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1. Introduction

In this work, the optical properties, including the photoluminescence spectra and their ki-
netics, of thick SnS films in the orthorhombic phase with low-level microdeformation were
studied. They have the composition close to the stoichiometry. Besides, these films contain
a small quantity of other crystalline phases, namely, SnS, SnSz, SnO2 and, possibly, Sn2Ss3
phases. The study of the absorption coefficient first and second derivative spectra, i.e. the
ACFD and ACSD spectra, allowed us to determine exactly the band gaps of various crystalline
phases. The analysis of ACSD spectra also makes it possible to obtain information regarding
the homogeneity of the investigated nanomaterials, which is very important for the optimiza-
tion of their crystal and optical quality. The study of the photoluminescence spectra allowed us
to obtain information regarding the energy structure of the nanostructured SnS films and the
nature of their defects. Based on the photoluminescence decay kinetics measurements, the life-
time distributions for different recombination processes in SnSz and SnO2 were studied. Such
studies made it possible to determine the lifetimes for various recombination processes and
thus obtain additional information about their nature associated with a certain type of opti-
cal transitions, which are determined by the energy of such optical transitions. It was shown
that the excited-state lifetimes in the investigated films are in the nanosecond range. Thus,
the results obtained may help to develop new fast-acting, efficient nanomaterials suitable for
creating ecological absorber layers for solar cells based on them.

Keywords: photoluminescence, kinetics, band gap, defects, phase state, nanostructured
films.

the highest SCE values are obtained for the following

The development of novel semiconductor materials
for solar cell applications is one of the top priori-
ties of modern optoelectronics. The Solar Cell Effi-
ciency (SCE) of the different semiconductor materi-
als was presented in Ref. [1]. Among these materials,

Citation: Gnatenko Yu.P., Bukivskii A.P., Bukivskij P.M.,
ITliash S.A., Vertegel I.G., Ovcharenko O.I., Opanasyuk A.S.,
Gamernyk R.V., Furyer M.S. Stationary and time-resolved
photoluminescence of nanostructured tin sulfide films. Ukr.
J. Phys. 71, No. 4, 331 (2026). https://doi.org/10.15407/
ujpe71.4.331.

© Publisher PH “Akademperiodyka” of the NAS of Ukraine,
2026. This is an open access article under the CC BY-NC-ND 1li-
cense (https://creativecommons.org/licenses/by-nc-nd/4.0/)

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 4

materials: Si — 27.4% [2], GaAs — 29.1% [3], CIGS —
23.3% [4], CdTe — 21.0% [5], CZTSSe — 14.1% 6],
dye — 11.9% [7], organic — 15.8% [8].

It should be noted that the thin films based on
CdTe and CIGS compounds are widely used in solar
cells as absorber layer materials. However, they have
some limitations as a result of the deficiency of tel-
lurium (Te) and indium (In) in the Earth’s crust and
the toxicity of cadmium (Cd) and selenium (Se). The-
refore, recently, there has been a significant increase
of interest in the use of novel materials that are non-
toxic and have a significant presence in the earth’s
crust [9-15], primarily CuO and SnS. Unlike CZTSSe,
they have only a few impurity phases and can be pro-
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duced using cheap chemical methods [16-19]. These
semiconductors are promising materials for the devel-
opment of absorber layers in solar cells, near-infrared
detector, anode material in lithium ion batteries, and
semiconductor sensors [20-26].

SnS has p-type conductivity (the number of Sn
vacancies is more than that of S vacancies [27-29])
and the orthorhombic symmetry. The interaction
between the crystal layers is of the van der Waals
type. This material is considered as very promising
absorber layer for solar cells since its SCE is ex-
pected to be about 31% [30]. An obstacle to realizing
its potential is the presence of impurity phases such
as SnSs, SnyS3, SnzS, and SnySs and other defects,
which can significantly affect its electronic proper-
ties [31]. It should be noted that the crystalline SnS,
and SnyS3 have n-type conductivity. The band gaps
of these compounds correspond to (1.08-1.70) eV for
SuS, (1.82-2.41) eV for SnSy, and (0.95-2.20) eV
for SnaSs, respectively [26]. The presence of impu-
rity phases with different crystalline structures and
the band-gap values induces deformation in the crys-
tal lattice, which reduces the effectiveness of the ap-
plications of such materials. Thus, the detection of
impurity phases and various types of defects is an
important task related to the development of new ef-
ficient materials for solar energy.

