the same nanocrystal at
equilibrium (λ0). The results are reported in Figure 10.
For both Bi2S3 and Sb2S3, there is a relative y-elongation

(tensile strain) of the finite length ribbon with respect to the

infinite one. The tensile strain increases for shorter ribbons as
expected from the fact that the excess energy density u = ES/V
due to the surfaces is proportional to the surface-to-volume
ratio S/V. In fact, u = ES/V = 2γS/V ≈ (2γ)/L, where γ is the
surface energy of the (010)-plane and L is the ribbon length.
Consistently with the fact that Sb2S3 nanocyrstals do not exhibit
a change in surface reconstructions, the elongation turns out to
be a monotonically decreasing function of the ribbon length. At
variance, in the case of Bi2S3, we find a step at 2 nm in the strain
function that corresponds to the different surface reconstruc-
tions discussed above.
Overall, the above analysis shows that the fine interplay

between the strain and surface reconstruction induces a
nonmonotonic dependence of the HOMO−LUMO gap of
the relaxed Bi2S3 ribbons. This makes difficult to recognize the
occurrence of quantum confinement. In order to disentangle
the role of atomic relaxations and surface effects from quantum
confinement, we performed an additional analysis by accurately
saturating unrelaxed nanostructures.

Saturated Nanocrystals. A second set of Bi2S3 nanoparticles
(hereafter referred to as unrelaxed) is obtained by removing the
surface states by chemical saturation of the dangling bonds
while keeping ribbons in their perfect crystal geometry at
experimental lattice size. We saturated undercoordinated sulfur
and bismuth atoms on the ribbon edges by H and OH groups,

Figure 8. Bond length distribution of standalone ribbons after relaxation. (a) Top: bond distribution for the periodic Bi2S3 ribbon. Bottom: bond
distribution for ribbons shorter (green) and longer (blue) than the bandgap transition length. The formation of new bonds for long ribbons causes a
redistribution of the atomic distances and the disappearance of the short bonds. (b) Bond distribution of Sb2S3. In this case, there is no formation of
new bonds and the bond distributions of the two finite ribbons are qualitatively similar.

Figure 9. (a) Unrelaxed ribbon (experimental geometry). (b)
Relaxation of a ribbon shorter than 2 nm. No new bonds are formed.
(c) Relaxation of a ribbon longer than 2 nm. The atoms at the surface
recombine to passivate dangling bonds.

Figure 10. Relative elongation of the ribbons as a function of their
length. Sb2S3 shows a smooth trend, where the elongation monotoni-
cally decreases with increasing length. However, Bi2S3 presents a step
occurring exactly at the bandgap transition length.
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respectively (see inset in Figure 3b). We performed a local
relaxation where only saturating atoms are allowed to move.
The resulting electronic structure gives a clean bandgap with no
surface states occurring in the ribbons (Figure 3b). The change
of the bandgap as a function of the ribbon length (ΔEg) is
reported in Figure 11a, in which both the PBE and B3LYP
results are present. The zero of the energy scale corresponds to
the unrelaxed infinite ribbon gap.

As one can see, there is a monotonic increase of the bandgap
with decreasing size consistent with a sizable quantum
confinement of electrons in the system. This behavior can be
nicely reproduced by a power law function of the ribbon length
f(L) ∝ 1/L2. We emphasize that L−2 is the standard quantum
confinement law. Figure 11a reveals that it is possible to
significantly tune the bandgap only for nanocrystals smaller
than ∼3 nm: for larger systems, quantum confinement is hardly
detectable. For long unrelaxed Bi2S3 ribbons, the bandgap
converges to the value of the infinite ribbon calculated by using
the QUANTUM ESPRESSO code. It should be noticed that
the overall electronic confinement attainable by reducing the
ribbon length is around 0.6 eV for both PBE and B3LYP, much
higher than the quantum effect observed when passing from the
bulk to the infinite ribbon (0.1−0.2 eV). We conclude that the
electronic coupling between neighbor ribbons plays only a
secondary role in the delocalization of the electrons: the
confinement is primarily due to the length of the ribbons.
The above analysis has been repeated for the case of Sb2S3

unrelaxed ribbons as well. The results are reported in Figure
11b, and the bandgap has the same L−2 asymptotic behavior as
that in the Bi2S3 case. In both cases, sizable variation of the
bandgap is expected only for nanostructures smaller than about
3 nm.
Since the optical gap observed experimentally concerns an

excited state of the system, we used TDDFT to perform the
same analysis on quantum confinement discussed above. The
calculated optical gap of the nanocrystals depends on size
consistently with the previous analysis. The asymptotic
bandgap is 1.5 eV and the quantum confinement is weak for
nanocrystals longer then 3 nm. Hence, we can conclude that

bismuth sulfide allows large tunability only if the nanoparticles
are smaller than 3 nm.

■ CONCLUSIONS

In the present study we focused on the morphology and
optoelectronic properties of Bi2S3 nanocrystals. Choosing the
ribbon as the building block for our nanostructures, we
explored the effects of both relaxation and saturation of finite
size systems. For relaxed nanocrystals, the quantum confine-
ment effect is hidden by the persistence of defects on the
ribbon edges. In particular, only the ribbons longer than 2 nm
are able to reconstruct their surface in order to efficiently
passivate electronic trap states. For all lengths, a tensile strain of
the ribbon with respect to the periodic system is observed. In
addition we studied the quantum confinement by keeping the
nanocrystals in their experimental geometry and saturating the
dangling bonds by means of hydrogen atoms and OH groups.
The dependence of the bandgap as a function of the ribbon
length L was found to be a power law ∝ L−α with α = 2. The
DFT calculations were performed with two different functionals
(PBE and B3LYP), and in all cases, the trends we found are in
very good agreement. With the PBE functional we estimate a
bandgap of 1.6 eV for long ribbons, that lies in between the
experimental range reported in literature (1.2−1.7 eV).33−36

Such bandgap ideally increases up to 2.2 eV for nanostructures
of length ∼1 nm. We studied also the isostructural material
Sb2S3 in comparison with Bi2S3. We concluded that bismuth
sulfide shows a better capability to reconstruct its surfaces with
respect to stibnite. Overall the above results suggest that, from
the theoretical point of view, the environmental friendly
bismuthinite is a valid alternative to the toxic stibnite, as far as
concerns of confinement, optical and electronic properties.
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