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Pnictogen chalcohalide semiconductors are emerging materials with broad potential in energy-related applica-
tions, including solar cells, photocatalysis, photodetectors, batteries, supercapacitors, thermoelectric and
piezoelectric generators. Their compositional flexibility allows fine tuning of structural and optoelectronic
properties. In this study, microcrystalline powders of Sb;4Bi,Sel (x = 0-1) were synthesized from binary pre-
cursors by a solid-state method in evacuated quartz ampoules. Energy dispersive spectroscopy confirmed the
successful substitution of Sb with Bi in Sby.xBixSel. The formation of solid solutions was also supported by Raman
spectroscopy and X-ray diffraction (XRD). All materials exhibited needle-shaped crystal morphologies and
orthorhombic crystal structure (Pnma), regardless of the Bi/Sb ratio. XRD patterns shifted toward smaller angles
with increasing Bi content, indicating lattice expansion. Calculated lattice parameters (b and c) increased linearly
with Bi incorporation, while the lattice parameter (a) remained constant. Raman spectra exhibited characteristic
peaks at 182 cm™! for Bi-Se vibration and 209 cm™! for Sb-Se vibration, with intensity ratios reflecting Bi
content. UV-Vis-NIR diffuse reflectance spectroscopy revealed a direct band gap that decreased from 1.7 eV
(SbSel) to 1.29 eV (BiSel). Room-temperature photoluminescence measurements exhibited a single emission
band, shifting from 1.75 eV to 1.41 eV with increasing Bi content. Ultraviolet photoelectron spectroscopy
indicated a shift in the valence band maximum from 0.44 eV (SbSel) to 1.1 eV (BiSel). These findings highlight
the tunability of Sb;BixSel compounds, offering pathways for optimizing their properties for specific opto-
electronic applications.

1. Introduction held together by weak van der Waals forces. This structural anisotropy

enables efficient charge carrier transport along the chain axis, making

Heavy pnictogen chalcohalides are a recently rediscovered family of
inorganic ternary semiconductors that are earth-abundant and non-
toxic. These materials exhibit unique optoelectronic properties, such
as ferroelectricity [1], high carrier mobilities, and strong anisotropic
charge transport [2]. Due to their properties, pnictogen chalcohalides
have attracted significant interest for use in photovoltaics [3-5] and
other energy harvesting applications [6-9].

SbSel and BiSel share an orthorhombic crystal structure (space group
Pnma) and exhibit a quasi-1D arrangement, consisting of aligned chains

* Corresponding author.
E-mail address: madolc@taltech.ee (M. Dolcet Sadurni).

https://doi.org/10.1016/j.jallcom.2025.182292

them attractive for optoelectronic and thermoelectric applications [10].
SbSel has a band gap energy of approximately 1.72 eV [11], while BiSel
exhibits a lower band gap of around 1.29 eV [12]. Although these ma-
terials are classified as indirect band gap semiconductors, the predicted
difference between the direct and indirect band gaps is approximately
~0.2 eV for SbSel [13] and ~0.1 eV for BiSel [14]. Both materials also
exhibit high absorption coefficients (~10° em™Y) [15], supporting their
potential for efficient light harvesting and energy conversion.
Advanced computational techniques have been used in several
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theoretical studies of the electronic structure of SbSel and BiSel [13,14,
16]. However, experimental investigations have thus far focused only on
the band structure of SbSel [17-20], with no experimental data reported
for BiSel. Understanding the band structure is crucial to selecting
appropriate materials for photovoltaic applications. The optical band
gap defines the theoretical efficiency limit of a solar cell, while appro-
priate band alignment with other cell layers is essential for achieving
optimal device performance. According to the Shockley-Queisser (SQ)
limit, the optimal band gap for a single-junction solar cell under
AML1.5 G illumination is approximately 1.34 eV, corresponding to a
theoretical maximum efficiency of around 33 % [21]. In multi-junction
solar cells, wider band gaps are required to maximize efficiency across
the solar spectrum [22]. For indoor photovoltaics (IPV), where artificial
lighting such as white light emitting diodes (LEDs) is used, an optimal
band gap of 1.7-1.9 eV is desired [23], making materials like SbSel
particularly promising for these applications. A viable strategy for
tailoring the band gap of absorber materials is the synthesis of solid
solutions from two parent compounds, enabling compositional optimi-
zation to achieve desired optoelectronic properties. Partial substitution
of pnictogen cations [16,24-27], as well as chalcogen [28] and halide
anions [29], has been demonstrated in various pnictogen chalcohalides.
In the earlier study by Viskunets et al. [27], the formation of a contin-
uous solid solution of Sb; 4xBixSel with a step x = 0.1 was confirmed by
XRD and differential thermal analysis (DTA), with all compositions
crystallizing in an orthorhombic structure. Additionally, photoconduc-
tivity and optical absorption properties of these solid solutions were
investigated in [26].