Thus, in order to improve the physical parameters
of the investigated films, it is necessary to study their
energy structure, electronic properties, and crystal
structure in detail. The latest studies were carried out
by us recently [32, 33]. The purpose of this work is to
study the absorption and photoluminescence prop-
erties of nanostructured SnS films with the aim of
obtaining information about the nature of the elec-
tronic processes, including their kinetics associated
with the presence of different crystalline phases and
point defects.

2. Experimental Methods

The investigated SnS films were obtained by the
polyol synthesis method in the medium of diethy-
lene glycol (DEG). In this case, the SnCl; - 2H50 salt
and thiourea were separately dissolved in DEG, and
then they were slowly mixed. The resulting mixture
was heated to a temperature of 210 °C for 120 min-
utes. Then the resulting sediment was dried at 60 °C
for 12 hours in air in a drying cabinet. SnS films were
deposited on cleaned glass substrates by sputtering an
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ink based on a suspension of nanoparticles dispersed
in distilled water. It was shown that the average size
of the synthesized nanoparticles was 26—28 nm. The
studied samples were deposited on glass substrates,
their surface area was 20 x 20 mm?, and the thick-
ness was about 20 pym. This method is described in
more detail in [33].

A DRON 4-07 X-ray diffractometer was used to
study the structural properties of the investigated tin
sulfide films. The obtained XRD pattern of tin sul-
phide films was normalized to the intensity of the
(111) peak. Here, a Cu-K, radiation source with
A = 0.154050 nm was used. The study of the mor-
phology was carried out using an SEO-SEM Inspect
S50-B scanning electron microscope.

A MAYA2000-pro spectrometer (Ocean Optics)
was used for stationary photoluminescence studies.
The PL spectra were excited by an LED with \ =
= 274 nm. PL decay measurements for different wave-
lengths were performed at room temperature using a
LifeSpec IT fluorescence spectrometer (Edinburgh In-
struments) with time-correlated single photon count-
ing (TCSPC) using an EPL405 type LED with A =
=405 nm and a pulse duration of 60 ps as the exci-
tation source. It should be noted that the measure-
ment of the PL kinetics was not carried out for a
strictly fixed energy, but for a certain energy win-
dow, which is about 5 meV. A minimum peak power
of the LED was 80 mW. The diameter of the illumi-
nated surface of the sample was about 0.3 mm. The
time interval between pulses was such that there was
a complete attenuation of PL, i.e. a signal-to-noise
ratio was measured.

The experimental data were fitted by a series of
several hundred exponential functions combined with
Non-Negative Truncated Singular Value Decomposi-
tion (NTSVD) technology. Such an algorithm does
not require predefined shapes of the distributions and
can effectively recover the lifetime distributions with
multiple bands and peaks. It allowed us to deter-
mine the lifetime distributions associated with dif-
ferent recombination processes. In this case, we used
a freeware demo version of the proprietary software
Fluorescence Analysis Technology (FAST) developed
by Edinburgh Instruments Ltd [34, 35]. This method
is presented in more detail in our previous works
[36, 37]. Photosensitivity spectra were measured us-
ing equipment based on the KSVU-23 spectrometer
[38, 39].
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3. Results and Discussion
3.1. Characterization of SnS films

Fig. 1 shows the SEM image of nanostructured SnS
films obtained by spraying ink. According to the re-
sults presented in Fig. 1, the surface morphology of
the films is porous and nanostructured [32].

Fig. 2 shows X-ray diffraction patterns of SnS films
[32]. Diffraction reflections at angles of 30.8°, 39.3°,
44.0°, 68.8°, 73.2° correspond to planes (111), (131),
(141), (081), (270) of orthorhombic SnS (JCPDS
No. 14-0620). The most intense peak at an angle of
26.5° may originate from both the orthorhombic
phase of SnS and the tetragonal phase of SnOs, since
according to the reference data of each compound,
there is a corresponding plane at this angle. Peaks
at angles of 50.4°, 55.5°, 59.8°, 70.3°, and 77.5° cor-
respond to planes (110), (103), (112), (113), (203)
of hexagonal SnS, (JCPDS No.23-0677) and at an-
gles of 54.7°, 57.7°, 62.8°, 64.8° correspond to planes
(220), (002), (221), (112) of tetragonal SnOz (JCPDS
No. 41-1445).

