Journal of Science: Advanced Materials and Devices 9 (2024) 100664

Contents lists available at ScienceDirect

Journal of Science: Advanced Materials and Devices

journal homepage: www.elsevier.com/locate/jsamd

Check for

Preparation and characterization of SbSel thin films o

Marc Dolcet Sadurni , Kristi Timmo, Valdek Mikli, Olga Volobujeva, Idil Mengii, Jiiri Krustok,
Maarja Grossberg-Kuusk, Marit Kauk-Kuusik

Department of Materials and Environmental Technology, Tallinn University of Technology, Ehitajate tee 5, 19086, Tallinn, Estonia

ARTICLE INFO ABSTRACT

Keywords:
Antimony selenoiodide
Pnictogen chalcohalides

Metal chalcohalides are promising candidates for next-generation technologies that include energy conversion,
information storage, and quantum computing. Among them, antimony selenoiodide (SbSel) has received rising
interest for different optoelectronic devices, including photovoltaics, due to its bandgap energy, strong optical

Thin ﬁlms, absorption, stability, and earth abundant, low-cost, and low toxicity constituents. In this work, SbSel thin films
Photoluminescence ) . . . .
Sbsel were prepared through a two-step process. At first, antimony selenide (SbySe3) thin films were deposited at

300 °C (SbySe3-300) and at room temperature (SbaSes-RT) onto molybdenum covered soda-lime glass substrates
by a magnetron sputtering method. The formation of SbSel thin films was performed by isothermally annealing
the as-deposited SbySes thin films in sealed quartz ampoules in the atmosphere of antimony iodide (Sbl3) with
the presence of 100 Torr of argon pressure. The influence of the annealing temperature and time during the
iodization of different types of substrates on the morphology and composition of SbSel thin films was investi-
gated. The well-oriented and dense single-phase SbSel thin films with stoichiometric composition and single-
crystal micro-columnar structures were achieved by annealing SbySes-RT in Sblz atmosphere at 250 °C for 5
min under 100 Torr of Ar pressure. The room temperature photoluminescence (RT-PL) of SbSel exhibited a broad
asymmetric PL band with a maximum at 1.67 eV. The low-temperature (T = 8 K) PL study of SbSel showed a
broad and asymmetric PL band at 1.4 eV, being quite distant from the bandgap. This PL band at 1.4 eV with
obtained small thermal quenching activation energy of 12.7 meV is proposed to originate from the deep donor-
deep acceptor pair (DD-DA) recombination.

1. Introduction

Emerging photovoltaic technologies, such as kesterite, Sb-
chalcogenide, dye-sensitized solar cells, organic solar cells, and perov-
skite solar cells, are currently under research as alternatives to tradi-
tional silicon solar cells [1]. Perovskites, among these candidates,
exhibit exceptional optoelectronic properties [2]. Notably, Pb-based
perovskite solar cells have already achieved a power conversion effi-
ciency (PCE) of 25.7 % [3], making them very attractive for solar energy
applications. Although remarkable progress has been made in the
development of perovskite-based photovoltaic technology, the
commercialization of these solar cells has significant limitations due to
their instability and toxicity issues [4]. Exposure to humid conditions,
heat or light tends to induce rapid degradation of perovskite materials
[5]. Moreover, during the fabrication and operation of devices,
Pb-perovskites have a tendency to decompose into components
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containing lead, posing potential environmental and health hazards [6].
Therefore, there is a critical need to explore and identify more stable and
Pb-free materials that could be considered as promising alternatives to
Pb-perovskites as an absorber layer in solar cell applications. Antimony
selenide (SbySes) solar cells have gained extensive research attention in
recent years. While demonstrating enhanced stability compared to
Pb-perovskites [7], SbaSes solar cells suffer from a large open circuit
voltage (Vo) deficit associated with its complex defect chemistry.
Despite recent efforts aimed at enhancing V. [8,9], the efficiency record
of SbySes solar cells has reached around 10 % [10], leaving plenty of
room for improvement considering the theoretical Shockley—Queisser
(S-Q) limit for SbySes, which stands at 30 %.