The present work aims to use Sb1-xBixSel solid solutions as absorber
materials for various photovoltaic (PV) applications - from lower band
gap compositions suitable for single-junction solar cells to wider band
gaps tailored for tandem devices and IPV systems. However, while the
tunable band gap (1.72-1.29 eV) makes these materials a promising and
environmentally friendly candidate for next-generation energy har-
vesting technologies, further detailed analysis is still required.

In this study, Sb;xBixSel (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) solid so-
lutions were synthesized by a solid-state reaction method to investigate
the effect of Bi content on their structural, optical, and electronic
properties. Increasing Bi content led to a nonlinear narrowing of the
band gap, accompanied by a similar trend in the RT-PL peak emission
energy and a transition in conductivity type. The relative intensity
changes of the Sb-Se and Bi-Se Raman modes correlated with Bi con-
tent, enabling reliable estimation of metal composition in the solid so-
lution using Raman spectroscopy. Changes in energy level alignment
were also examined, and to the best of current knowledge, this study
presents one of the first experimental band diagrams for the Sb; «Bi,Sel
system.

2. Methodology

Sb; xBixSel microcrystalline powders with different values of x
(x =0, 0.2, 0.4, 0.6, 0.8 and 1) were synthesized via a solid-state re-
action route from self-prepared Sb,Ses (5 N), BisSes (4 N), SbI3 (3 N) and
commercially available Bilg (Aldrich, 2 N). The masses of precursors
containing Sb and Bi were calculated and weighed to achieve a total
mass of 1 g with the desired Bi/Sb ratio, then mixed and ground in an
agate mortar to ensure homogeneity and facilitate the reaction. The
mixtures were poured into quartz ampoules (6.5 cm long, 1.2 cm
diameter), degassed under dynamic vacuum, and sealed. The six am-
poules were heated from room temperature (RT) to 225 °C within 3 h
and maintained at that temperature for 24 h. Subsequently, the tem-
perature increased from 225 °C to 440 °C within 5 h, remaining below
the melting temperature of SbSel ~452 °C [30]. The samples were held
at 440 °C for 256 h, followed by natural cooling in air to RT (Fig. S1).
Additionally, the samples with Bi content x = 0.6, 0.8 and 1 were
recrystallized at 480 °C for 472 h to enhance crystallinity and eliminate
secondary phases, including BisSes and Bil as identified by X-ray

Journal of Alloys and Compounds 1037 (2025) 182292

diffraction (XRD) after the initial annealing. The higher recrystallization
temperature was selected for Bi-rich (x > 0.5) compositions due to the
significantly higher melting point of BiSel (Ty;=545 °C [31]) compared
to SbSel. After the synthesis, shiny, grey microcrystals were formed and
settled at the bottom of the ampoules, including larger needle-like
crystals.

