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Polycrystalline (Sb,Bi)2Se3 thin-film semiconductors are grown by coevaporation with a subsequent
annealing process. It is shown that Bi can be incorporated into the Sb2Se3 lattice, substituting up to
approximately 60% of the Sb atoms, while maintaining the orthorhombic crystal structure. Upon Bi sub-
stitution, the lattice expands mainly along the one-dimensional (Sb,Bi)4Se6 ribbons. In addition, the band
gap decreases with a direct (indirect) band gap of 0.891 eV (0.864 eV) for a (Sb0.4,Bi0.6)2Se3 thin film. A
photovoltaic device based on a (Sb,Bi)2Se3 absorber is fabricated that displays an open-circuit voltage of
133 mV and a short-circuit current density of 18.4 mA/cm2, demonstrating the potential of this material
for infrared detection or multijunction solar-cell applications.
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I. INTRODUCTION

High-quality polycrystalline thin-film semiconducting
layers with band gaps between 1.0 and 1.5 eV are
available for single-junction photovoltaic applications [1].
Multijunction solar cells with performances beyond the
Shockley-Queisser limit [2] require lower band gaps,
where, for instance, the ideal band gap of the bottom cell
in a tandem structure is approximately 0.9 eV [3].

Furthermore, thin films with band gaps below 1.0 eV
are of high interest for infrared sensing applications, in the
food sector [4,5], for atmospheric gas detection [6], or in
the automotive industry [7], to name a few.

Over the past few decades, the small-band-gap mate-
rials (In, Ga)As and (Hg, Cd)Te show the most mature
and superior performance for those applications in the
short-wave or mid- and long-wave infrared range [8–10].
However, due to the necessity for epitaxy and high tem-
peratures, these approaches are partly incompatible with
standard silicon read-out circuits, and therefore, mostly
inappropriate for low-cost production.

Instead, optoelectronic technologies based on colloidal
quantum dots with tunable band gaps have been exten-
sively studied in recent years, benefiting from simplified
device fabrication and potentially low-cost production [11,
12]. Recently, short-wave infrared photodiodes based on
PbS colloidal quantum dots have shown high detection
sensitivities of approximately D* = 1012 Jones at room
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temperature, which is comparable to the performance of
commercial (In, Ga)As detectors [13,14]. However, chal-
lenges remain, such as nanocrystal synthesis and stability,
the understanding of optoelectronic properties, and the
engineering of charge-carrier traps [11] and low carrier
mobilities [15].

(Sb1-xBix)2Se3 polycrystalline thin-film layers are inter-
esting candidates for the photon energy ranges of the
applications mentioned above. Without Bi alloying (x = 0),
Sb2Se3 is reported to have a band gap around 1.18 eV [16]
and receives increasing interest as a solar-cell material
[17], with a promising power conversion efficiency of
9.2% [18]. Li et al. report the decrease of the band
gap upon Bi incorporation with a value as low as
0.90 eV [19], while keeping the orthorhombic crystal
structure of Sb2Se3 (ICDD No. 01-083-7429). Wang et al.
report that (Sb1-xBix)2Se3 remains in that crystal structure
for x < 0.55 [20]. For high amounts of Bi (x > 0.78), this
material is reported to crystallize in the rhombohedral crys-
tal structure R3̄mR − 3m (ICDD No. 00-033-0214) [20]
and receives considerable interest as a topological insula-
tor [21,22]. For values of 0.55 < x < 0.78, the coexistence
of both phases is observed [20]. The electron mobility of
(Sb,Bi)2Se3 is reported to be around 15 cm2 V−1 s−1 [20],
which allows fast electron transport (drift or diffusion), and
hence, a fast response time of an infrared detector. Depend-
ing on the orientation of the grains, the mobility might even
be higher [23].