The defect tolerance observed in Pb-perovskites is closely related to
the ns? electronic configuration of Pb%* (5s%). Metallic cations like Sb3*
or Bi®* share the same ns? electronic configuration, offering a high
dielectric constant, low effective masses and anti-bonding character of
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the valence band. These properties collectively contribute to defect-
tolerant transport properties [11]. One potential group of materials
displaying the ns? electronic configuration is metal chalcohalides. These
compounds consist of a trivalent heavy pnictogen cation, a divalent
chalcogenide and monovalent halide anions. They are typically repre-
sented by the general chemical formula MXY, where M = Bi or Sb; X =S,
Se, or Te; and Y=CI, Br, or L.

While heavy pnictogen chalcohalides have historically received less
attention compared to other materials, there has been a recent surge in
interest aim at exploring their potential as absorber materials in solar
cells [12-17]. Among them, antimony selenoiodide (SbSel) has received
rising interest for different optoelectronic devices including photovol-
taics [18,19]. SbSel has an orthorhombic crystal structure with the space
group Pnma 62 [20]. It has high absorption coefficient (~10° cm™') and
an indirect bandgap of 1.67 eV [21]. Theoretical calculations have
shown that dominant defects in SbSel are Sej acceptors and Ige donors,
leading to an electrical conductivity that can only exhibit weak n-type or
weak p-type characteristics [22]. Defects play a major role in deter-
mining the performance of photovoltaics and therefore careful investi-
gation is needed.

SbSel has been synthesized through different methods-by melting at
high temperatures from elements in sealed ampoules [23], by the
sonochemical method using pure elements [24] and by the Bridgman
technique [25]. SbSel thin films have been deposited using multiple
techniques: from previously deposited antimony selenide (SbySes), from
an Ethane dithiol/Ethylene diamine solution followed by casting an
antimony iodide (Sbl3) solution or thermal formation and then, by
iodization of the SbySes with iodine vapors produced by heating iodine
pellets in a closed gas chamber [26]. Nie et al. fabricated SbSel-based
solar cells by depositing SbSel onto mesoporous titanium oxide (TiO3)
using multiple spin-coating cycles of SbI3 solutions onto SbySes, previ-
ously formed through thermal decomposition and crystallization. These
solar cells demonstrated remarkable stability regardless of humidity,
temperature, and light, while achieving a power conversion efficiency of
4.1 % [18]. Although SbSel has very promising properties, there are few
studies where this material has been used as an absorber layer in solar
cells, and the obtained efficiency is still far from the theoretical 28 %
[25].

SbSel crystallizes into the (M2X5Y52);, double-chained system, that are
covalently linked along the chain axis direction, while at out-of chain-
axis directions, the adjacent chains are joined together by van der Waals
forces. The pseudo-1D crystal structure of these materials and growth
rate anisotropy can be problematic for the formation of dense thin films
in a planar photovoltaic device [27]. On the other hand, the optimiza-
tion of the grain orientation in materials with similar 1D crystal struc-
ture as SboSe3 has been proved critical to enhance the performance of
solar cells [28,29]. Careful control of annealing parameters, such as
temperature, pressure, and duration, significantly influences the char-
acteristics of the resulting SbSel films, including crystal structure,
composition, and optical and electrical properties. Therefore, specific
annealing conditions must be optimized to obtain SbSel films with
desirable properties for various applications.

The objective of this research is to fabricate SbSel thin films using
physical vapor transport to achieve homogeneous material with well-
oriented crystals, with the aim to obtain morphology and optoelec-
tronic properties suitable for high-performance solar cells. In this work,
SbSel was prepared by iodizing sputtered SbySes thin films. The study
investigates the influence of annealing temperature and time during the
iodization on various types of substrates, exploring their impact on the
morphology, composition, and optical properties of the resulting SbSel
thin films.

Journal of Science: Advanced Materials and Devices 9 (2024) 100664
2. Experimental
2.1. Preparation of SbSel thin films

SboSes thin films were deposited by radio frequency magnetron
sputtering from SbsSes target onto molybdenum covered soda-lime glass
substrate. The thickness of the 800 nm SbySejs thin films was adjusted by
the sputtering time. The formation of SbSel thin films was carried out by
isothermal annealing of as-deposited SbySes thin films in sealed quartz
ampoules in the Sblz atmosphere. In this study, two different types of
SbsSes thin films were used: 1) sputtered at a substrate temperature of
300 °C (hereafter referred to as samples Sb,Se3-300), and 2) sputtered at
a substrate temperature of 25 °C (hereafter referred to as samples
SbySes-RT). The used Sbls compound was self-synthesized isothermally
in evacuated quartz ampoule. SbySes thin film substrates and a piece of
SbI; were introduced into quartz ampoules. Then ampoules were
degassed under dynamic vacuum, filled with 100 Torr of argon (Ar),
sealed, and heated isothermally at different temperatures and time pe-
riods. For SbySe3-300 substrates, the iodization process was carried out
at annealing temperatures from 150 to 350 °C for 1-20 min. For SbySes-
RT substrates, the iodization process was carried out at annealing tem-
peratures of 200, 225 and 250 °C for 5 min.