3.2. Absorption
and photosensitivity spectra

The study of photoluminescence spectra of semi-
conductor nanostructured films requires data on the
band structure and the nature of electronic processes
which determine the structure of their optical spec-
tra. This is especially important in the case of the
presence of different crystalline phases, which is typ-
ical for the tin sulfide films we studied. In this case,
the measurement of absorption spectra along with
photosensitivity spectra is very useful to obtain the
above-mentioned information. Therefore, this type of
research on SnS films was carried out in this work.
Fig. 3, a shows the absorption spectrum (curve 1)
of the investigated films at room temperature. As can
be seen from Fig. 3, a, the absorption spectrum has
a strongly broadened edge that overlaps a wide spec-
tral region from 1.0 eV to 3.5 eV. It should be noted
that the shape of the absorption edge is not mono-
tonic and has several spectral regions with different
steepness. It is evident that the presence of these re-
gions is due to various electronic processes, which
can be associated with the presence of band-to-band
optical transitions for different crystalline phases of
tin sulphide films, including SnS, SnSs and SnySs
phases. Therefore, in addition, the absorption spec-
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Fig. 1. SEM image of the surface of the nanostructured film
obtained by the polyol synthesis method
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Fig. 2. XRD pattern of SnS films

trum may contain spectral regions caused by different
types of electronic transitions, which have different
spectral dependences of the absorption coefficient. In
this case, absorption due to optical transitions involv-
ing energy bands and energy levels of various defects
can also be observed. The presence of these transi-
tions causes the appearance of additional absorption,
which significantly complicates the shape of the ab-
sorption edge.

It is well known that the band gap of semiconduc-
tor materials is usually determined by approximating
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Fig. 8. Absorption (curve 1) and photosensitivity (curve 2)
spectra of films at room temperature (a). ACFD (curve 1) and
ACSD (curve 2) spectra of SnS films (b)

the absorption edge using the Tauc relation [40]. Ho-
wever, in our case, taking into account the complex
shape of the absorption edge of the studied films, it
is not possible to correctly perform such an approxi-
mation [41]. Earlier [42, 43], it was shown that an ef-
fective method of studying the nature of optical tran-
sitions associated with various electronic processes in
semiconductor materials is the measurement of their
photoelectric properties (photoconductivity or pho-
todiffusion current spectra). This makes it possible to
determine the energy of optical transitions, which are
accompanied by the appearance of free charge carri-
ers, namely, band-to-band transitions or transitions
between energy bands and defect levels. Thus, in this
case, we can obtain the value of the band gap as well
as the ionization energy of defect levels and thus de-
termine the type of crystalline phase and defects in
the investigated materials.
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As can be seen from Fig. 3, a (curve 2), the pho-
tosensitivity spectrum shows a number of peaks at
1081 nm (1.147 eV), 830 nm (1.494 €V), 725 nm
(1.710 eV), 634 nm (1.955 €V), 595 nm (2.084 eV)
and 387 nm (3.204 €V) in the spectral regions that
correspond to the absorption edge. According to [44—
46|, the appearance of the peak at 1.147 eV can be
caused by band-to-band indirect allowed transitions
of the SnS crystalline phase, since this energy is close
to its band gap. At the same time, according to [47]
and [48,49], the band gap of SnS in the case of the
direct allowed transitions is 1.70 and 1.79 eV, respec-
tively. Therefore, the peak at 1.710 eV can be asso-
ciated with this type of optical transition in the SnS
phase. Another peak at 1.494 eV may be the result
of transitions between the defect level and the en-
ergy band. The ionization energy of this defect level
corresponds to 216 meV. This can be attributed to
the acceptor level, which determines the p-type con-
ductivity of the SnS phase. The peaks at 2.084 eV
and 1.955 eV may be caused by indirect forbidden
transitions for another tin sulfide compound, namely
SnSs. In our opinion, such energies correspond to the
band-to-band transitions and the transitions between
the valence band and the donor level with the energy
of 129 meV, which determines the n-type conductiv-
ity of the SnSs compound. The most intense line in
the photosensitivity at 3.204 eV can be associated
with the band-to-band direct allowed transitions of
the SnOs compound.