No photovoltaic device based on a (Sb1-xBix)2Se3
absorber layer has been reported until now. Here, we
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investigate (Sb1-xBix)2Se3 in the orthorhombic crystal
structure. We present the change of the lattice parameters
as a function of the Bi composition and demonstrate that
the composition range of the orthorhombic phase for thin
films extends up to x = 0.6. At this composition, the direct
band gap decreases to 0.891 eV. In addition, a photovoltaic
device is presented, which yields an open-circuit voltage of
133 mV and a short-circuit current density of 18.4 mA/cm2

under simulated AM1.5G illumination.

II. EXPERIMENT

Polycrystalline thin films of (Sb1-xBix)2Se3 are prepared
in a sequential evaporation and annealing process on Mo-
coated soda lime glass (SLG) substrates and on bare SLG
substrates. First, a precursor layer is deposited by coevapo-
ration from elemental sources of Sb, Bi, and Se in vacuum.
The composition indicated by the variable x is varied by
changing the source temperatures of Sb and Bi, where
x = 0 defines pure Sb2Se3, crystallizing in the orthorhom-
bic Pnma structure (ICDD No. 01-083-7429) and x = 1
pure Bi2Se3, crystallizing in the rhombohedral R3̄m phase
(ICDD No. 00-033-0214). During growth, Se is supplied
in excess and the substrate temperature is kept at 240 °C,
as measured with a thermocouple in contact with the back-
side of one of the SLG/Mo substrates. At this temperature,
excess Se is desorbed from the surface, resulting in sto-
ichiometric films concerning the selenium-to-metal ratio.
These films are subsequently denoted “as grown.” The
annealing is carried out ex situ in a graphite box placed
inside a tube furnace. The temperature is ramped from 25
to 350 °C at 8.5 °C/min and kept at 350 °C for 1 h. The
background pressure is set to 1200 mbar of N2. Addi-
tional Se powder is placed next to the sample, to supply a
Se-rich annealing atmosphere, which is shown to be bene-
ficial for Sb2Se3-based absorbers [24–26]. These annealing
conditions yield polycrystalline films with grain sizes in

the micrometer range, as shown in Fig. 1. Samples pro-
cessed in this way are subsequently denoted “annealed
std,” where std denotes the standard process. A few sam-
ples are annealed in another tube furnace with a different
temperature control. These annealing processes are car-
ried out at nominally 360 °C for 15 min with 1 mbar N2
background pressure. The sample shown in this paper orig-
inating from this annealing is denoted “annealed low,”
where low refers to the background pressure of 1 mbar N2.

Photovoltaic devices are fabricated with the device stack
adapted from Cu(In,Ga)Se2 solar cells, which is SLG/Mo/

(Sb, Bi)2Se3/CdS/ZnO/grid, where ZnO consists of a dou-
ble layer of nominally intrinsic ZnO and Al-doped ZnO.
Individual devices are defined by mechanical scribing.
For the device presented here, the back contact and the
absorber growth are modified, compared with films for
structural characterization, as follows: the SLG/Mo sub-
strate is exposed to Se flux at a substrate temperature of
560 °C for 1 h prior to precursor growth to partially sel-
enize the Mo back contact [27]. The precursor is grown
without Se, i.e., consists only of metallic precursors of Sb
and Bi. Annealing is carried out at 400 °C for 1 h with a N2
background pressure of 800 mbar.

Compositional analysis is carried out by energy-
dispersive x-ray (EDX) spectroscopy at 20 kV accelera-
tion voltage. Elemental standards are used for calibration,
resulting in a relative accuracy of 2 at. %. The composi-
tion x is calculated by x = [Bi]/([Sb] + [Bi]), where [Sb]
and [Bi] represent the concentration in atomic percent. The
error of x is calculated by taking into account the deviation
of the atomic concentrations by 2 at. %.