2.2. Characterization

The morphology of the SbSel thin films was characterized by a high-
resolution scanning electron microscope (HR-SEM Zeiss Merlin),
equipped with a high-efficiency In-lens secondary electron detector for
high-contrast surface imaging and an energy-selective backscattered
electrons detector for compositional contrast. The chemical composition
of the deposited SbSel thin films was analyzed by energy dispersive X-
ray spectroscopy (EDX) on a Bruker Esprit 1.82 EDX system equipped
with an EDX-XFlash 3001 detector with an accelerating voltage of 20 kV.
The crystal structure of the formed SbSel thin films was characterized by
X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer at 40 kV
and 40 mA operating with the silicon strip detector D/teX Ultra with
monochromatic Cu Ko (A = 1.5406 /1’\) radiation. Phase analysis and
lattice parameters were calculated by using PDXL2 Rigaku’s software.
Room temperature micro-Raman spectroscopy was used to determine
the phase composition of SbSel thin films. Raman spectra were recorded
by a Horiba LabRam HR 800 spectrometer equipped with a multichannel
CCD detection system in the backscattering configuration. A laser with
wavelength 532 nm with a power intensity of 0.42 mW was used. The
same equipment was used to perform the room temperature micro-
photoluminescence (RT-PL) measurements in visible spectral region.
Ultraviolet-Visible-Near-Infrared (UV-Vis-NIR) Spectrophotometer
Cary5000 was used to obtain the optical diffuse reflectance spectra of
SbSel thin films at room temperature. Measurements were recorded
between 400 and 1100 nm. For temperature dependent PL measure-
ments, the samples were mounted on the cold finger of the closed-cycle
helium cryostat (Janis CCS-150) and cooled down to 8 K. The temper-
ature was adjusted up to 80 K via a temperature controller (LakeShore
Model 335). The Cobolt 08-DPL laser with a wavelength of 532 nm was
used for PL excitation. The power of the incident laser beam was altered
via neutral density filters between 0.04 and 0.37 mW. An optical
chopper was used for modulating the laser light. The emitted light was
conditioned using a cut-off low-pass filter and focused on the computer-
controlled single grating (600 lines/mm) monochromator (f = 0.64 m)
(Horiba Jobin Yvon FHR640). Luminescence was dispersed by the
monochromator and detected by the R632 photomultiplier tube. Stan-
ford SR810 DSP lock-in amplifier was used for amplifying the PL signal.
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3. Results and discussion

3.1. Effect of annealing time and temperature on the Sb,Se3-300
morphology and composition

The morphology of iodized SbySes thin films was investigated as a
function of the growth temperature and time. In this part of the study,
the SbySe3-300 substrates with crystalline structure were used (see
Fig. 1).

Fig. 2 a-c show the SEM images of SbSel thin films formed by iod-
ization of SboSe3-300 at 150 °C. SEM analysis showed significant
changes in the morphology of formed SbSel thin films depending on
annealing temperature and time. The thin films iodized at 150 °C for
5-20 min (Fig. 2a-c) consist of SbSel micro-columns. The length,
thickness, and density of these columns increase with the annealing
time. Nevertheless, regardless of the heating duration, all films exhibited
a layer of unreacted Sb,Ses beneath the layer of these micro-columns.
This suggests that the annealing temperature of 150 °C is not enough
for the complete formation of a single phase SbSel thin film.

Elevating the growth temperature to 175 °C accelerates the reaction
between SbySes with Sbls, leading to the formation of regularly shaped
micro-columnar crystals with length of 5-6 pm (Fig. 3a—c) regardless of
annealing time (5-20 min). Nevertheless, the bottom of the film consists
of smaller grains with a porous structure, indicating the present of
unreacted SboSes. A similar layer was also seen after annealing for 20
min at 175 °C (see Fig. 3c).