3.3. ACFD and ACSD spectra

Additionally, in order to determine the band gap of
different crystalline phases of the investigated SnS
films, as well as, possibly, various defects, an analysis
of the first and second derivatives of the absorption
coefficient spectra, i.e., the ACFD and ACSD spec-
tra, was performed. Earlier, the ACFD method was
successfully used to determine the band gap in var-
ious semiconductor nanomaterials [50-52|. Fig. 3, b
shows the ACFD spectrum of SnS films (curve I),
which contains a number of peaks corresponding to
the maximum values of the first derivative of the
absorption coefficient with respect to the photon
energy. They are located at the following energies:
1.151, 1.488, 1.721, 2.054 and 3.30 eV. The nature
of these bands may be established by the compar-
ison with the features of the absorption spectrum
(see Fig. 3, a, curve I). In particular, the ACFD
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band at 1.151 eV may correspond to the band-to-
band transitions caused by indirect allowed transi-
tions of the SnS compound. This correlates well with
the values of the band gap obtained in the following
works: (0.9-1.1) eV [53]; 1.08 €V [54]; 1.27 eV [55]. At
the same time, the peculiarity at the long-wavelength
edge of this band, located at 1.106 eV, may be ev-
idently caused by direct optical transitions for the
SnyS3 compound. However, this additional structure
in the ACFD spectrum can be caused by the pres-
ence of the defect in the SnS compound with the ion-
ization energy of 91 meV, which must correspond to
a shallow donor level in the SnS compound. Howe-
ver, this is unlikely, since this compound has p-type
conductivity.

The ACFD band at 1.488 eV may correspond to
that of direct allowed transitions of SnS, observed at
1.43 eV [56]. At the same time, the observed band
at 1.721 eV is close to the values of 1,70 eV and
1.79 eV and can also be identified with this type of
optical transitions [57-59]. We assume that the band
at 1.488 eV is also caused by a similar type of op-
tical transitions, including a defect level and one of
the energy bands of SnS. The binding energy of such
a defect level should be 233 meV. This is the accep-
tor level, which determines the p-type conductivity
of this compound. Such a defect can be a tin vacancy
(Vsn), which is responsible for p-type conductivity
and acts as a relatively deep level [60].

The ACFD band at 2.054 €V can be associated with
the manifestation of indirect forbidden transitions of
the SnS, compound. According to [45-47], the band
gaps of these optical transitions correspond to 2.07,
2.2, and 2.41 eV, respectively. It should be noted that
on the long-wavelength wing of the band at 2.054 eV,
there is a feature in the form of a bend at an energy of
1.91 eV. The appearance of such a feature may indi-
cate the possible manifestation of optical transitions
in SnSy involving a shallow level with an energy of
about 100 meV and one of the energy bands. In our
opinion, this level can be a donor level, which is in
good agreement with the n-type conductivity of SnSs.

The ACFD spectrum also shows a band at 3.30 eV,
which can be associated with the presence of an im-
purity phase SnOs, which belongs to wide-band semi-
conductor materials (E, = 3.6 ¢V). Thus, the appear-
ance of this band can be caused by the absorption of
a thin layer of SnOy formed on the surface of the
SnS films.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 4

In our opinion, the study of the spectra of the sec-
ond derivative of the absorption coefficient is relevant,
since in this case we hope to obtain more accurate in-
formation regarding the energy positions of the elec-
tronic transitions, as well as to determine the half-
width of the ACFD bands. The last data allows us to
obtain information regarding the homogeneity of the
investigated materials, which is very important for
the optimization of their crystal and optical quality
during thermal annealing.

The ACSD spectrum of the investigated films is
shown in Fig. 3, b (curve 2). As can be seen from
this figure, a feature of such a spectrum is that the
maxima of the ACFD bands correspond to energy po-
sitions determined by the intersection of the spectral
dependence of the second derivative of the absorp-
tion coefficient with the abscissa axis. This makes it
possible to more accurately determine the energy of
optical transitions associated with a certain type of
electronic transition. The vertical lines shown in the
figure confirm this. Thus, in the ACSD spectrum, a
number of such crossings are observed at energies of
1.149, 1.488, 1.724, 2.058, 3.137, and 3.300 eV, which
coincide with the maxima of the ACFD bands.

It should be noted that each ACFD band in the
ACSD spectrum has a feature in the form of a disper-
sion curve, where the intersection with the abscissa
axis determines the energy of electronic transitions,
and the difference between the minimum on the short-
wavelength side of the spectrum and the maximum on
the long-wavelength side determines the half-width
of the ACFD bands. The latter, as can be seen from
Fig. 3 (curve 2), correlates well with the photosensiti-
vity bands of SnS films associated with a certain types
of electronic transitions. Thus, these half-widths are
obviously directly related to the crystalline and op-
tical quality of the studied nanomaterials. It is im-
portant to note that in this case, the half-width of
the band can be determined with sufficient accuracy
even when it noticeable overlaps with other bands on
the long- or short-wavelength edges. This is clearly
seen for the ACFD bands at energies of 1.149 and
3.300 eV, where these values correspond to about 30
and 110 meV.