Transmittance and reflection spectra are recorded using
a spectrophotometer in the spectral range from 2400 to
880 nm. An integrating sphere is used to collect specu-
lar and diffuse light. The absorption is calculated using Eq.
(1), which takes multiple reflections within a freestanding
film into account [28,29]:

α′ = 1
d

ln

(
2T′

−R2 + 2R + T′2 +
√

R4 − 4R3 − 2R2T′2 + 6R2 + 4RT′2 − 4R + T′4 + 2T′2 + 1 − 1

)
(1)

where R denotes the measured reflectance and T ′ is the
scaled transmission (see the description below). The thick-
ness, d, of the film is measured from a cross-section
electron microscopy image. Transmission and reflection
are measured on spots with diameters comparable to the
thickness of the SLG substrate (2 mm). Therefore, a con-
siderable amount of photons are expected to be scattered
and, as a result, do not enter the integrating sphere, where
the photons are detected. This affects mainly the measure-
ment of the transmission as the photons first pass through

the (Sb,Bi)2Se3 layer, subsequently through the 2 mm SLG
substrate, and then through the aperture to the integrating
sphere. To account for this effect, the transmission is scaled
such that the absorbance A = 1 − R − T ′ equals zero far
below the band gap. Here, T ′ is scaled such that the mean
absorbance equals zero in a wavelength range below the
band gap. The technique is exemplified in Fig. S2 within
the Supplemental Material [30]. It is noted that this pro-
cedure can be applied only if the transmission is flat in
that wavelength range. A result of this procedure is that the
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(a) (b) (c) (d)

FIG. 1. SEM micrographs of annealed (Sb1−xBix)2Se3 thin films on a soda lime glass substrate for different compositions in top
view (top) and in the cross-section view (bottom). Note the different scale for the sample without any Bi content (x = 0). All films
crystallize in the orthorhombic structure. Grain size seems to decrease with increasing Bi content.

absorption coefficients approach zero for photon energies
well below the band gap. No influence on the determined
band gap is observed, regardless of whether T or T ′ is used
(Fig. S2 within the Supplemental Material [30]). From the
absorption coefficient, Tauc plots for the direct and indirect
band gap are obtained using [31]

α′
�ω ∝

√
�ω − EG,direct (2)

α′
�ω ∝ (�ω − EG,indirect)

2 (3)

The direct and indirect band gaps are then obtained by a
linear fit of the straight part of the Tauc plot. Errors for
the band gaps are obtained by shifting the fitting range by
±10 meV.

X-ray diffractograms are acquired in Bragg-Brentano
configuration with Cu Kα radiation in the 2θ range from
10° to 90°. A Ni filter is used to strip the Cu Kβ radia-
tion. The instrumental response function is measured using
an Al2O3 reference sample. The diffractograms are ana-
lyzed using the FullProf_Suite software [32] in the profile
matching with constant scale factor mode. The diffrac-
tograms are fitted using the orthorhombic Pnma space
group adopted by Sb2Se3 (ICDD PDF Card No. 01-083-
7429). For a few samples, a two-phase system is observed
and, in this case, the secondary phase is fitted with a
rhombohedral R3̄m space group, as in pure Bi2Se3 (ICDD
PDF Card No. 00-033-0214). In the following, these two
structures are simply denoted as orthorhombic and rhom-
bohedral, respectively. Variable parameters for the fitting
are the zero shift of the diffractogram, the lattice parame-
ters, and shape parameters. The shape parameters describe
the broadening of the diffraction peak by a pseudo-Voigt
function, resulting from finite crystallite sizes. Details of
this procedure are described in Ref [33].

Photoluminescence (PL) measurements are carried out
at room temperature using a 660 nm diode laser as an
excitation source focused on the sample surface on a spot
with a diameter of approximately 50–100 µm. To ensure a
high PL signal, the laser power is set to 100 mW, unless
mentioned otherwise. The PL light is collected with two
off-axis parabolic mirrors and redirected into a spectrom-
eter via an optical fiber. Inside the spectrometer, the PL
light is dispersed and detected by a 512-element (In, Ga)As
array. PL signals are spectrally corrected by measuring a
reference white-light spectrum in exactly the same setup.