A high-resolution scanning electron microscope (HR-SEM Zeiss
Merlin) was used to examine the morphology of the microcrystals. Two
detectors were utilized for this analysis: a high-efficiency in-lens sec-
ondary electron detector, which provided high-contrast surface images,
and an energy-selective backscattered electron detector, which enabled
compositional contrast imaging. HR-SEM Zeiss Merlin equipped with a
Bruker Esprit 1.82 energy dispersive X-ray (EDX) system with an EDX-
XFlash 3001 detector for compositional analysis of the microcrystals.
High-resolution transmission electron microscopy (HR-TEM) images
were acquired using a JEOL JEM-2100F transmission electron micro-
scope equipped with a JEOL JED-2300T Dry SDD energy dispersive X-
ray (EDX-TEM) unit. The acceleration voltage was set to 200 keV. To
characterize the crystal structure and phase composition of the Sb;.
xBixSel solid solutions, XRD was performed using a Rigaku Ultima IV
diffractometer. The diffractometer was operated at 40 kV and 40 mA
with monochromatic Cu Ka radiation (A = 1.5406 [o\) detected by a sil-
icon strip detector (D/teX Ultra). Phase analysis and lattice parameters
were calculated using the PDXL2 Rigaku software. To further investigate
the phase composition of microcrystals, room-temperature micro-
Raman (RT p-Raman) spectroscopy was employed. Raman spectra were
collected using a 532 nm laser with a power intensity of 0.42 mW and a
spot size of 10-20 pm in diameter on a Horiba LabRam HR 800 spec-
trometer equipped with a multichannel CCD detection system in a
backscattering configuration. The same equipment was used to measure
room temperature micro-photoluminescence (RT-PL) in the visible
spectral range. The optical band gaps of the materials were determined
by analyzing the ultraviolet-visible-near-infrared (UV-Vis-NIR) diffuse
reflectance data measured by a Shimadzu UV-3600 two-beam spec-
trometer equipped with a multi-purpose compartment MPC-3100 with
an integrating sphere of the diameter of 60 mm. Measurements were
recorded between 260 and 2600 nm. The X-ray photoelectron spec-
troscopy (XPS) measurements were performed using a Kratos Ultra DLD
setup in ultrahigh vacuum conditions, with the base pressure of 10~°
mbar, with a monochromatized Al Ka anode, having an energy of
1486.6 eV. The surface charging effects were compensated by using both
an electron flood gun during measurement as well as ulterior correction
to the C-C contamination bond at 284.6 eV. Ultraviolet photoelectron
spectroscopy (UPS) was performed using an Axis Ultra DLD photoelec-
tron spectrometer (Kratos Analytical) equipped with a helium discharge
lamp. The He(I) resonance line (hv = 21.21 eV) was used to obtain UPS
spectra, allowing the determination of the work function and valence
band maximum energies of the materials. An ambient Scanning Kelvin
Probe system (SKP5050, KP Technology Ltd, UK) equipped with a 2 mm
gold-covered vibrating tip was used to evaluate the photosensitivity and
conductivity type of all six materials. A semiconductor red laser with a
wavelength of 670 nm and a power of 1 mW was employed to observe
changes in surface potential with illumination.

3. Results and discussion

3.1. Characterization of the morphology and composition of Sb_,Bi,Sel
(x = 0-1) microcrystals

The morphology of the synthesized materials was examined using
SEM. Fig. 1 presents top-view SEM images of Sb; 4BisSel (x = 0-1) mi-
crocrystals, revealing structures consisting predominantly of cylindrical
or prismatic, needle-shape crystals of varying sizes. The crystals range in
length from several tenths of a micrometer to over a millimeter, with
diameters ranging from 10 pm to several hundred micrometers. These
findings align with previous studies [32], based on the growth
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Fig. 1. SEM images of microcrystals of Sby 4BixSel (x = 0-1).

mechanism of AYBV!CY! crystals, where needle-shape structures exhibit
a faster growth rate along the b-axis. A closer examination revealed that
these needles consist of multiple parallel-aligned layers connected along
the a-axis. In addition, clusters of smaller, irregularly shaped crystals
partially covered with nanometer-sized crystals (see Fig. 1f) were
observed. Incorporating Bi into the solid solutions resulted in more
rounded needle-shaped crystals with a greater number of facets (x = 0.8,
1).

For the elemental compositional analysis of the Sb;4BiySel com-
pounds, the samples were embedded in epoxy resin and polished for
cross-sectional examination of the crystal’s bulk. EDX measurements
were performed across multiple regions and crystals within each sample
(Fig. S2), revealing consistent elemental distributions that confirmed
high compositional uniformity. According to the EDX data (shown in
Table 1), the target elemental composition (SbBi = 33.33 %, Se =
33.33 %, I = 33.33 %) was closely achieved throughout the entire series
and the substitution of Sb by Bi was confirmed.

Raman spectra of Sby4Bi,Sel solid solutions were measured from
single microcrystals and are presented in Fig. 2.

