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Highlights:

e First report on the chemical vapor growth of B-In.Ss thin films using
Triphenylphosphine sulfide as a sulfur precursor.

e Effects of growth temperature and substrate nature on the properties of indium sulfide
films were investigated.

e PB-InySs films showed good optical properties, useful for optoelectronic and
photovoltaic applications.

e DFT calculation show that the composition of the band edge structure of B-In;Ss is the

key factor of its excellent optical performance.
Abstract

In this work, we investigate the effects of both growth temperature and substrate nature on
different properties of indium sulfide thin films prepared by chemical vapor deposition
method using triphenylphosphine sulfide as a sulfur precursor. The structural, morphological,
and optical properties of the resulting thin films were characterized using X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM) and UV-Vis Spectroscopy respectively. The
structural study has proved that pure nanocrsytalline B-indium sulfide films were obtained at
300 and 400 °C regardless the substrate nature, while higher growth temperature (500 °C)
leads the formation of pure indium oxide films. From the SEM images, it is derived that the

surface morphology of the obtained films was independent to both growth temperature and
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substrate nature. The electronic structure of B-In,Ss was computed using density functional
theory calculations. The optical properties of the obtained films such as energy band-gap,
extinction coefficient, refractive index, dielectric constant and optical conductivity were
investigated theoretically and experimentally. It was shown that these parameters were
mainly controlled by the substrate type and the phase formed. The theoretical optical
investigation was in fully agreement with the experimental results. Oscillator energy,
dispersion energy and Urbach energy were also estimated. Blue and violet PL emission

indicate the useful application of the obtained films as blue and violet light emitter.
KEYWORDS: Indium sulfide films; CVD; PhsPS, optical properties, DFT calculation.
1. Introduction

Organophosphorus compounds have been classed as one of the main groups in phosphorus
chemistry. Through the diversity of their structures and functions, these compounds appears
as an interesting support in several areas. This is undoubtedly due to the excellent
coordination properties shown for most of the transition metals, the ease and modularity of

their synthesis, as well as the stability and interesting dielectric properties they have [1-2].

Thereby, in recent years the literature evidence suggests that organo-chalcogeno-phosphorus
compounds could be successful chalcogen precursors in the development of thin film
materials. As a matter of fact, the use of these compounds has posed new challenges for
several research groups. Therefore, a variety of phosphorus compounds have been exploited
to deposit binary semiconductors materials such as: dichalcogeno-imidodiphosphate
molecules and its derivatives R2(E)PNHP(E)R2 (E = O, S, Se, Te, R = alkyl, aryl, alkoxy) [3],
cyclohexylphosphine compounds as (CsH11)PH2) [4], triphenylphosphine chalcogenide as
PhsPS [5] and PhsPSe [6]. Others phosphorus complexes such as [Pb((S)PPh3):N),],
[Pb((Se)PPh2)2N)2] [7] [Sb(S2P(OR)2)]3 [8], [In(iPraPSe2)s] and [Cua(iPraP2Sez)s] [9] have been
also used as single-source precursor. We are therefore witnessing the genesis of a large
number of semiconductor materials based on organophosphorus precursors such as: PbS, InP,

Sb,Ss, In2Ses, CuzSe, SnTe...

Moreover, the choice of the methodology of deposition is a very critical step, because it should
be compatible with the precursor nature and substrate type, to ensure the high quality of the

resulting materials [10]. In fact, the choice of the process is based on certain precursor criteria



such as volatility, stability and acid-base character, but also depends on the ease detachment
of chalcogen. Therefore, we found that the vapor deposition process is the most adaptable
technique that allows the use of the above-mentioned precursors. Particularly, CVD method
is a relatively cheap technique and it allows the deposition of a wide range of materials. The
main advantage of this technique is the achievement of good coverage and homogenous films
onto a large variety of substrates, allowing the possible integration of the obtained films on
diverse applications area. Thus, many research groups were particularly interested in this

method.