Raman measurements are performed at room tempera-
ture with a 532 nm laser excitation wavelength, focused
onto the sample with a 50× objective lens and a numerical
aperture of 0.5, in combination with a 2400 lines/mm grat-
ing. The incident laser has a power density of 760 MW m−2

and the spot size is approximately 0.87 µm in diameter.
A silicon reference is used for calibration.

Current density-voltage characteristics are recorded
under dark conditions and under illumination using a simu-
lated AM1.5G spectrum from a class AAA solar simulator.

External quantum efficiency (EQE) is measured to
verify the detection of IR photons. Illumination is pro-
vided with chopped monochromatic light, and the current
response is measured with a lock-in amplifier. Reference Si
and (In, Ga)As photodiodes are used for calibration. Short-
circuit conditions and reversed bias voltages are applied for
the EQE measurements.

III. MATERIAL PROPERTIES

The lattice parameters of the orthorhombic structure for
thin films of (Sb1-xBix)2Se3 on SLG and SLG/Mo sub-
strates obtained from the XRD refinement are displayed
in Fig. 2(a) for compositions between x = 0 and 0.76. The
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(a) (b)

FIG. 2. (a) Lattice parameters a, b, and c of the orthorhombic Pnma structure of Sb2Se3 with respect to the incorporation of Bi. Data
from the literature are added from Wang et al. [20]. Open circles with crosses indicate two-phase systems, where the orthorhombic and
the rhombohedral phases are observed. Open star at x = 0.6 marks the maximum Bi concentration with a pure orthorhombic phase.
Light-gray region indicates the confidence in the composition for that data point. (b) Coherence length determined from the XRD peak
broadening. Solid gray line is a guide to the eye for the coherence length for layers grown on SLG, annealed std (open gray circles).

lattice parameters for single-phase layers (see discussion
below) are linearly fitted (solid lines), resulting in the
following expressions, with respect to the compositional
parameter x:

a(x)/Å = 11.773(±0.002) + 0.043(±0.006) x, (4)

b(x)/Å = 3.9759(±0.0007) + 0.136(±0.002)x, (5)

c(x)/Å = 11.632(±0.002) − 0.040(±0.007)x. (6)

The lattice strain caused by Bi substitution is strongly
anisotropic. The linear strain along b, defined as
(db/dx)/b(0) = 34.10−3, is about 10 times as high as that
along a and c (3.7.10−3 and 3.4.10−3, respectively). This
indicates that elongation essentially occurs along the direc-
tion of the one-dimensional (1D) (Sb,Bi)4Se6 ribbons (see
Fig. S3 within the Supplemental Material [30] for the lat-
tice structure created using VESTA [34]). Samples with a
high Bi content (x>̃ 0.6, marked by the dark gray area
in Fig. 2) show additionally the rhombohedral phase. The
sample with the highest Bi content and without the rhom-
bohedral phase (single phase) has a composition of x =
0.60 ± 0.01 (light gray area in Fig. 2 highlights the com-
positional error). This particular sample is grown by both
annealing processes, i.e., annealed std and annealed low.
The x-ray diffractograms of these two samples and of the
as-grown sample are presented in Fig. 3. The orthorhom-
bic structure is clearly present in all three samples. The
as-grown sample shows a clear diffraction peak at 18.536°,
which can be assigned to the (0 0 6) reflection of the
rhombohedral structure. This diffraction peak reduces con-
siderably for the annealed std sample and is below the

noise level for the annealed low sample [see Fig. 3(d)].
This shows that the rhombohedral phase can be removed
upon annealing (at this composition), and hence, anneal-
ing yields a single-phase material. Upon the annealing low
process, it is additionally observed that the composition
changes towards a higher x value of 0.6 (from 0.56 in
the as-grown sample), which might be caused by the high
vapor pressure of Sb2Se3 [35], and hence, Sb loss.