Annealing at higher temperatures (>200 °C) for shorter times (3
min) resulted also in the formation of double layer structure of the thin
films. For example, Fig. 4a and b shows the cross-sectional SEM images
after annealing for 3 min at 225 °C and at 300 °C, respectively.
Increasing the reaction duration to 5 min at annealing temperature
200-300 °C, results in complete formation of SbSel thin films. Although
the double-layer structure remines, but both layers contain only SbSel
phase (see Fig. 5a—c). At an annealing temperature of 350 °C, the for-
mation of micro-columnar crystals stopped, and instead a non-uniform,
irregular and flat SbSel layer was observed.

The cross-sectional SEM images of the SbSel thin film revealed that
the thickness of the films increased with the annealing temperature as
the length of the micro-columnar crystals increased. After annealing at
300 °C for 5 min, the length of the crystals increased to ~37 pm. In
comparison, the initial thickness of the SbySes film was ~0.8 pm (see
Fig. 1b). Not only the length but also the diameter of the SbSel micro-
columns depended on the annealing temperature. Micro-columnar
crystals with a diameter of ~500 nm and a length of ~17 pm were
formed by annealing at 250 °C for 5 min, while annealing at 300 °C for 5
min results in crystals with a diameter of ~2 pm. In the latter case, the
thin film morphology was non-uniform, the random distribution of
thicker micro-columns with sharp needles can also be seen in Fig. 5c.
With a further increase in the annealing temperature to 350 °C and
higher, the micro-columnar crystals were no longer formed, and instead
a non-uniform, irregular and flat SbSel layer was observed.
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According to EDX analysis (Table 1), the chemical composition of the
formed thin films is strongly influenced by the annealing temperature
and time. At lower temperatures (150 °C for t = 5-20 min and 175 °C for
t = 5-10 min), the resulting films were iodine poor. The deficiency of
iodine was also detected in the samples that were annealed for shorter
times at temperature 225 °C (t = 1-3 min), 250 °C (t = 1-3 min) and
300 °C (t = 1 min). This result indicates an unreacted SbySes layer that
was also seen in SEM images in Figs. 3 and 4. EDX analysis showed that
film annealed at temperature 175 °C (t = 15-20 min) and 300 °C (t =
3-5 min) had Sb-rich and I-rich composition. This could be attributed to
coexistence of the SbI3 phase alongside the main SbSel compound. SbSel
thin films with composition close to stoichiometry (Sb: Se: 1=1:1:1)
formed by annealing SboSes films in Sbls at 100 Torr of Ar atmosphere
for 5 min within the temperature range of 200-250 °C.

Raman spectroscopy analysis was carried out to investigate the phase
composition of the thin films and to confirm the presence of possible
secondary phases proposed by EDX. Raman spectra of as-deposited
SboSes, and after annealing at 150, 175 and 200 °C for 5 min are
shown in Fig. 6. All Raman spectra were fitted using Lorentzian func-
tions to resolve the peaks. The Raman spectrum of as-deposited SbsSes
showed a dominating peak at 190 cm ™! and less intense peaks at 99,
124, 154 and 212 cm™! (see Fig. 6a). These Raman frequencies are
attributed to SbySes and are in good correlation with the literature [30].
The fitting results of the Raman spectrum of the thin film, annealed at
150 °C for 5 min (Fig. 6b), revealed peaks at 95,116, 137, 165, 184, 209,
211, 233, 237 and 255 cm™! showing the mixture of different phases.
The peaks at 211 cm ™! and 255 cm ™! could be attributed to the SbySes
[31] and Sbo03 [32], respectively. The origin of the SbyO3 formation
could be due to the sensitivity of the Sb-containing compounds to the
potential photo-induced transformation or degradation during the
Raman measurements [32,33]. The most intensive peaks at 233 and 237
cm ! belong to the trigonal Se [34]. The Raman spectrum of the thin
film annealed for 5 min at 200 °C (Fig. 6d), exhibited peaks at 95, 116,
137, 165, 184, 209, and 214 cm ™. The identified peaks are character-
istic to SbSel and have been previously reported in the literature [26,
35]. Peaks below 200 cm ™! are assigned to Sb-I bonds and 209 cm s
assigned to the Sb-Se heteropolar vibration [26,36]. The Raman spec-
trum analysis of the film annealed at 175 °C (Fig. 6¢) revealed, in
addition to the SbSel peaks, the presence of weaker peaks at 233, 237
and 255 cm ™! (attributed to Se and Sb,0O3), which indicates non-uniform
growth of SbSel crystals. The SbSel layers formed at 150 °C and 175 °C,
exhibited higher sensitivity to the laser power of Raman equipment
when compared to the sample prepared at 200 °C. This is probably due
to the incomplete reactions in the SbaSes + Sbls system. All Raman
analysis results are in a good correlation with the data presented in
Table 1 and confirm the presence of secondary phases at annealing
temperatures lower than 200 °C. Annealing the thin films at tempera-
tures higher than 200 °C (up to 300 °C) for 5 min resulted in unchanged
positions of the Raman peaks (spectra not presented here). However,
there was observed increase in the intensity ratio of the peaks at 95 and
209 cm ! compared to the other peaks.