3.4. Stationary photoluminescence spectra

An effective method of studying the nature of elec-
tronic processes associated with the presence of var-
ious crystalline phases in tin sulfide films is also
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Fig. 4. Low-temperature photoluminescence of SnS thin films
(sample 1)

the study of their low-temperature PL spectra [61—
64]. The analysis of such spectra allows us to iden-
tify the presence of different crystal phases, since the
energies of recombination processes will be different
for them. At the same time, certain difficulties may
arise, since in addition to optical transitions caused
by band-to-band transitions, transitions involving the
energy levels of defect states may also occur. There-
fore, the PL bands of different nature can overlap,
and this significantly complicates the analysis of the
structure of low-temperature PL spectra. It should be
noted that the study of PL spectra also makes it pos-
sible to obtain information about the homogeneity of
the studied thin films, since the structure of the PL
spectra is very sensitive to the presence of different
crystal phases and structural defects.

Fig. 4 shows the low-temperature (4.5 K) PL spec-
trum of tin sulphide films. This spectrum corresponds
to the central part (sample 1) of the investigated ma-
terial (20x20 mm?), which makes up more than 90%
of its area.

Thus, the shape of the PL spectrum is the same
for the main part of the surface of the studied sam-
ples, which indicates the high homogeneity of such
films. However, as will be shown below, the shape of
the PL spectrum is noticeably different at the edges
of the sample under study. PL excitation was carried
out by an LED with a wavelength of 274 nm. Here,
three PL bands at 451 nm (2.75 €V), 590 nm (2.10 V)
and 715 nm (1.73 eV) are observed. Earlier, the PL
band at 720 nm was observed in [65], which is caused
by band-to-band transitions. According to the XRD
results, the investigated films, in addition to the
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main SnS phase, also contain other phases (SnSs and
SnOsy). Therefore, the structure of the PL spectrum
may be caused by the presence of different crystalline
phases in the investigated films. As can be seen from
Fig. 4, the shortest-wavelength PL band at 451 nm
cannot be identified with any crystalline phase of tin
sulphide, since its energy position significantly ex-
ceeds their band gap values. Therefore, this PL band
is obviously due to the presence of the SnO5 phase. As
was shown in [65], SnOs films exhibit the PL peaks
at 371 nm and 430 nm that are associated with some
near band edge emission and the surface defects of
SnOs nanoparticles, respectively. It was shown that
the emission of the PL band at 430 nm depends on
the shape of nanoparticles [66]. It should be noted
that small SnO, nanoparticles have a lot of defects,
such as oxygen vacancies, due to their large surface
area. Therefore, the PL intensity of this band should
increase with decreasing nanoparticle size. PL. mea-
surements of SnOs nanoparticles were also performed
in [66], where the bands at 470 nm and 480 nm were
observed. These bands are associated with the emis-
sion from shallow and deep trap states.

As can be seen from Fig. 4, the deconvolution of
the PL spectrum shows the presence of five compo-
nents at 441 nm (2.81 €V), 500 nm (2.48 V), 593 nm
(2.09 eV), 714 nm (1.73 €V), and 764 nm (1.62 V). In
our opinion, the appearance of PL bands at 441 nm
and 500 nm can be associated with participation in
the process of recombination of the defects in the vol-
ume and on the surface of SnO; nanoparticles, re-
spectively. In [67] two bands of strong intensity were
observed at 549 nm and 700 nm for SnS, with a band
gap of about 2.2 eV, which the authors explain as be-
ing due to the following mechanisms: recombination
processes involving intrinsic defects, bound excitons,
defects caused by stresses in the films, and impurity
states. It is obvious that the PL band at 593 nm is
due to the SnS,; phase. At the same time, the band
at 714 nm can be associated with the presence of
SnS phase, which corresponds to the direct allowed
transitions [65]. This result also correlates with the
data of the absorption and photoconductivity mea-
surements. Another band at 764 nm, also associated
with this type of optical transition, may be due to
the emission involving a shallow defect level with the
ionization energy of about 100 meV.

Fig. 5 shows the low-temperature PL spectrum of
tin sulfide films (sample 2). In this case, the emis-
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sion was measured approximately 3 mm from the
edge of the investigated SnS sample. As can be seen
from Fig. 5, the deconvolution of the PL spectrum ob-
served seven components at 417 nm (2.97 eV), 447 nm
(2.80€V), 495 nm (2.50 €V), 591 nm (2.10 eV), 721 nm
(1.72 €V), 878 nm (1.41 €V), 995 nm (1.25 V). Here,
the short-wavelength region of the PL spectrum con-
tains three components at 417 nm, 447 nm, and
495 nm. This indicates that in this case, the recom-
bination processes involving three defect levels with
different ionization energies occur in SnOs nanoparti-
cles. Two additional PL bands at 591 nm and 721 nm
are due to the recombination processes associated
with the band-to-band optical transitions in the SnSy
and SnS phases, respectively. At the same time, the
PL band at 878 nm is obviously due to similar opti-
cal transitions involving a defect level previously ob-
served in the photosensitivity spectrum. The appear-
ance of the PL band at 995 nm may be associated
with the indirect band-to-band transitions in the SnS
phase.