The Raman spectra of SbyyBiySel crystals were fitted using Lor-
entzian functions, and the corresponding peaks, displayed in different
colors, are shown in Fig. 2. The Raman spectra of SbSel and BiSel are
consistent with previous reports, exhibiting the highest frequency modes
at 182 cm™? (T'ygiy) and 209 cem! (T'1(spy), corresponding to the Bi-Se
and Sb-Se bonds, respectively, which is in good agreement with [33,
34]. Additionally, peaks at 95, 115, 137, 167, 187 and 213 cm ! were
identified and attributed to SbSel. For BiSel, peaks at 75, 96, 106, 115,

Table 1
Elemental composition of Sb; 4Bi,Sel (x = 0-1) determined by EDX.
Sb,_,Bi,Sel x = Bi/(Sb+Bi) Sb (at%) Bi (at%) Se (at%) 1 (at%)
outcome
SbSel 0 341 - 32.6 33.3
+ 0.7 + 0.4 + 0.4
Sbg gBig.2Sel 0.20 27.0 6.7 32.7 33.6
+ 0.5 +0.1 + 0.4 + 0.5
Sbo.6Big.4Sel 0.40 20.5 13.7 31.3 345
+ 0.5 + 0.3 + 0.4 + 0.5
Sbg 4Big sSel 0.62 13.0 21.1 32.3 33.6
+0.3 + 0.5 +0.4 +0.5
Sbg.oBiggSel  0.81 6.6 27.4 32.5 33.4
+0.2 + 0.6 + 0.4 + 0.5
BiSel 1 - 34.2 32.6 33.2
+0.5 +0.3 +0.3

137, 153, 159, 182 and 186 cm ™! were observed, aligning well with
previous reports [28,35,36]. Peaks at lower wavenumbers (75 and
96 cm™1) are attributed to Bi-I bonds and those at 153, 159, 182,
186 cm ™! to Bi-Se bonds. The cationic substitution of Sb with Bi in the
Sb; «BixSel microcrystals clearly influences the Raman modes. Varia-
tions in the Bi content in Sb;. «\BiySel resulted in changes in the relative
intensities of the I';(g;) and I';(sp) vibrational modes. The presence of two
distinct modes, rather than a single average mode, in the solid solutions
of x =0.2-0.8 indicates Raman bimodal behavior, similar to that
observed in the Bi; 4SbySI system [24] and as reported for Sbg sBip sSel
[25]. As the Bi content increases, the relative intensities of the two main
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Fig. 2. Normalized Raman spectra of Sb;..BixSel (x = 0-1) microcrystals
(dots). Fitted spectra (black line) using Lorentzian functions.

peaks of SbSel and BiSel change (see Fig. 3), allowing the estimation of
the content of metal atoms in the solid solution with relatively high
accuracy by Raman spectroscopy. To verify that microcrystal orientation
does not affect the Raman measurements, a polarization-dependent
study was conducted by varying the microcrystal alignment relative to
incident polarized laser. The relative intensities of the Bi-Se and Sb-Se
peaks remained constant, confirming the polarization independence of
the measurements (Fig. S3).

XRD patterns of Sb;BiySel were recorded and are presented in
Fig. 4a. The reflections obtained were compared with data cards of SbSel
(ICSD # 01-076-1354), BiSel (ICSD # 01-070-4693), Sbg 7Big 3Sel
(ICDD # 00-065-0522), and Sbg 3Big 7Sel (ICDD # 00-066-0065). All
peaks align with their expected positions. The position of the reflections
gradually shifted to lower angles as the Bi content in the solid solutions
increased. For example, the diffraction peak belonging to the reflection
of 112 shifted from 29.4° to 28.9° (Fig. 4b). A similar behaviour was also
observed for BiSBrj Iy solid solutions [37].
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[ |

0.04 ||

—
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Fig. 3. Ratio of the intensities of the main Raman peaks corresponding to the
Sb-Se (209 cm™1) and Bi-Se (182 cm™!) modes.
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The lattice parameters for all materials were calculated and pre-
sented in Fig. S4. The orthorhombic space group Pnma was identified for
BiSel, SbSel and all intermediate solid solutions. A 3.4 % increase in unit
cell volume was observed upon full substitution of Sb with Bi, consistent
with the larger atomic radius of Bi compared to Sb and is in good
agreement with previous studies [14,19,25]. The expansion is aniso-
tropic: the unit cell parameters b and c increase with higher Bi content,
while the parameter a remains nearly constant (see Fig. S4). Both pa-
rameters a and b follow the Vegard’s law, exhibiting a linear dependence
on Bi content.

The morphology, crystal structure and elemental composition of
solid solutions were also characterized by HR-TEM, TEM-EDX and XPS
(Table S1).