Fig. 1. SEM images of a) top view and b) cross-section of SbySes thin film sputtered at 300 °C.
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Fig. 3. SEM images of cross-section and surface of SbSel thin films annealed in Sbl; and 100 Torr of Ar atmosphere at 175 °C for a) 5, b) 10, and ¢) 20 min.

Fig. 4. SEM images of cross-section of SbSel thin films annealed in SbI; and 100 Torr of Ar atmosphere: a) at 225 °C for 3 min and b) at 300 °C for 3 min.
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Fig. 5. SEM images of cross-section and surface of SbSel thin films annealed in Sbl; and 100 Torr of Ar atmosphere during 5 min at a) 200 °C. b) 250 °C and

¢) 300 °C.

Table 1
Chemical composition of SbSel thin films annealed at different temperatures and
times measured by EDX.

Annealing Annealing Sb,at  Se,at I at Proposed
temperature, °C time, min % % % phases
150 5 35.2 55.2 9.6 SbSel,
Sb,Ses, Se
10 36.8 48.2 15.0 SbSel,
Sb,Ses,
15 36.9 46.5 17.6 SbSel,
Sb,Ses
20 35.4 51.4 13.3 SbSel,
Sb,Ses, Se
175 5 36.7 36.9 26.4 SbSel,
Sb,Ses
10 36.0 37.4 26.6 SbSel,
Sb,Ses
15 35.2 30.1 34.7 SbSel, Sbl
20 37.0 27.9 35.2 SbSel, Sbl;
200 5 34.5 32.6 329 SbSel
10 36.6 37.1 26.4 SbSel,
Sb,Ses
15 37.8 38.7 23.5 SbSel,
Sb,Ses
225 1 36.6 57.7 5.7 SbSel,
Sb,Ses, Se
3 35.4 35.3 29.3 SbSel,
Sb,Ses
5 34.2 32.7 33.1 SbSel
250 1 37.1 55.0 8.0 SbSel,
Sb,Ses, Se
3 35.9 33.8 30.2 SbSel,
Sb,Ses
5 34.1 32.8 33.1 SbSel
300 1 39.3 48.8 11.9 SbSel,
Sb,Ses
3 34.7 29.7 35.6 SbSel, Sbl
5 34.4 29.7 35.9 SbSel, Sbl

In summary, the single layer micro-columnar structured SbSel films
with stoichiometric composition were obtained by annealing SbaSes-
300 in SbI3 atmosphere at 200-250 °C for 5 min under 100 Torr of Ar
pressure. However, the thin film layer consisted of randomly oriented
and not tightly packed crystals. Most probably, the orientation of the as-
deposited SbaSes-300 thin film crystals determines the properties of the
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Fig. 6. RT Raman spectra of: a) Sb,Ses sputtered at 300 °C and SbSel annealed
at b) 150, ¢) 175 and d) 200 °C respectively for 5 min under 100 Torr of
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formed SbSel.

3.2. Effect of annealing temperature on the Sb,Ses-RT morphology and
composition

To improve the alignment and packing density of the SbSel thin film
crystals, amorphous SbySes substrates (sputtered at RT) were used. SEM
images of the cross-section and top view of an amorphous SbySes sub-
strates is shown in Fig. 7. Based on the knowledge gathered from pre-
vious experimental series, the SbySes-RT films were annealed in Sbls
atmosphere at temperatures of 200, 225 and 250 °C for 5 min under 100
Torr of Ar pressure.