Thus, the analysis of the structure of the PL spec-
tra indicates that the obtained tin sulfide films for
samples 1 and 2 are homogeneous with respect to the
presence of different crystalline phases. However, the
amount of their intrinsic structural defects is differ-
ent. For the samples obtained near the edge of the
deposited films (sample 2), the number of such de-
fects increases noticeably.

Fig. 6 shows the PL spectrum of nanostructured
SnS films at helium temperatures obtained using opti-
cal excitation at 395 nm, where a rather narrow band
at 1196 nm (1.037 eV) was detected. Considering that
the band gap for the impurity secondary phase SnySs
is about 1.0 €V, it can be assumed that such a band is
due to recombination processes involving the energy
bands of this compound or to the emission of exciton
states.

3.5. PL kinetics and its analysis

The time-resolved study of the photoluminescence
of nanostructured semiconductor films allows us to
obtain important information about the time evolu-
tion of different electronic recombination processes,
i.e. the peculiarities of their electronic properties,
which determine the response speed of devices de-
veloped on the basis of the investigated materials. It
should be noted that the lifetimes of different elec-
tronic processes depend on the presence of intrinsic
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and extrinsic defects in such materials as well as sec-
ondary crystalline phases.

Studying photoluminescence kinetics allows us to
obtain information about the time evolution of the
PL spectral bands [38] and their decay times [36, 37],
which is very useful for establishing the nature of the
electronic processes and the response speed of the in-
vestigated nanostructured materials that determine
the effectiveness of their application. In this case, we
can obtain an average lifetime as well as the life-
time distribution. The analysis of the obtained results
made it possible to study the nature of the different
defects and their effect on the electronic processes in
detail.
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In this work, we conducted a study of the ki-
netics of PL spectral bands for nanostructured SnS
films. Such studies made it possible to determine the
lifetimes for various recombination processes and thus
obtain additional information about their nature as-
sociated with a certain type of optical transitions,
which is determined by the energy of such optical
transitions. Fig. 7 shows the PL spectrum of SnS ob-
tained at room temperature. It can be seen that this
spectrum exhibits a structure corresponding to bands
of strong intensity at 450 and 500 nm, as well as
weaker bands at 596 and 684 nm. The sensitivity of
this spectrometer made it possible to conduct a study
of PL kinetics for PL bands at 450 and 596 nm.

Fig. 8 shows the experimentally obtained time de-
pendence of PL decay for SnS nanoparticle films at
the wavelength of 450 nm, which corresponds to the
maximum of the shortest-wavelength PL band. It can
be seen that the decay time mainly lies within the
time interval up to 15 ns. Subsequently, the experi-
mental results were fitted not by a single exponent or
the sum of two exponents, as is usually done in the lit-
erature, but instead, we performed the photolumines-
cence decay kinetics analysis using a non-parametric
lifetime distribution reconstruction approach based
on reconvolution and non-negative least-squares fit-
ting. The procedure enables the extraction of com-
plex multi-exponential decay components without as-
suming a predefined kinetic model, making it suitable
for systems exhibiting dispersive or strongly hetero-
geneous recombination dynamics. The analysis per-
forms reconvolution with a logarithmically spaced ba-
sis of exponential kernels, alongside amplitude re-
covery using projected-gradient non-negative least
squares (PG-NNLS) approach. This makes it possi-
ble to effectively fit experimental data by a series of
several hundred (we used 200) exponential compo-
nents with fixed 7; evenly distributed on a logarithmic
scale. I(t) = Zfil Fﬁe*%‘ and recover the distribu-
tion of the amplitudes F, (lifetime distribution).

This approach was previously proposed and used
by us in [36, 37]. In this case, as a result of such
analysis, not the average lifetime over the ensemble
of nanoparticles, but the distribution of lifetimes for
various recombination processes is obtained.

Fig. 9 shows such an analysis of the experimen-
tally obtained PL decay using the method described
above. Fig. 10 shows the recovered distribution of
lifetimes for recombination processes that occur for
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a wavelength of 450 nm with an energy window
of 5 meV.