From the morphological perspective, all samples exhibit large mi-
crocrystals (Fig. 5a) that tend to be elongated and have straight edges
(facets), formed by specific crystallographic planes. The HR-TEM image
reveals that the ribbons align along the long axis of the rods (Fig. 5b). A
magnified image of the area shown in Fig. 6b demonstrates a continuous
crystalline layer without visible grain boundaries or structural defects
such as dislocations (Fig. 5¢). The diffraction points indicated in Fig. 5d
correspond to the following lattice planes and interplanar distances:
(010) - 4.22 A, (11-1) -3.57 A, (10-1)-6.72 A. The orientation of the
crystallite is such that the zone axis [101] is parallel to the electron beam
for x = 0.8. The selected area diffraction (SAED) pattern revealed a
single set of diffraction spots for all solid solutions, confirming their high
crystallinity. Fig. 5d illustrates the lattice planes corresponding to Sb;.
«BixSel with x = 0.8.

An orthorhombic crystal structure with Pnma space group was found
for all solid solutions by SAED, in agreement with XRD results. The
lattice parameters of the Sby xBixSel powders with x = 0.2, 0.4, 0.6 and
0.8 were determined using SAED and compared to XRD (Fig. S4). While
the SAED measurements provided detailed structural information from
individual single crystals, slight discrepancies were observed with XRD
results. These differences arise from the fact that SAED was conducted
on microcrystals, whereas XRD data were obtained from ground powder
samples.

TEM-EDX analysis has been done on microcrystals from solid solu-
tions. The EDX maps reveal that all elements are homogeneously
distributed in the areas analysed (Fig. 6). The TEM-EDX results are
consistent with the expected stoichiometric ratio ((Bi,Sb):Se:I = 1:1:1)
and agree with the SEM-EDX results (Table S1). However, discrepancies
between SEM and TEM measurements emerge as the Bi molar fraction
increases. Specifically, the Bi content measured by TEM-EDX is higher
than that measured by SEM-EDX. This discrepancy can be attributed to
the differences in acceleration voltage: 20 keV for SEM-EDX and
200 keV for TEM-EDX. The higher sensitivity of SEM-EDX at 2.3 keV (Bi
M line) compared to TEM-EDX can explain the variation in Bi content.
Consequently, SEM-EDX results are considered more reliable because of
their greater sensitivity in this energy range. The elemental composition
of the solid solutions was also investigated by X-ray photoelectron
spectroscopy measurements. The XPS results are included in Table S1 for
comparison. As expected, some discrepancies arise between EDX and
XPS data due to the fundamentally different probing depths of the
techniques - EDX being bulk-sensitive, while XPS probes only the top
~5-10 nm of the surface. Moreover, the quantitative interpretation of
XPS data is limited by several factors, including surface geometry, peak
intensity, the reliability of relative sensitivity factors, surface volume
homogeneity, and potential sample degradation during analysis. Addi-
tional challenges arise from the heterogeneous nature of the poly-
crystalline samples, variations in surface composition, and possible
contamination [38]. Despite these limitations, the XPS data qualitatively
confirms the presence of all constituent elements and shows reasonable
agreement with the stoichiometric trends observed by EDX. These re-
sults support the overall elemental composition and confirm the con-
sistency of the solid solution series.



M. Dolcet Sadurni et al.

Journal of Alloys and Compounds 1037 (2025) 182292

(I T T T

I
g BiSel ICSD # 01-070-4693

112

(b) |

T
(a)
~ | g -
5 T S x=1
g £
8 J x=0.8
> > _//\_/_;
% x=0.6 g | N\ x08]
2 T
£ S
o x=0.4 ) x=0.4
0] (9]
N N
‘_E - TE“ PN x=0.2
S g = & s | -
< = 8 5 =0 = B Nl
_
‘II SbSel ICSD # 01-076-1354 ‘ s
1 il [ [ | B | 1 L
T T T T T T T
10 20 30 40 50 60 70 285 29.0 29.5 30.0

26(°)

26(°)
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Fig. 5. (a) Low maginification TEM image, (b) HR-TEM image indicating the area that was magnified in (c) where the lattice planes (10—1) and (010) were

illustrated and (d) SAED corresponding to Sby 4Bi,Sel with x = 0.8.

