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Abstract

Photo-reactive self-healing semiconductors with suitable bandgaps for solar energy conversion offer
an intriguing path to making resilient and low-cost photovoltaic devices through the introduction of a
self-recovery path. However, only few inorganic photovoltaic materials have such quality, and the
underlying chemical properties that enable it are unknown, which poses a significant limit to our ability
to study and discover new self-healing semiconductors. Recently, we have found antimony
trichalcogenide (Sb.Ses, Sb,S3) and chalcohalides (e.g., SbSel) can undergo a reversible photo-induced
phase transition (PIPT) in which the structure is restored after photo-induced damage is incurred to
the materials. This group of materials offer a unique opportunity for studying PIPT and its limits. In
particular, this group of materials facilitates the study of functional permutation to specific crystalline
sites, and to finding the limits of PIPT occurrence, which sheds light on the origin of the PIPT and self-
recovery of this class of materials. We found that PIPT magnitude decays upon gradual Bisy
substitution in a Sb,.«BixSes homologous series, until nearly one in five Sb ions is substituted with Bi.
Then, PIPT diminishes completely. The homologous series occurs along a transition from a covalent to
metavalent chemical bonding. By expanding our search, we find a correlation between bonding type
and photoreactivity does exist but is an insufficient condition. Instead we suggest that sufficient
bonding states at the bottom of the conduction band are also required. This study pushes the limits
of designing self-healing inorganic semiconductors for various applications and provides tools to

further expansion.
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Introduction.

Inorganic semiconductors are integral to the advancement of electronic and energy devices. Yet, their
susceptibility to degradation over time presents significant challenges, necessitating innovative
approaches to enhance device resilience and sustainability. Traditionally, enhancing material stability
has been the primary strategy to impart resilience. Recent research has highlighted the potential of
leveraging inherent or induced chemical dynamics to enable self-healing capabilities in inorganic
semiconductors.*

Drawing inspiration from biological systems, in which organisms naturally repair damage, the
concept of self-repairing/healing in materials science refers to a material's ability to autonomously
mend defects during its operational life. Self-repair has been extensively explored in organic soft
matter and, to a lesser extent, in metals and selected ceramics.?™ A relatively mature understanding
of this domain is based on the flexible and dynamic nature of metals and organic molecules. However,
conventional inorganic semiconductors have a very different landscape, owing to their rigid and
crystalline nature. As a result, it is difficult for these materials to self-repair and heal, and literature on
self-healing in inorganic semiconductors is scarce. Nonetheless, in recent years, there has been
rejuvenated interest in self-healing in semiconductors that can be partly attributed to discoveries in
halide perovskites (HaPs).}>'” These materials, known for their optoelectronic properties and use,
have demonstrated intriguing defect dynamics that lead to the ability to self-heal various defects.'®2°
However, owing to the small number of available examples of self-healing semiconductors, finding
common chemical features and connecting composition/structure and self-healing remains
challenging. Furthermore, finding new mechanisms for self-healing has been elusive.

Solar cell devices exhibit photoinduced chemical dynamics that can lead to self-recovery in their
structure or photovoltaic response.?r™ Investigations have spanned various materials, including
silicon, hydrogenated amorphous silicon, transition metal dichalcogenides, and halide perovskites
(HaPs), and more recently, main group metal chalcogenides.?*3¢ Notably, materials such as
germanium diselenide (GeSe,)**** and arsenic trisulphide (As,S3)?”*¢ have demonstrated reversible
photo-induced phase transitions (PIPT) from glassy to crystalline structures. The ability of these
materials to revert to their original structure and photoelectronic properties post-stimulus
underscores the importance of PIPT in self-healing processes.

Ceratti et al. have made significant contributions to our understanding of self-healing in
semiconductors, particularly through their studies on photoluminescence bleach recovery in APbBr3
single crystals (A = CHsNH**, methylammonium (MA); HC(NH,)?*, formamidinium (FA); and cesium,
Cs*).1>% By employing two-photon microscopy, they induced damage within the crystals and observed

the recovery process, revealing distinct behaviors among different perovskite compositions. Their
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findings suggest a mechanism involving polybromide species, enhancing our understanding of
reversible photobleaching in HaPs. Further, their research distinguished between surface and bulk
degradation and healing processes, supported by density functional theory (DFT) simulations,
highlighting the role of various cations and the Brs~ defect in passivation.