In a previous study, it was found that samples with
x = 0.6 already exhibited the rhombohedral phase, while
a sample with x = 0.5 still showed a single orthorhombic
phase [20]. It is then assumed that the single orthorhom-
bic phase can be fabricated up to x ≈ 0.55. Here, we
demonstrate that a single orthorhombic phase can actually
be prepared up to x = 0.6 ± 0.01 for polycrystalline thin
films. It is interesting to note that Wang et al. find that the
lattice constant b does not exceed a value of approximately
4.045 Å [20]. However, in the present study, values as high
as 4.065 Å are found, indicating that a higher concentra-
tion of Bi can be incorporated for a nonequilibrium and
thin-film system, i.e., thin films annealed at a rather low
temperature (350 °C).

The coherence length calculated from the Scherrer
equation (see Sec. II for details) is plotted in Fig. 2(b).
Upon annealing, the coherence length increases, and there-
fore, the crystal quality for both types of substrates,
i.e., SLG and SLG/Mo, improves. In addition, the annealed
samples grown on SLG show an increase of the coher-
ence length up to x ≈ 0.35, while this value is decreased
for higher x values [see the solid gray line in Fig. 2(b),
which serves as a guide to the eye]. This trend of the
coherence length indicates that alloying Sb2Se3 with Bi
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(a)

(b)

(c)

(d)

FIG. 3. XRD diffractograms for a (Sb1-xBix)2Se3 layer grown on SLG as grown (a), after the standard annealing process (350 °C)
(b), and after a different annealing process at a nominal temperature of 360 °C (c). XRD diffractograms of the films shown in (a) and
(b) need to be fitted including the rhombohedral phase, due to the (0 0 6) reflection between 18.4° and 18.8° (d). Film annealed at a
nominally higher temperature does not show the rhombohedral (0 0 6) reflection, and thus, indicates an orthorhombic single phase.
Vertical dashed lines show the position of the (0 0 6) reflection, according to ICDD PDF Card No. 00-033-0214. Fig. S1 within the
Supplemental Material [30] shows the graph over the full 2θ range from 10° to 90°.

improves the crystal quality up to x ≈ 0.35. For annealed
SLG/Mo samples, the trend with respect to Bi substitution
is not conclusive, due to the limited number of data points.

Raman measurements for the samples on SLG are
shown in Fig. 4(a). For low Bi contents (x ≤ 0.06), two
main peaks are observed at 191 and 211 cm−1, which
can be assigned to the orthorhombic Sb2Se3 phase [36].
Upon incorporation of a higher Bi content, another peak
arises at 177 cm−1 for x = 0.177, which shifts to lower
wave numbers. The shift towards lower wave numbers

with increasing Bi concentration can then be explained by
the larger mass of Bi, relative to that of Sb, and a large
contribution of Sb/Bi motion to this particular vibration
mode. The spectra are fitted with Lorentzian functions to
determine the individual peak positions and intensities for
the overlapping contributions in the range between 140 and
270 cm−1. Details of the fitting are shown in Fig. S4(a)
within the Supplemental Material [30]. The evolution of
the peak positions with respect to x is plotted in Fig. 4(b).
It is demonstrated that, with increasing Bi content the peak
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(a) (b)

FIG. 4. (a) Raman spectra measured at room temperature for samples annealed with the standard process on SLG substrates. Spec-
trum for the sample with x = 1.0 belongs to a sample in the as-grown state (not annealed) and serves to indicate the peak positions for
the rhombohedral Bi2Se3 phase. Shifts of the three peak positions are indicated as dashed lines in (a) and are separately plotted in (b).
Solid line represents a linear fit to the peak positions of P3.

at 177 cm−1 (P3), shifts towards lower wave numbers and
varies linearly with composition for x > 0.06. The fits for
lower concentrations (x < 0.06) are found to be difficult
because of the very low intensity of P3 and difficulties in
disentangling it from the background. A linear fit of the
position of P3 gives

EP3(x)/cm−1 = 179.8 − 26.3 x. (7)

Additionally, we notice that the ratio of the peak inten-
sities also behave linearly with compositions, as shown
in Fig. S4(b) within the Supplemental Material [30].
The value extrapolated from Eq. (7) for pure Sb2Se3
(179.8 cm−1) does not quite match the value for the mode
that is identified at 185 cm−1 in single-crystal studies [37,
38], but density-functional theory calculations [37] show
that other modes are present in this frequency range, which
can also, in principle, account for this difference. Our data
do not allow us to conclude on a precise assignment for
this mode.