Fig. 8 shows SEM images of cross-section and top-view of the formed
SbSel thin films after iodization of SboSe3-RT at temperature ranging
from 200 to 250 °C for 5 min. According to SEM studies, annealing at
200-225 °C for 5 min led to an ununiform double layer structure
comprising unreacted SbySes-RT and SbSel crystals that exhibited ir-
regularities in length, thickness, and orientation, as shown in Fig. 8a and
b. At a temperature of 250 °C, a uniform thin film characterized by well-
oriented, densely packed, and micro-columnar structured crystals was
successfully obtained, as seen in Fig. 8c. Under these conditions, no
unreacted antimony selenide was detected. The EDX analysis revealed
that the chemical composition of formed SbSel thin film is Sb- and I-rich,
suggesting the presence of Sbls. The atomic percentage ratio of Sb:Se:I
was determined to be 35.2:29.7:35.1 (at%).

The phase composition and crystal structure of the SbSel thin films
formed at 250 °C were investigated by Raman spectroscopy and XRD
(Fig. 9a and b). In Fig. 9a, the Raman spectra of the SbSel show distinct
peaks at 96, 117, 138, 168, 180, 209, and 214 em™ !, which are attrib-
uted to SbSel phase [26,35]. The Raman spectra of the thin films did not
reveal the presence of secondary phases. The width of Raman peak is an
indicator of the crystallinity and structural distribution, with crystalline
materials exhibiting sharper and narrower Raman peaks compared to
amorphous materials. For the SbSel thin film, formed through the
annealing process of SbySes-RT at 250 °C for 5 min in Sblz atmosphere
under 100 Torr of Ar pressure, the Raman peaks were sharper and
narrower in comparison to other produced thin films. This indicates a
higher level of crystallinity within the SbSel structure. The full width at
half maximum (FWHM) of the main Raman peak at 209 cm ! is 3.82
em L.

In Fig. 9b, the XRD pattern of the SbSel thin film crystals formed by
annealing of SbySes-RT at 250 °C for 5 min is shown. According to XRD
pattern, the SbSel film consists of orthorhombic crystal structure of
SbSel phase with the space group Pnma 62 (ICSD 01-076-1354) as the
primary phase. Additionally, there is a presence of Sbls, identified as a
minor secondary phase (diffraction peak at 20 = 36.5°). Furthermore,
the sharp peak at 20 = 40.6° corresponds to the (110) reflection of the
Mo substrate. The determined lattice parameters for SbSel a = 8.671 A,
b=4.118 A and ¢ = 10.382 A are in good agreement with the literature
data [37]. Two strong and sharp reflections at 26 angles of 29.4° (112)
and 43.9° (020) reveal that the SbSel crystals have two preferred ori-
entations. It is also seen in SEM image of SbSel thin film (Fig. 8c top
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view) that some crystals are grown horizontally on top of the
well-oriented vertical crystals. Further research is needed to develop a
growth methodology for highly c-axis-oriented SbSel thin films with
(112) reflections.

3.3. Characterization of SbSel thin films’ optical properties

UV-Vis spectroscopy is a widely used technique to determine the
optical bandgap of thin film materials. The Kubelka-Munk theory is
commonly used to evaluate the optical bandgap from reflectance spectra
[38,39]. The reflectance spectra of the SbSel thin film after using
Kubelka-Munk function are shown in Fig. 10a. By extrapolating the
linear least squares fit of [F(Rm)hz/]2 versus hv using linear fitting, where
R, is absolute diffuse reflectance, h is the Plank’s constant and v is the
photon frequency, estimated direct optical bandgap was found to be
1.72 eV. This value is consistent with previously reported value [40].

Optical properties of SbSel thin films were characterized by RT-PL
and LT-PL. In Fig. 10b, the RT-PL spectrum of SbSel shows a broad
asymmetric band with a maximum around 1.67 eV.

In Fig. 11a and b, the dependence of low-temperature PL emission on
laser power and temperature is presented, respectively. PL observations
at low temperatures show a broad and asymmetric PL band at roughly
1.4 eV.

Unfortunately, we were unable to measure the entire PL spectrum
because of the detector sensitivity limitation. Despite this, we can see
that the peak position of the PL band exhibits a noticeable redshift as
temperature increases. This shift can be attributed to the temperature
dependence of the bandgap energy. Additionally, a minor blueshift is
observed with increasing laser power. The measurement system created
a spectral characteristic at about 1.32 eV, which made it more chal-
lenging to pinpoint the peak position at higher temperatures. According
to the power law ~ P™ , where P is the excitation power and m is the
exponent, the excitation power dependence of the intensity of the in-
tegrated PL band is shown in Fig. 12a. The linear fitting enabled the
extraction of the m value, indicating the type of recombination, and
resulted in a value of 1.2. Usually, excitonic or band-to-band emission is
associated with these high exponent values [41].