Despite these advances, our grasp of the chemical mechanisms underlying PIPT remains incomplete.
The scarcity of semiconductors known to undergo reversible PIPT limits our ability to fully exploit this
phenomenon for self-healing purposes. Not all materials exhibit PIPT, prompting a need for
delineation between those that do and those that do not, which is crucial for guiding the search for
new PIPT-capable and self-healing semiconductors.

A recent discovery in the field of quasi-one-dimensional antimony-based semiconductors, such as
SbChl and Sb,Chs, where Ch represents selenium or sulfur, has expanded our possibilities.3*> These
antimony-based chalcogenides and chalcohalides offer a promising avenue for further research, given
their tunable composition and preservation of crystal symmetry, which facilitates the exploration of
chemical bonding's impact on PIPT. These materials are not only potent light absorbers but have also
shown notable photovoltaic performance, achieving a record power conversion efficiency of 10.5%.3%
40

This paper examines how novel concepts of chemical bonding correlate with the propensity of
materials to undergo PIPT. By analyzing PIPT characteristics, such as threshold energy and
intermediate species across a pseudo-binary alloy series, we explore the transition from covalent to
metavalent bonding. This analysis sheds light on bonding behaviors previously linked with phase-
change materials and thermoelectrics, providing a framework to inspire future research in this

domain.
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Experimental details

Materials. Bismuth selenide (Bi,Ses, 99.995%, Alfa Aesar), antimony selenide (Sbh,Ses, 99.999%, Alfa
Aesar), germanium selenide (GeSe,99.999%, American Elements), antimony (Sb, 100 mesh, 99.5+%,
Sigma Aldrich), Sulfur (S, 99.5+%, Acros Organics), Ethanedithiol (EDT, Alfa Aesar), Ethylenediamine
(en, Acros Organics). Fluorine-doped tin oxide (FTO) glass of 8-10 Q sq? sheet resistance was
purchased from XOP Glasses. Nitrogen and Argon flows were used in ultra-high purity (UHP) grade

(99.999%). All chemicals were used as received without any further purification.
Preparation of Sh,Se; and (BixSbi.x).Ses thin films.

Bi»Ses; and Sbh,Se; powders (total mass of 160 mg) with various concentration ratios were gently ground
with an Agar mortar and pestle for 1-2 min in air, each powder mixture was prepared individually.
The powder mixtures were then transferred to a glass vial and mixed with a vortex mixer for 1 min to
form a homogenous source material. After that, powder mixtures with different concentrations were
added to the individual pockets of graphite source plate. After all the source materials were placed in
the graphite source plate, it was loaded to the close-spaced sublimation (CSS) system and kept under
high vacuum (~10°® mbar) overnight. A ceramic spacer was placed in between the graphite source and
top plate and the distance between source to FTO substrate was kept 10 mm. Bi,Ses—Sb,Se; powder
was heated to 575 °C and 590 °C with a ramp rate of 5 °C s%. After holding at the set point temperature
for 3 to 4 minutes, the lamp power was switched off, and the system was allowed to cool naturally.
During the deposition process, the chamber pressure was ~10% mbar and substrate temperature were
465-500 °C and 465-530 °C for a source temperature of 575 °C and 590 °C, respectively. During the
film deposition, the substrate remains hot enough which causes the Se re-evaporation from the film,
leading to a higher Se deficiency closer to the substrate. As the film continues to grow, this effect is

suppressed, and Se deficiency is reduced.

Deposition of Sb,S; and (BixSb1.x)2S3

We prepared Sb-S ink by dissolving 1.65 mmol (201.8 mg) Sb powder and 2.48 mmol (79.4 mg) S
powder in 2.64 mL of ethylenediamine (en) and 6.6 mL of ethanedithiol (EDT) in a Nx-filled glovebox.*
Similarly, (BixSb1.x)2S3 samples were prepared by varying the Sb and Bi,03 concentrations, keeping the
en, EDT, and S concentrations unchanged in the solutions. To achieve x = 0.25, 0.5, and 0.75
compositions, 151.4, 50.5, and 10.1 mg of Sb, and 96.5, 289.2, and 366 mg of Bi,Os; were used,
respectively. All the solutions were stirred at 65 °C for 2 hours for complete dissolution and were

filtered with a 220 nm PTFE syringe filter before spin-coating at 3000 RPM for 30 s. The spin-coated
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samples were then annealed at 300 °C under the N, environment for 10 min with a ramp rate of 3.33

°C/min.