3.2. Characterization of optical properties of Sby.xBi,Sel (x = 0-1)
microcrystals

RT photoluminescence analysis revealed a single, asymmetric emis-
sion peak for all solid solutions, as shown in Fig. 7. The observed band
shape is characteristic of band-to-band recombination, where the high
energy side is mainly determined by the Fermi distribution, while low
energy side reflects the density of states function. A more detailed dis-
cussion of this shape is provided in [12]. The peak maxima, determined

by fitting the spectra with Split Pseudo-Voigt functions, shifted
non-linearly from 1.75 eV for SbSel to 1.41 eV for BiSel. These values
are consistent with previously reported optical band gap energies for
SbSel [11] and BiSel [12].

UV-Vis-NIR diffuse reflectance spectroscopy was conducted on the
samples in the form of a pressed microcrystalline powder, following the
methodology described in [12]. The diffuse reflectance data were
analyzed using the Kubelka-Munk function (Eq. 1) to determine the
optical band gaps of the solid solutions,
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Fig. 7. Room temperature photoluminescence spectra of Sby4Bi,Sel (x = 0-1)
microcrystals.

(1 - ROO)Z

F(Rw) =—5p

(€8]

~a,
where R, is the absolute diffuse reflectance. For optically thick samples,
F(R,) can be approximated as the absorption coefficient a. When
plotted against the photon energy, this function enables for band gap

determination by identifying linear regions that intersect the energy axis
(see Fig. 8). The optical band gaps were extracted using the Tauc

[FRNVEF (eV2)

i T T
1.2 1.3 /1.4 1.5 1.6 1.7 1.8

hv (eV)

Fig. 8. Optical band gap determination from Tauc plots: extrapolation of the
linear least squares fit of [F(R)hv]? vs hu for Sby,BiSel (x =0-1)
microcrystals.

relation:

(F(Ro)hw )" = A(h — Ey). 2
where A is a constant, h the Planck’s constant, v the photon frequency
and E, is the optical band gap. The value of factor n is ! for direct
transitions and 2 for indirect transitions. Band gaps of all solid solutions
were estimated using n = !4, assuming the presence of direct band gaps.

The optical band gap of Sb;.4BixSel solid solutions can be precisely
tuned by adjusting the Bi/Sb ratio. The experimentally measured band
gap values range from 1.7 eV for SbSel to 1.29 eV for BiSel (Fig. 8) are in
good agreement with previously reported values 1.72eV [11] and
1.29 eV [35,39], respectively. In an earlier study, an almost linear
decrease of Eg was detected with increasing x value [26]. In contrast, our
samples exhibit a nonlinear decrease in band gap with increasing Bi
content, as shown in Fig. 9, indicating a characteristic band gap bowing
effect. Similar nonlinear behaviour has been reported in other chalco-
halide solid solutions, such as Bi;_xSbySI [24], as well as in Sby(SySe1.x)3
[40] or AgyCuy xGaSey [41]. This nonlinear behaviour is often attributed
to local structural distortions upon substitution, including atom dis-
placements, clustering, or localized states in the band gap. It can also
arise from increased spin-orbit coupling when heavier atoms (Bi)
replace lighter (Sb) ones. The optical bowing effect in semiconductor
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Fig. 9. Optical band gap values (blue squares) along with the maximum
emission energy (Enq,) from photoluminescence spectra (red squares) for Sb;.
xBixSel (x = 0-1) microcrystals as a function of the Bi/Sb ratio.

alloys is linked to differences in atomic electronegativities and internal
structural relaxation - specifically, changes in bond lengths and angles
[24,40].

Fig. 9 shows the optical band gap values and RT- PL peak energies
(Emayx) as a function of the Bi/Sb ratio in Sby_4BiySel (x = 0-1). A similar
nonlinear trend is observed for both parameters. In SbSel, the PL peak
energy is only 0.05 eV above the band gap, whereas Bi incorporation
leads to a consistent offset, with the PL emission remaining approxi-
mately 0.11 eV higher than the direct band gap across all Bi-containing
compositions. This behaviour, previously reported for BiSel [12], is
commonly observed in different semiconductors [42,43].

To investigate the impact of Bi incorporation on the band structure of
Sby xBixSel, a UPS study was conducted across the entire series. Selected
microcrystals from each solid solution were analyzed.

The work function (®) of the Sb;_4Bi,Sel compounds was determined
from the secondary-electron cutoff energy obtained in UPS measure-
ments using He(I) excitation, as described by Eq. (3)

D =hy— Ecutoff (3)

(@)

x=1

Normalized intensity (arb. u.)