The Raman spectroscopy results also reveal the
decomposition of the orthorhombic phase into a mixture
of rhombohedral and orthorhombic. In Fig. 4(a), a sam-
ple corresponding to a pure rhombohedral Bi2Se3 film is
included to indicate the peak positions of the rhombohe-
dral phase. The Raman spectrum with x = 0.654 shows
clearly the appearance of peaks belonging to the rhom-
bohedral crystal structure of Bi2Se3, whereas the sample
with x = 0.624 does not show these peaks. Thus, based
on the Raman measurements, the decomposition of the
(Sb,Bi)2Se3 film into the orthorhombic and rhombohedral
phases is expected at a composition between x = 0.624
and 0.654. These values are close to, but slightly higher
than, those obtained from XRD measurements. This can
tentatively be explained by different volumes probed by
the two techniques. Raman spectroscopy is usually more
sensitive to small amounts of a given phase, but also more
surface sensitive because of the low penetration depth of
the laser. In contrast, XRD probes the full depth of the
film. Thus, we can assume that decomposition starts from
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(a) (b)

FIG. 5. (a) Absorption coefficient calculated according to Eq. (1) for the samples on SLG with the annealed std process. For higher
Bi contents, the absorption edge redshifts, indicating a smaller band gap. (b) Normalized photoluminescence spectra for the same
samples presented in (a), showing the redshift of the band gap as well. Samples are identical to those used for Raman measurements
(see Fig. 4 for details on compositional values).

the backside of the film and is observed only in Raman
measurements at higher x values compared with XRD.

Evaluation of the band gap with respect to composition
is carried out on films annealed under the standard process
on SLG. As-grown films are smooth, resulting in inter-
ference fringes that render a proper band-gap evaluation
difficult, while films with a Mo substrate are not trans-
parent. The annealed std samples have grain sizes in the
micrometer range and are correspondingly rougher, and
therefore, show no interference fringes. Figure 5(a) shows

FIG. 6. Band-gap variation upon Bi incorporation. Direct and
indirect band gaps are estimated from spectrophotometry. Solid
lines represent an orthogonal distance fit. Peak positions from
PL measurements are redshifted by 70–100 meV with respect
to the indirect and direct band gaps due to heating of the laser.
Open green square represents the position of the PL peak maxi-
mum measured at room temperature and a laser power of 10 mW.
Band-gap data from the literature are taken from Ref. [19].

absorption data calculated for the same set of samples
used for the Raman measurements (Fig. 4). Equation (1)
is used for samples with a rather flat transmission below
the band gap (i.e., the scaled transmission T′ is used),
which holds for samples dominated by the orthorhombic
phase (x ≤ 0.6, solid lines). Upon Bi incorporation into
the film, a clear redshift of the absorption edge towards
smaller energies is observed. The analysis using the scaled
transmission T′ cannot be carried out for samples show-
ing clearly an additional rhombohedral phase in XRD (i.e.,
x > 0.6), as the transmission is not flat, but is continuously
increasing up to wavelengths of 2400 nm. The absorption
data for these samples are depicted in Fig. 5(a) as dashed
lines, using the measured transmission T (instead of T′) in
Eq. (1). Consequently, the absorption coefficient is denoted
with α (instead of α′).

The Tauc plots used to determine the direct [Eq. (2)] and
indirect [Eq. (3)] band gaps are shown in Fig. S5 within the
Supplemental Material [30]. Extracted band gaps (direct
and indirect) are presented in Fig. 6 as solid circles, show-
ing a decreasing band gap with increasing x. The highest
and lowest band gaps for the orthorhombic crystal struc-
ture are obtained for Sb2Se3 and (Sb0.4Bi0.6)2Se3 (sample
with annealed low process) with direct (indirect) band
gaps of 1.182 eV (1.149 eV) and 0.906 eV (0.860 eV),
respectively.