Preparation of SnS and PbS thin films. Thin films of orthorhombic and cubic SnS were prepared as
described by Noy et al.*? Similarly, the PbS thin films were deposited using a chemical deposition

method.*?

X-Ray Diffraction. Structural information (crystal phase and crystallinity) of as-deposited films were
examined by using a X-ray diffractometer (PANalytical multi-purpose Empyrean II) with Cu Kq (A =
1.54 A) radiation source with the X’celerator position sensitive detector. The diffractograms were

collected at 40 kV voltage and 30 mA current, using a scan rate of 3° per min.

Scanning Electron Microscopy. The morphology, compactness, and EDS (energy dispersive
spectroscopy) of the thin films were studied by Verios XHR 460L scanning electron microscope (SEM)
equipped with an EDS detector for the compositional analysis. Accelerating voltages of 5 kV and 10 kV

were used for imaging and compositional analysis, respectively.

Raman Spectroscopy. Raman spectroscopic measurements were carried out using a confocal Raman
(Horiba LabRam HR Evolution). Raman spectra were recorded by using a 532 nm laser, 100 um
confocal microscopic hole, 600 grooves mm™™ grating, and a 50x objective lens. A Si reference Raman
peak positioned at 520.5 cm™ was used for calibration and all the spectra were collected from 60 to

500 cm* with an acquisition time of 60 s.

Transmission Electron Microscopy. Scanning transmission electron microscopy (STEM) studies were
done with a Thermo Fisher Scientific Spectra 200, using an accelerating voltage of 200 kV with high-
angle annular dark-field (HAADF) detector. EDS data was obtained with a Super-X detector. To perform
an in-depth composition analysis, a cross-section of a sample in a FTO/SnO,/(Bi\Sbix).Ses/Au
configuration with 42% Bi concentration was prepared with a dual beam focussed ion beam (FIB) and
examined using a HRTEM equipped with EDS detector on a Helios G4 UC system. The cross-section
was polished with 30 kV voltage and 0.9 nA current, and afterwards, 5 kV voltage and 40 pA current

were used. TEM lamella was cleaned by oxygen/nitrogen plasma.

X-Ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS) was carried out in a
Thermo Scientific ESCALAB 250 in an ultra-high vacuum chamber employing an Al Ka excitation source,
and a 650 um spot size. The samples were etched by Ar clusters (6 keV energy with a cluster size of
500) for 60 s to remove the surface oxygen and spectra were collected before and after etching. All
core level peaks were adjusted with respect to C 1s (by taking Cls peak at 284.8 eV), and CasaXPS

software was employed to analyse the results.
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Computational details

Density functional theory calculations using plane wave basis sets were done using the Quantum
Espresso program package.** We employed Projector Augmented Wave (PAW) type pseudopotentials
and PBESol functional.*>*® The required pseudopotentials were obtained from the Materials Cloud.*’
Kinetic energy cut-off greater than the minimum recommended value was chosen, and the charge
density cut-off was set to four times the kinetic energy cut-off. The projected density of states (PDOS)
calculations were performed with a k-spacing of 0.15 A%; gaussian smearing with a degauss value of
0.005 was employed. The k-path selection for band structure calculations were done using the
Xcrysden software.*® Band structure and PDOS calculations were also done by incorporating the spin-
orbit coupling effects. Grimme’s D3 dispersion correction is used in all the calculations.* The
convergence thresholds for SCF, total energy (for ionic minimization) and force are set as 1.0E-06,
1.0E-04, and 1.0E-03, respectively. Projected Crystal Orbital Hamilton Population (pCOHP) analysis to
analyse the nature of interactions around the Fermi level, is performed using the program