19 1]8 17 1I6 15 1|4 13
Binding Energy (eV)
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where @ is the work function, hv represents the excitation energy of the
He(I) line (21.21 eV), and Ey,f corresponds to the secondary-electron
cutoff energy, marking the end of secondary-electron emission at the
high binding energy side of the spectrum (Fig. 10a). The work function is
defined as the minimum energy required to remove an electron from the
Fermi level (Ef) to the vacuum level (Eyac) [44].

The valence band edge (Eygy) was determined from the UPS spec-
trum in binding energy scale by linearly extrapolating the intersection of
the low-binding-energy onset to the baseline (Fig. 10b). Here, Eygy
denotes the energy difference between the valence band maximum and
the Ep. Combined with the optical band gap values obtained from
UV-VIS-NIR measurements, these data were used to estimate the
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Fig. 11. Experimentally determined band diagram of Sb;BisSel (x =0-1)
solid solutions, illustrating the compositional dependence of work function,
valence band edge, and band gap energy.
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Fig. 10. Ultraviolet photoelectron spectra (UPS) of Sb; 4BiySel (x = 0-1) shown in the binding energy scale. (a) High binding energy region highlighting the sec-
ondary electron cutoff (Ecuof). (b) Low binding energy region showing the valence band onset used to determine the valence band edge (Eygp).
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position of the valence band relative to the vacuum level and to
construct the experimental energy band diagram of the Sb;.«BixSel sys-
tem (Fig. 11).

The UPS study showed that increasing the Bi content in Sb; «BiySel
shifted the Eypy from 0.44 eV to 1.1 eV, indicating a movement of the
Fermi level toward the conduction band. Similar shift in Eypgys has been
reported in other solid solution systems, such as CZT(S,Se) [45]. A
transition in conductivity type from p-type to n-type was observed when
the Bi content exceeded 0.2 (x = 0.2), see Table S2. Despite reports of
n-type conductivity for SbSel in the literature, the present findings
suggest that the conductivity type is strongly influenced by composition.
Comparable work function and band gap values are reported in [20],
although the obtained Eypy is considerably lower in that study.
Although experimental data for BiSel are limited, the theoretical studies
predict a comparable band gap (1.29 eV) and Eygy,, differing by only
0.1 eV from the values determined in this work [14]. Scanning Kelvin
Probe measurements performed on all six solid solutions revealed a clear
photosensitive response under red laser illumination. For Sb-rich com-
positions (x =0, 0.2, 0.4), the contact potential difference (CPD)
increased upon illumination, whereas a decrease in CPD was observed
for Bi-rich compositions (x = 0.6, 0.8, 1) (Fig. S5). This contrasting
behaviour indicates a possible transition in conductivity type from
D-type to n-type as the Bi content surpasses that of Sb, consistent with the
findings from UPS analysis.

4. Conclusions

Solid solutions of Sb; 4BiySel (x = 0-1) have successfully synthesized
from SboySes, BisSes, Sbls and Bils precursors, forming microcrystals
with needle-shape structures. EDX analysis confirmed the progressive
substitution of Sb by Bi across the series. The formation of predomi-
nantly single phase of Sb; 4BixSel solid solutions was confirmed by RT-
Raman spectroscopy and XRD, which revealed an orthorhombic crys-
tal structure (Pnma) for all compositions. The relative intensity changes
in Sb-Se and Bi-Se Raman modes correlated with Bi content in Sbq.
xBixSel, offering a spectroscopic indicator of composition. Optical
characterization demonstrated that increasing Bi incorporation reduced
nonlinearly the band gap from 1.7 eV (SbSel) to 1.29 eV (BiSel), posi-
tioning the material within the optimal energy range for photovoltaic
absorbers. RT-PL exhibited a nonlinear shift in peak emission energy
(Emax), from 1.75eV to 1.41 eV across the series. UPS revealed a
downward shift in Eypy with higher Bi content, accompanied by a
transition from p-type to n-type conductivity as indicated by both UPS
and Scanning Kelvin Probe measurements. These findings highlight the
tunable optoelectronic properties of Sby4BixSel, underscoring their po-
tential in diverse photovoltaic applications. In particular, the composi-
tion Sby 4Big ¢Sel with Eg = 1.34 eV, is well suited for use as an absorber
layer in single junction solar cells. Conversely, SbSel, with its higher
band gap, is a promising candidate for indoor photovoltaic devices or as
top absorber in tandem solar cell architecture.
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