As can be seen from Fig. 10, the distribution of the
lifetimes of recombination processes has two relatively
broad maxima in the nanosecond range at 1.707 ns
and 8.676 ns. It should be noted that, as follows from
Table 1, the contribution of the first distribution band
is decisive and amounts to 93.46%. The half-width of
such a band is about 2 ns, i.e., taking into account
the value of the maximum of the distribution, it is
quite significant.

As previously shown in the measurement of PL
spectra of nanostructured SnS films at 7" = 4.5 K,
the emission band at 450 nm is due to recombina-
tion processes for the secondary SnO5 phase with the
participation of surface states, which appear on the
surfaces of the synthesized nanoparticles of different
sizes.

For such nanoparticles, there will be a certain dis-
tribution of the magnitude of the “stretchiness” of the
surface states, which is determined by the size of the
nanoparticles. The presence of such a distribution in
surface states leads to the manifestation of a corre-
sponding distribution of the lifetimes of the corre-
sponding recombination processes. It should be noted
that the energy of such recombination processes does
not differ much, i.e., it is within the energy window
of the measurement data (about 5 meV).

Table 1. Parameters obtained
from fitting the PL decay curve at A = 450 nm

Peak

. f (%) 7 (ns) T (ns)
1 93.46 1.707 1.758
2 6.5396 8.676 8.540

Table 2. Parameters obtained
from fitting the PL decay curve at A = 596 nm

Peak
. f (%) 7 (ns) T (ns)
8.0e-6 0.013 0.012
88.68 2.329 2.257
3 11.32 13.815 13.493

Note: f is the band contribution of the band to the total PL
(area fraction), 7 is the peak position weighted by area (band
centroid) and T is the peak position by height (7 at max in-
tensity)
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Fig. 11. PL decay kinetics of SnS nanoparticles at room tem-
perature for the wavelength of 596 nm

Fig. 11 presents the experimental PL decay at
596 nm, which corresponds to the maximum of an-
other intense band. The PL decay kinetics analysis
and recovered lifetime distribution for recombination
processes occurring at a wavelength of 596 nm are
presented in Fig. 12 and Fig. 13, respectively. The
parameters obtained as a result of the analysis of
the experimental PL decay are given in Table 2. The
obtained results indicate that three maxima in the
lifetime distribution are theoretically expected. Ho-
wever, the contribution of the distribution band in the
subnanosecond range is practically equal to zero. The
largest contribution is made by the lifetime distribu-
tion band with a maximum at 2.257 ns (88.68%), and
another maximum at 13.493 is about 11.32%.
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In fact, the qualitative distribution of lifetimes at
wavelengths of 450 and 596 nm is similar. The dif-
ference is that at 596 nm, the maxima of the life-
time distribution are slightly shifted towards longer
lifetimes. This may indicate that for the SnSy com-
pound, the studied ensemble of nanoparticles has two
separate subensembles of nanoparticles with different
average sizes. Moreover, in each set, there is still a
small dispersion in nanoparticle size of such nanopar-
ticles, which leads to a certain dispersion in the distri-
bution of the lifetimes of the recombination processes
associated with such nanoparticles.

4. Conclusions

In this work, absorption and photosensitivity spec-
tra, as well as stationary photoluminescence and their

340

kinetics of thick (about 30 pm) nanostructured SnS
films were investigated. These films were obtained by
spraying ink made from a nanoparticle suspension
onto glass substrates. They have the orthorhombic
SnS phase, and the average sizes of the nanoparticles
nanoparticle size is about 20 nm. Such films contain
a small quantity of unwanted SnSy, SnOs, and, pos-
sibly, SnyS3 phases.

Using the results of absorption studies and anal-
ysis of their ACFD and ACSD spectra, band-gap
values of various crystalline SnS phases, as well
as the SnO, phase, were determined. It was shown
that the ACSD method makes it possible to more
accurately determine the energy of optical tran-
sitions associated with a specific electronic tran-
sitions. At the same time, the half-width of the
ACSD band allows us to determine the band-gap
values with high accuracy as well as to obtain in-
formation regarding the homogeneity of the inves-
tigated materials. It was shown that the structure
of the photoluminescence of the investigated films
can be caused by the presence of different crystalline
phases in the investigated films as well as differ-
ent defects, the energy ionization of which was also
determined.