LOBSTER.>%>!
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Results

Bi>Ses—Sh,Se; pseudo-binary alloy homologs are expected to undergo a transition from covalent to
metavalent bonding with increasing Bi content.>?> Bi-alloying in the (Bi, Sb),Chs with an orthorhombic
stibnite crystal structure (Fig. 1) is feasible up to Bi/Sb = 1 for (Bi, Sb).Se; and throughout the full
composition range for (Bi, Sb),Ss. Furthermore, according to previous studies, Bi atoms preferentially

substitute the Sb at the Sb1 site in (Bi, Sb),Ses lattice.>®

(A) aw - B
Coomp . Cogmp
ST

Figure 1. Crystal structure of Sb,Ses; and Bi-alloyed antimony selenide, (BixSbix).Ses. (A) In Sb,Ses
structure, brown spheres are assigned to Sb, and green spheres are assigned to Se atoms. The dark
and light brown spheres are indicating Sb1 and Sb2 sites. Three Se sites are depicted by three shades
of green colour. (B) In (BixSbi«)2Ses structure, substituted blue spheres are corresponding to the Bi

atoms in the lattice. Bi atoms preferentially go to the Sb1 site in Sh,Ses lattice.*®

Deposition of (BixSb1.x).Ses thin films with 0 < x <0.42. We fabricated the Bi alloyed antimony selenide
thin films using CSS and examined the films’ structure, morphology, and composition using X-ray
diffraction (XRD), SEM-EDS, XPS, and cross-section TEM. The morphology of as-deposited films can be
inferred from the SEM images in Fig. 2. Thin films, up to ~500 nm thick, with apparent grain size of 80-
320 nm were deposited. Increasing the Bi,Ses/Sh,Ses ratio in the CSS source powder resulted in a
smaller average grain size (Figs. 2D and S1), which is understandable as Bi-alloys melt at a higher
temperature than antimony selenide. Therefore, grain growth occurs at higher temperature.>”*® The
lower vapor pressure of Bi,Ses required a temperature of 590°C instead of 570°C in order to deposit
films with Bi content 0.19 < x < 0.42. Consequently, these films had a larger average grain size due to
higher substrate temperature. XPS, SEM-EDS, and TEM-EDS data discussed later confirm that

increasing the Bi,Ses/Sh,Ses ratio in the source powder indeed resulted in a higher Bi content in the

https://doi.org/10.26434/chemrxiv-2024-b74fc ORCID: https://orcid.org/0009-0007-7969-3071 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-b74fc
https://orcid.org/0009-0007-7969-3071
https://creativecommons.org/licenses/by-nc-nd/4.0/

deposited films, and that the metal/chalcogenide ratio is slightly Se deficient or close to stoichiometric

value and is within a 1.43 <y < 1.5 range in all the films we studied.

0147911141942
% Bi {xp;/(XptXg)* 100}

Figure 2. Scanning electron microscopy (SEM) images of bismuth-alloyed antimony selenide thin films.
Cross-sections of the films are shown in the insets. Films shown in (A) and (B) were deposited at 575
°C temperature, whereas film in (C) was deposited at 590 °C. Films’ thickness are shown by dashed
white lines in cross-section images (inset). (D) Grain size was calculated from SEM images by using

Imagel software. The average grain size was calculated by sampling 120 grains from each sample.

Wide-angle XRD of the thin films (Fig. 3A) confirms that the orthorhombic crystal structure is
maintained throughout the compositional space investigated, and it matches the powder diffraction
pattern of Sb,Se; (ICSD ref no. 194836). In the deposited films, we did not find evidence of secondary
phases such as metal oxides or Bi,Ses. Selected area electron diffraction (SAED) pattern (Fig. 4D) of
film with x = 0.42 depicts that the grains making up the film are highly crystalline and the phase
matches that of orthorhombic Sh,Ses, in agreement with the XRD results. Furthermore, comparing the
diffractograms of the various Bi-alloyed films (Fig. 3A), we observed a shift with higher Bi content

towards lower 26 values in reflections from (hk1) planes, such as (221) and (301) (Fig. 3B). This is
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consistent with Bi substitution of the smaller Sb ions. Notably, we did not observe any noticeable shifts
in reflections from (hk0) planes, such as (020) and (120) (Fig. 3C). Kyono and Kimata®® studied the Bi-
alloying in the (Bi,Sb).Ss3, which has an orthorhombic crystal structure similar to Sb,Ses. They suggested
that the larger volume of the Sbl is a favorable site for Bis, substitution since it has a larger