The decrease of the band gap with increasing x is esti-
mated with an orthogonal distance fit (solid lines in Fig. 6)
and results in

Eg,direct/eV = 1.17 − 0.79x + 0.60x2, (8)

Eg,indirect/eV = 1.14 − 0.83x + 0.64x2. (9)

Values for composition x and band gap can be found in
Table S1 within the Supplemental Material [30]. It is noted
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that straight-line behavior for the Tauc plots is more evi-
dent for the indirect transition compared with the direct
one, which results in less accurate values for the direct
band gap. The reason for this might be overlap of the
direct and indirect transitions in the fitting range for the
direct band gap. For Sb2Se3, the indirect transition is gen-
erally found below the direct one [39,40], in line with
theoretical calculations [41,42], which report the indirect
band gap between 25 and 100 meV below the direct band
gap.

As expected from the band-gap values, a redshift is
also observed in PL spectra depicted in Fig. 5(b), where
the peak position shifts towards lower energies upon Bi
incorporation. A few spectra show an asymmetric PL spec-
trum or a shoulder around 0.9 eV. This shoulder is caused
by water vapor absorption, which cannot be completely
removed by spectral correction with the calibration mea-
surement. The PL peak positions are plotted in Fig. 6. as
solid green squares and show the same trend as that of the
band gaps extracted from the spectrophotometry measure-
ments. The offset to lower energies of the PL peak position
with respect to the direct and indirect band gaps of approx-
imately 100 and 70 meV, respectively, can be associated
with heating of the substrate caused by the laser during the
PL measurement with a rather high laser power. The sam-
ple with the highest PL yield is also measured using only
10 mW laser power (decrease by a factor of 10), which
results in a blueshift of the PL peak. The peak position at
this laser power is plotted in Fig. 6 as an open green square
(around x ≈ 0.4) and agrees well with the indirect band
gap determined from spectrophotometry, confirming the
claim that the redshift with respect to the band gap is due
to heating when measuring at 100 mW. It is noted that the
PL peak position shifts continuously with the laser power
between 10 and 100 mW, without changing the shape of
the PL peak.

The band gap values show a discrepancy when com-
pared with the values reported in Ref. [19] (plotted as gray
diamonds in Fig. 6). A reason for this discrepancy might be
the composition of the thin films given in Ref. [19], which
is based on the composition of electrolytes used for elec-
trodepositing films and not on a direct measurement of the
final films.

IV. PHOTOVOLTAIC DEVICE

Figure 7(a) shows the current density-voltage charac-
teristics of a photovoltaic device. The curve measured
under dark conditions shows a reasonable single-diode-
like behavior for voltages up to about 0.4 V. However,
for higher forward bias voltages, a rollover is observed,
i.e., the current increase with respect to voltage is smaller
than that expected from an ohmic series resistance (which
would yield a straight line). Such a rollover can be
explained by a secondary diode in the opposite direc-
tion to the main p-n junction, for instance, located at the
back contact [43]. A back barrier is observed for Sb3Se3-
based devices grown on Mo substrates, which can no
longer be observed upon the partial selenization of the
Mo back contact [27]. However, (Sb1-xBix)2Se3 absorbers
have a smaller band gap, and thus, a barrier might even be
imposed by the selenized back contact (see Sec. II). The
voltage, V, dependence of the dark current density J (V) is
fitted to a one-diode model, which is expressed as [44]

J (V) = J0

[
exp

(
V − J rS

AkT

)
− 1

]
+ V − J rS

Rsh
, (10)

where J0 is the reverse saturation current density, rS is
the series resistance, A is the diode-quality factor, k is the
Boltzmann constant, T is the temperature, and Rsh is
the shunt resistance. The fit is carried out in the volt-
age range between −0.3 and 0.5 V and is shown in Fig.