Time-resolved photoluminescence studies of nano-
structured SnS films revealed complex, multicom-
ponent recombination dynamics characterized by
broad lifetime distributions associated with hetero-
geneous recombination channels. For the PL band
at 450 nm, the recombination is dominated by
a short-lived component (~1.7 ns) with a minor
longer-lived contribution, consistent with surface-
state-mediated recombination in a secondary SnOg
phase. A similar behavior is observed at 596 nm,
although the characteristic lifetimes are shifted to-
ward longer values, indicating size-dependent effects
within distinct nanoparticle sub-ensembles. These re-
sults demonstrate that lifetime distribution anal-
ysis provides detailed insight into defect-related
and surface-state recombination processes and is es-
sential for understanding and optimizing the op-
toelectronic response of SnS-based nanostructured
materials.

It is shown that the lifetimes of excited states in
the studied films are in the nanosecond range.

Therefore, nanostructured SnS films are effective
fast-acting materials suitable for creating environ-
mentally friendly absorber layers in solar cells.
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B poboTi jocitiizkeHo onTUYHI BJIACTUBOCTI, BKJIIOYHO 3i CIie-
KTpaMu (DOTOIIOMIHECIIEHIII] Ta IXHBOIO KiHETHKOIO, TOBCTUX
wiiBoK SnS opropoMGiunol ¢da3u 3 HU3BKUM pPIBHEM MIKpPO-
nedopmariil. Boun MaroTh cKiaaj, GJM3bKUA 10 cTexioMeTpil.
Kpim Toro, ni niiBKu MiCTSTh HEBEJIUKY KiJBbKICTh 1HIIINX KPH-
crajiuaux a3z, a came: das SnS, SnSs, SnO2 Ta, iMoBipHO,
dasu SnaS3. BuBuenHs crekTpiB mmepmiol Ta Apyroil moXiJHuX
Big Koedinienra nornunanns, Tobro cuexkrpis ACFD i ACSD,
JaJI0 HaM 3MOTY TOYHO BHU3HAYUTHU LIMPHUHY 3a00POHEHOI 30-
HU pi3HuxX Kpucraiaigaux ¢as. Ananis cnexkrpis ACSD Takox
YMOKJIMBUB OTPUMaHHs iHdOpMaIiil 111010 OHOPiFHOCTI JoCTi-
JKyBaHUX HAHOMaTepiaJiB, IO JyKe BaXKJIUBO JJIS OITHUMi-
3alil IXHbOI KPUCTAJIYHOI i ONTUIHOI gKoCTi. BuBuyenns cue-
KTpPiB (POTOTIOMIHECIIEHIIIT JaI0 HAM 3MOry oTpuMaTu iHdOp-
MAIii0 IPO €EHEPreTUYHY CTPYKTYPY HAHOCTPYKTYPOBAHUX ILJIi-
BOK SnS, npupojy ixHix gedexkris. Ha ocHoBl BuMipoBaHb Ki-
HETUKHU 3aTyXaHHsI (DOTOIOMIHECIEHIIIT OYJIO JTOCIIiI?KEHO PO3-
[OJILIM Yacy YKUTTH [IJIs PI3HUX IpoleciB pekombinail B SnSo
i SnO2. Taki gocaizKeHHsT a0 3MOT'y BUSHAYUTHU 9aC YKUTTS
Ot pidHuX mporeciB pekoM6iHanil i TAKUM YHHOM OTpPHUMATH
IOJATKOBY iH(OpMAaIio Tpo TXHIO IIPUPOLY, OB SI3aHy 3 IIE€B-
HUM THUIIOM OITHYHUX [IEPEXOJIB, SIKa BU3HAYAETHCS €HEPri€io
TaKUX I[epexo/iiB. Byo moka3aHo, IO 4ac KUTTs 30y 2KEHUX
CTaHiB B JOC/I/I?KyBaHUX ILIIBKaX MICTUTHCS B HAHOCEKYHTHO-
My aianasoni. TakuM 9YHHOM, OTpUMaHi Pe3yJbTATU MOXKYThb
JOIIOMOI'TH B PO3POOIII HOBUX IIBHIKOMINHUX €(DEKTUBHUX Ha-
HOMaTepiaJiB, IPUIATHUX JJIA CTBOPEHHs Ha IXHIiil OCHOBI €Ko-

JIOTIYHUX abCOPOYIOYMX IIapiB JIJIsI COHSAYHUX €JIEMEHTIB.
Katwwoei caoea: doromomiHecneHiis, KiHeTuka, 3a00-
poHeHa 30HA, AedeKTH, (HA30BUNl CTaH, HAHOCTPYKTYPOBAHI

TJTiBKH.
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