coordination polyhedron than that of the Sb2 site in the (Bi,Sb),Ss.
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Figure 3. X-ray diffractograms of thin films of Bi-alloyed antimony selenide thin films with various Bi
concentrations (x = 0, 0.01, 0.07, 0.11, 0.19, and 0.42). (A) A wide 2-theta scan showing the match
between the diffraction pattern of the thin films with that of powder diffraction of antimony selenide
(ICSD card no. 194836). No peaks associated with Bi,Ses (ICSD card no. 165226) can be found. (B) A
magnification of the 30.0-32.5 20 range. The reflections from (221) and (301) planes shift to smaller
angles, in agreement with the substitution of Sb by the larger Bi ion. (C) A magnification of the 14.0-
19.0 26 range showing that the (020) and (120) planes did not shift upon Bis, substitution.

Next, we discuss the film composition and homogeneity. SEM-EDS results show that the thin films are
slightly Se deficient or stoichiometric with Se/(Bi+Sb) ratio of 1.44-1.5, regardless of Bi content, which
is in agreement with XPS analysis after short Ar-cluster cleaning (prior to cleaning, the top surface
showed oxygen content of 5-6% while oxygen content redacted to 1-2% after cleaning; Table S1-2 and
Figs. S2-4). XPS analysis revealed that the Bi/(Bi+Sb) ratios match the SEM-EDS analysis after cleaning.
Before cleaning, the top surface had lower Bi/(Bi+Sb) ratios. For example, the Bi/(Bi+Sb)afer was 0.11
+ 0.01 and Bi/(Bi+Sb)before Was 0.06 £ 0.03, and in a film with a higher Bi content, Bi/(Bi+Sb)afer Was
0.42 + 0.01, while Bi/(Bi+Sb)pefore Was 0.31 = 0.03. We also performed a nanoscale compositional
analysis at three different locations within the film (marked in Fig. 4A) using STEM-EDX of cross-
sections of the film. Namely, we studied the composition (a) close to the substrate, (b) near the center
of the film, and (c) close to the top surface. We found that the films were consistently slightly Se
deficient, and that the Se content slightly increases towards the top surface [at (a) Se/(Bi+Sb) = 1.43;
at (b) and (c) Se/(Bi+Sb) = 1.47]. Bi/(Bi+Sb) ratio was similar in all locations and matched the values of
SEM-EDS and XPS for the same films. Lastly, we examined the near grain boundary region, which
revealed a near-homogeneous elemental distribution across the grain boundary without evidence of

amorphization or phase segregation.
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Figure 4. Transmission Electron Microscopy. (A) Low-maghnification image of 42% Bi-alloyed antimony
selenide thin film. The deposition direction is shown by a white arrow, and the locations where
elemental analysis is performed are labeled as a, b, and c. (B) High-angle annular dark field (HAADF)
image of a cross-section of a (BixSb1.x).Ses with x = 0.42 at a grain boundary. (C) In the EDS elemental
mapping of Bi, Sb, and Se, the region of interest is marked by a white dashed rectangle. (D) The
selected area electron diffraction (SAED) pattern of the single grain (shown in the inset) is depicted.
(E) Line profile of the net EDS counts signals of Sb, Bi, and Se, taken from the region indicated in (B),
across the grain boundary. (F) and (G) Elemental composition of (BixSbi.x).Ses with x = 0.42 measured

by SEM and TEM at locations a, b, and c.

The Raman spectrum of a Sh,Ses thin film (Fig. 5) shows five main peaks at 98, 128, 151, 190, and 210

cmt. The most prominent peak is evident at 190 cm™ and corresponds to Sb-Se vibrations, while the

12
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peaks at 98, 128, and 210 cm™ relate to Se-Se vibrations, and the peak at 151 cm™ is due to Sb-Sb

vibrations. 0-%3

W Sb,Se; Ox=0.42 X

® x=0.01 i
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Figure 5. Raman spectra of bismuth-alloyed antimony selenide with different Bi concentrations, x =0,
0.01, 0.11, 0.19, and 0.42. A dashed arrow shows the shoulder peak's emergence and shifting at ~176
cm™. The width of the peak ~190 cm™increases with the Bi concentration in the films. All the spectra

are collected with 0.36 mW laser intensity using a 532 nm excitation wavelength.