The temperature dependence of the PL band showed very fast
quenching. The thermal activation energy for this band was obtained
from the Arrhenius plot (Fig. 12b), where the dependence of In(®)
versus 1000/T was fitted by using a theoretical expression for discrete
energy levels [42]:

O(T) =@ / (1 +a, T + au T2 exp(—E, / kT)) 1)

where @ is integrated PL intensity, a; and az are the process rate pa-
rameters and E, is the thermal activation energy. As predicted by the fast
quenching of the PL spectra with temperature, very small thermal
activation energy for the PL band was obtained, see Fig. 12b. Consid-
ering the room temperature band gap of SbSel (E; = 1.72 eV) [18], the
observed PL band position at T = 8 K appears significantly distant from
the band gap. The obtained small thermal activation energy of 12.7 meV

Fig. 7. SEM images of a) top view and b) cross-section of Sb,Ses thin film sputtered at room temperature.
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2 um

Fig. 8. SEM images of cross-section and surface of SbSel thin films annealed in Sbl3 and 100 Torr of Ar atmosphere during 5 min at a) 200 °C. b) 225 °C and

) 250 °C.
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may suggest that the PL band at 1.4 eV possibly originates from the
recombination of a deep donor-deep acceptor pair (DD-DA) [43,44]. The
same model was also suggested for the PL bands in polycrystalline
szSeg [30].

The following equation can be used to determine the emission energy

from a donor-acceptor pair that is separated from one another by a
distance r [45]:

2

hymax = Eg - (Ea + Ed) + (2)

dneger
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where Eg is the bandgap energy, E, and E4 are the ionization energies of
the acceptor and donor, respectively, r is the distance between the donor
and acceptor, e is the electron charge, ¢ is the static dielectric constant,
and ¢ is the permittivity of the vacuum. The Coulomb interaction be-
tween the donor and acceptor defects is described in Eq. (2)’s last term.
The deep donor (acceptor) level’s electron (hole) wave function is very
confined. Therefore, only very close donor-acceptor pairs can show
recombination due to overlapping of carries wave function. When single
acceptor and donor defect levels are coupled, they tend to shift closer to
the band boundaries. Consequently, the thermal activation energy
associated with these complexes decreases significantly. As outlined in
Ref. [46], it has been observed that when the laser power is increased,
the PL intensity, particularly in case of DD-DA pairs, demonstrates a
near-linear increase. Future research is required to fully understand the
characteristics of this deep PL band.

4. Conclusions

In the present work, SbSel thin films were prepared through a two-
step process. SbySes thin films, prepared via sputtering at 300 °C and
RT, were iodized isothermally within sealed quartz ampoules in the Sbl
atmosphere under 100 Torr of argon pressure. The investigation focused
on understanding the influence of technological parameters—specifi-
cally, annealing temperature and duration—during the iodization pro-
cess involving various substrate types. The aim was to evaluate their
impact on the morphology, composition, structural, and optical prop-
erties of the obtained SbSel thin films. EDX and SEM analyses indicated a
significant correlation between the chemical composition and the
morphology of formed thin films with the annealing temperature, time
and the initial SbaSes thin film substrate used. Achieving well-oriented,
dense SbSel thin films with stoichiometric composition and single-

crystal micro-columnar structures was successful by annealing SboSes-
RT in SbIz atmosphere at 250 °C for 5 min. Raman and XRD analysis
confirmed the formation of mainly single-phase high crystallinity SbSel.
The direct band gap energy value of 1.72 eV was determined by UV-Vis
spectroscopy. The room-temperature PL of SbSel exhibited a broad
asymmetric PL. band with a maximum at around 1.67 eV. The low-
temperature (T = 8 K) PL analysis revealed a distinct broad and asym-
metric PL band at 1.4 eV, being quite distant from the bandgap. This PL
band at 1.4 eV, coupled with a low thermal quenching activation energy
of 12.7 meV, is proposed to originate from the deep donor-deep acceptor
pair recombination.
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