(a) (b)

FIG. 7. (a) Current density-voltage characteristics in the dark and under one-sun illumination for a photovoltaic device with a
(Sb1-xBix)2Se3 absorber with x = 0.431. (b) External quantum efficiency measured for several bias voltages. Linear extrapolation of
long-wavelength response yields a band gap of 0.933 eV, as expected for the composition x = 0.431.
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S6 within the Supplemental Material [30]. The following
diode parameters are obtained: JO = 4.7 × 10−4 A/cm2,
A = 1.92, rS = 11 � cm2, and Rsh = 825 � cm2. Clearly,
the diode exhibits a large series resistance, which might
be due to a nonoptimal back contact or to poor transport
within the bulk of the (Sb,Bi)2Se3 absorber. The illumi-
nated curve shows a short-circuit current of 18.4 mA/cm2

and a fill factor (FF) of 28.1%, resulting in a power conver-
sion efficiency of 0.7%. A kink in the J -V curve is observed
and might be caused by a barrier present in the device
structure, resulting in a low fill factor. The low open-circuit
voltage of 132.5 mV and the low reverse saturation cur-
rent density (in the dark) of 4.7 × 10−4 A/cm2 indicate a
short carrier lifetime, which needs to be improved to use
the material as a solar-cell device.

However, to use the material as an infrared detector in
a photovoltaic mode, the external quantum efficiency is of
primary interest and is shown in Fig. 7(b). Under short-
circuit conditions, the EQE has a maximum of approxi-
mately 0.5, which might be caused by the barrier blocking
extraction of the photocurrent. For reversed bias volt-
ages, the EQE approaches unity around 600–800 nm,
while losses for higher wavelengths might be caused by
insufficient collection.

The band gap is extracted by linear extrapolation of the
long-wavelength EQE responses and by the derivative of
the EQE [45]. Independent of the bias voltage, the intercept
with the ordinate yields a band gap of 0.933 eV, while the
derivative gives 0.984 eV. These values are consistent with
those obtained from Eq. (8) and a measured composition
for this sample of x = 0.431 yields a direct band gap of
0.939 eV.

V. CONCLUSION

Polycrystalline thin-film (Sb1-xBix)2Se3 layers and pho-
tovoltaic devices are successfully fabricated using a
sequential process, consisting of coevaporation of a pre-
cursor layer followed by ex situ annealing. Single-phase
orthorhombic layers are obtained up to x ≤ 0.6, as deter-
mined by XRD and Raman spectroscopy. For higher Bi
contents (x > 0.6),, the rhombohedral Bi2Se3 phase forms
in addition. Structurally, mainly the lattice parameter, b,
increases upon Bi incorporation, which is along the 1D
(Sb,Bi)4Se6 ribbons. UV-vis-NIR measurements show a
decrease of the direct band gap from 1.182 eV for Sb2Se3
to 0.906 eV for (Sb0.4Bi0.6)2Se3, whereas the indirect band
gap is roughly 30 meV lower, independently of the Bi
content. This shift of the band gap(s) is also observed
in PL measurements, which show band-to-band transi-
tions at room temperature. These measurements show that
the band gap can be decreased by alloying Sb2Se3 with
Bi, and thus, opens up the possibility for its use as a
short-wavelength infrared detector or a bottom cell in a
multijunction photovoltaic device.

Photovoltaic devices are prepared using a CdS/ZnO n-
type window layer as the front contact. Under simulated
AM1.5G illumination, the nonoptimized device produces a
short-circuit current density of 18.4 mA/cm2 and an open-
circuit voltage of 132.5 mV, which makes this material
a candidate for the bottom cell in thin-film multijunction
solar cells. The quantum efficiency under small reverse
bias is above 40% at 1200 nm, where the QE of Si is
already zero, demonstrating the potential of this material
to be applied as an IR detector.
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