After Bi incorporation in the antimony selenide films, we observe a shoulder peak emerging near 176
cm?, corresponding to Bi-Se vibrations.>>®*%> This peak shifts to a lower frequency as Bi concentration
increases. The shift towards lower frequency occurs since the vibrational frequency is inversely
proportional to the reduced mass. Therefore, a higher mass will shift the vibrational frequency to
smaller values.>® In addition, the intensity of 151 cm™ fades with Bi concentration increase. The

decrease in 151 cm™ peak intensity is due to Bi substitution at Sb sites.

The results thus far indicate that the (Bi.Sbi):Ses alloy films we deposited using CSS have high
crystalline quality without evident sub-phases, impurities, or significant deviations from
stoichiometry. Also, all the films maintain the orthorhombic stibnite structure regardless of

composition.

Photo-induced phase transition in Sb,Ses thin films. In previous studies, we discovered that SbChl and
Sb,Chs undergo reversible solid-state photoreactions when excited near the bandgap with a laser
exceeding a specific power threshold. These reactions transiently produce metallic antimony clusters,
which dissipate after less than two hours under dark, inert conditions at 25°C, enabling the materials
to self-heal and restore their original crystal structure. Spectroscopically, this process is marked by the
emergence of two prominent Raman peaks at 112 and 150 cm™ in Sb,Ses, indicating the formation of

metallic Sb (Fig. S8 A), as depicted in the 'after' spectrum (Fig. 6A), alongside a reduction in the 190
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cm?® peak (without a peak at 250 cm™ for elemental selenium or antimony oxides detected). After
waiting 120 minutes in the dark, the Raman spectrum reverts to its initial state. We proposed that the
photoinduced reaction in these materials is facilitated by a high density of Sb-Sb bonding states at the
bottom of the conduction band. Intense light populates these states with electrons, resulting in the
formation of metallic Sb clusters. After a dark period, the electrons return to their ground state, which
depletes these states. We related these reactions to photoinduced phase transition (PIPT). The

proposed reaction that takes place in Sbh,Ses is:

Sb,Se; — Sb,_,Se;_,, + xSb + ySe

Conversely, Bi,Se; shows no photoreactivity, maintaining its spectral profile unchanged even when

subjected to a laser intensity five times greater (Fig. 6B).

(A)9%0 (B)30
) 751 After 120 min o 257
= After 60 min =
S Just after irr. <
< 60 Before irr. Erd 207 Before irr.
— (=) After irr. with ~2.5% threshold intensity
X 454 ': 151 After irr. with ~5x threshold intensity
)
i
5 30 g 10
= +
=] =
13 54

90 120 150 180 20 240 270 300 %60 90 150 150 180 210 240 270 300
Raman shift (cm™) Raman shift (cm™!)

Figure 6. (A) Raman spectra illustrating the recovery of Sb,Ses after irradiation. In the case of Sh,Ses,
we used ~3.63 mW for PIPT and recorded the ‘before’ and ‘after’ spectra with 0.36 mW laser intensity.
(B) Raman spectra of Bi,Ses after x2.5 and x5 times higher laser power than that used for causing PIPT

in SbySes. It is evident that irrespective of the laser intensity we used, no PIPT was observed.

Substituting Bi for Sb and repeating the irradiation-collection measurements with films containing
gradually increasing Bi content, we found that the prominent peaks associated with metallic Sb,
especially the peak at 150 cm™, gradually diminished with increasing Bi concentration (Figs. 7B—E),
becoming indistinguishable at x = 0.19. Also, as before, no oxide-related peaks were observed in any
of the films regardless of the Bi content. The gradual decrease in the area of the 150 cm™ peak with
an increase in Bi concentration is summarized in Fig. 7F. We have also examined the effect of various
parameters such as temperature, excitation wavelength, and laser intensities to check the PIPT in Bi-
alloyed films. Considering that perhaps the recovery is accelerated with alloying, we recorded the
Raman of alloyed films at -20°C temperature to slow the recovery (in accord with our previous

findings) and probe if any photo-induced species exists at lower temperatures which are not
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observable at room temperature (Fig. S8 B). We could not notice any change in the spectrum after
irradiation even at -20° C temperature (Figs. S5 A and B). We also tested higher laser intensities to
examine whether Bi-alloyed films require higher threshold to undergo PIPT. Nonetheless, Bi-alloyed
films (x = 0.42) did not exhibit any PIPT even at higher intensities (Fig. S6 A). We also did not observe
PIPT with 633 nm laser in alloyed films and Raman spectra remained intact after the irradiation (Fig.
S7). However, we noticed a photo-induced phase separation (in air) when a 785 nm laser was used.
Due to this phase separation, two Raman peaks at 71 and 128 cm™ emerge after irradiating the films
with 1.28 mW laser intensity (Fig. S6 B). Finally, for comparison, the spectra of Sb and Bi particles
(99.99%, as received) under similar conditions are shown in Figure S8. None of the films, under any

circumstances, have shown peaks that can be associated with metallic Bi.
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Figure 7. Raman spectra of bismuth-alloyed antimony selenide thin films. (A)-(E) The black-colored
spectra were recorded by irradiating low-intensity laser ‘before’ PIPT and the violet spectra were
collected at low-intensity ‘after’ PIPT. The threshold power (for antimony selenide) for PIPT was 3.63
mW. The asterisk (*) labeled peaks are the main peaks that emerge during PIPT. (F) The effect of Bi-
alloying on PIPT is shown. The decrease in 150 cm™ Sb Raman peak is shown with the increase in Bi-

content in the alloyed films.

Therefore, along the homologous series we find an apparent ‘border’ in PIPT occurrence at nearly 20%
of Bi content, which coincides with a gradual transition from a more covalent to a more metavalent
chemical bonding. When there is a higher tendency towards a metavalent bonding, there is less
tendency to undergo PIPT. We tested another material well within the ‘metavalent zone’ to examine
this trend further.>* Indeed, the Raman spectrum of PbS shows characteristic peaks at 200 and 451
cm™(Fig. S9), but it showed no change in the spectrum after intense irradiation, indicating the absence
of PIPT in PbS film.%%%” This result further supports the notion that metavalently bonded materials are
less susceptible to this kind of PIPT. Similarly, GeSe and SnS were studied to examine the PIPT in this
class of materials. In the Raman spectra of GeSe (Fig. S10 A), we observed two new peaks (~170 and
300 cm™?) along with the characteristic GeSe peaks when a relatively high laser intensity (9.07 mW)
was used. The peak at 300 cm™ is related to the Ge-Ge vibrations which might be related to the photo
and/or temperature induced phase transitions.®®° Afterwards, we followed the self-recovery within
~2 h and noticed that the material showed partial recovery (Fig. S10 B). Contrary to GeSe, SnS did not

70-73 even after the highest laser intensity (36.3 mW) as shown in Fig.

show any phase transformation
S11. A homologous series of Bi»S3-Sb,Ss was also tested for PIPT (Fig. S12). It showed PIPT with smaller
(x = 0.25) Bi concentration, but as Bi concentration increased to x = 0.5 and above, there was no PIPT

detected.

To shed more light on the possible relation of chemical bonding and PIPT/self-healing and extend the
hypothesis on the occurrence of bonding states at the bottom of the conduction band as a PIPT-
facilitating property, we calculated the projected density of states (PDOS) for Sb,Se; and BiSbSes and
the crystal orbital hamilton population (-pCOHP). These are shown in Figure 8. From the PDOS of the
valence band of Sb,Se; we find that the majority consists of the p-orbital of Se with a minor
contribution of s- and p-orbitals of Sb (Fig. 8A). Moreover, the conduction band is made of p-orbitals
of Sb and Se. The positive -pCOHP values for Sb-Sb indicate bonding states near the conduction band
minima (Figs. 8C and S13). Whereas the conduction band of BiSbSe; is formed from a nearly equal
contribution of p-orbitals of Bi, Sb, and Se (Fig. 8B), with Sb contribution the lowest. Calculations with

spin-orbit coupling gave an even lower contribution of Sb-p states in the bottom of the conduction
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band (Fig. S14). The valence band is formed from the p-orbital of Se with a slight contribution of s and
p-orbitals of Bi and Sb.
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Figure 8. Projected density of states (pDOS) of (A) Sb,Ses and (B) BiSbSes. The calculations are
performed without the inclusion of spin-orbit coupling. Crystal Orbital Hamilton Population (COHP)
figure of (C) Sb,Ses and (D) BiSbSes.
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Discussion

We investigated the effect of bismuth alloying on the occurrence of a photoinduced reaction in
antimony selenide thin films. We deposited pristine Sb,Se; and Bi-alloyed antimony selenide films by
CSS and showed successful substitution of Sb by Bi up to x =0.42 in antimony selenide without forming
secondary phases and while maintaining the stibnite-like crystal structure. As we found before in
Sh,Ses,*® once a certain threshold laser intensity is crossed, a photoinduced reaction occurs. As a result
of the reaction, metallic Sb clusters form, which after some time dissipate and the Sb,Ses structure is
recovered. Here we found that the photoinduced reaction gradually diminishes with an increase in Bi
concentration. This is indicated by the decreasing intensity of metallic Sb peaks (112 and 150 cm™)
with increasing Bi concentration (Fig. 7F). Eventually, in 19% Bi-alloyed antimony selenide the reaction

was quenched, and metallic Sb peaks were not observed.

Ludovica and coworkers>? studied the transition from covalent to metavalent bonding in Bi;Ses-Sbh,Ses
system, resulting in the increase in optical dielectric constant and Born effective charge. Similarly,
Sb,Ses,Tes1x quasi-binary alloys exhibited an abrupt increase in electrical conductivity at the edge of
metavalent bonding (x = ~0.63) whereas, in purely covalent bonding (x = 0), a several magnitudes
lower electronic conductivity was noted. The effect of metavalent bonding on dimension reduction
was probed in crystalline GeTe, which demonstrated the increase in phonon vibrations frequencies
with decrease in thickness of GeTe.>? In contrast, no such increment in Raman vibrations were noticed
in amorphous GeTe. The unconventional increase with dimension reduction was attributed to

enhanced electron localization as a result of metavalent bonding.

To further examine the potential correlation between metavalent bonding and the occurrence of the
photoreaction, we investigated the reaction in other metal chalcogenide semiconductors labeled as
‘metavalent’ bonded (e.g., PbS) and ‘non-metavalently’ bonded (e.g., GeSe). Indeed, the PbS did not
show any photoreaction, yet GeSe did. Tin disulphide (SnS,) exhibited laser-induced phase transition
from SnS, to SnS and Sn,Ss3.3° Arsenic sulfide (As,Ss) also demonstrated photo-induced phase
transitions and recovery. It transforms to amorphous from crystalline phase by photo-induced
amorphization after irradiation with 530.9 nm and 568.2 nm lasers.3® Recently, halide perovskites have
been explored for their photo-reactivities and self-healing properties.1%12141>19 |t was shown that
cesium lead bromide (CsPbBrs) can self-heal after laser-induced photo-bleaching.’® The halide
perosvkites, especially the bromides, are borderline metavalent-covalent bonded semiconductors.”
However, while it seems like there is a correlation between the bonding type and the occurrence of
the photoreaction, the correlation is not straightforward. As metal chalcogenide semiconductors that

are not metavalently bonded do not always show a photoreaction (e.g., SnS), and metal chalcogenide
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homologous series with no expected metvalency along the tieline (Bi,S3-Sb,S3)** showed a diminishing

photoreaction with higher bismuth content.

Our DFT analysis showed the presence of Sb-Sb bonding states at the bottom of the conduction band.
Bi alloying in antimony selenide results in the incorporation of p states of Bi at the conduction band
minima. As the bottom of the conduction band has lesser Sbh-p states compared to Bi-p and Se-p states,
the possibility of elemental antimony formation on photoexcitation also decreases. We suggest that
the bonding states at the bottom of the conduction band are an additional criterion for occurrence of

the photoreaction.

Conclusions

In conclusion, we studied how the Bi concentration affects PIPT in Bi-alloyed antimony selenide films
deposited by CSS. We found that with the increase in Bi concentration, PIPT was gradually reduced
and completely quenched at 19% concentration in alloyed films. We suggested the plausible reasons
for this reduction and quenching in PIPT are the modified band structure and/or metavalent bonding
in Bi-alloyed films. We deduced that along with substantial metal-metal bonding states in the
conduction band, partial bonding transition from covalent to metavalent could be used to distinguish

which class of materials are more likely to demonstrate PIPT.
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