Until today, CVD method was applied to deposit a wide variety of semiconductor materials
such as: Co304[11], ZrO2[12], RuO; [13], SN0, [14], In,Sy [15], TiO2[16], M0S, [17], ZnO [18] ...
Among them, indium sulfide in its different forms was classed as a promising candidate for
several application fields due to its optical [19], photo-electrochemical [20], electrical [21],
acoustical [22] and structural [23] properties. In fact, indium sulfide is a IlI-VI material formed
by non-toxic elements and it can exists in different stoichiometric forms as InS, IneS7, InS4, and
In2S3. Due to the higher stability, In,Ss phase is the most usual. It can be found in three
allotropic phases: cubic-a (stable above 420 °C), tetragonal-B (stable below 420 °C) and
hexagonal-y (stable above 750 °C) [24]. Depending on the preparation method and
experimental conditions, B-In,S3 has a wide band gap energy, ranging from 2 to 3.7 eV,
electrical conductivity between 10! and 107 Q.cm and always presenting n-type behavior [25].
The carrier concentration and mobility were found to be between 10%°-10'® cm™3 and 0.2-5

cm? V1 s respectively [26].

The effect of film thickness on structural, electrical and optical properties of thermally
evaporated In,S; was carried out by Chander et al. [27]. Authors demonstrate that absorption,
extinction coefficient and energy band gap decrease with thickness. They conclude that film
with 68 nm of thickness can be used as a buffer layer in solar cell applications due to their
ideal band gap. Structural and optical studies of In;Ss3 films were investigated as a function of
substrate and annealing temperature [28]. The energy band gap of the resulting films decrease
with increasing annealing temperature. The electrical properties of indium sulfide films were
reported by Revathi et al. [29]. They proved that the obtained films were n-type and their
electrical conductivity decrease with substrate temperature. Authors related the decrease in

conductivity to the presence of defects into the films.



Keeping in view the different indium sulfide reports, In,S3 properties can be influenced by
several factors such as growth method, growth temperature, annealing temperature,
precursor nature... Reviewing the available literature, one can realize that different
compounds have been used as precursor to deposit In;S3 thin films including Indium chloride,
thioacetamide [30], Indium granules, sulfur powder [31], Indium sulfide powder [32], thiourea
[33] and InSs ceramic target [34]. Using these precursors, In;S3 films were grown onto
different substrates such as ITO [35], glass [36], silicon [37] and SnO; [38]. Nevertheless, no
paper can be found using triphenylphosphine sulfide as a sulfur precursor. Moreover, the
effect of substrate nature on the properties of this material has not been detailed yet. For this
reason, we have investigated the growth of In,Ss thin films onto two different substrates (glass
and silicon) by CVD using PhsPS for the first time. Consequently, the aim of the present study
was to probe the effect of substrate nature and growth temperature on the In;Ss3 films
properties. The structural, morphological and optical properties of the obtained films were
investigated. Hereafter, the electronic band structure of B-In;Ss, that is rather scarce, will be

computed to further fundamental phenomena comprehension.

2. Experimental

2.1. Precursors

Triphenylphosphine sulfide was purchased from Fluka AG and employed without any
supplementary purification. Indium targets was 2.00” Diameter x 0.125” thick and with

99.99% purity.
2.2. Sputtering deposition

Before the sulfidization process, a pure indium layer was deposited on both types of substrate.
To deposit this Indium layer with a 100 nm thickness, an ATC Orion 8-HV DC magnetron
sputtering system with a power of 100 W was used. The deposition was performed at 3 mTorr

of vacuum pressure, with a 20 sccm flow of Argon during 550 s.
2.3.  Growth of Indium sulfide thin films

The sulfidization of Indium layers was carried out by chemical vapor deposition (CVD) method.

The CVD process was operated at different temperatures for 60 min. A 100 sccm flow of Argon



was used as inert carrier gas. More details about the CVD process can be found in our previous

papers [5, 39].
2.4. Characterization details

The structural characterization of the obtained films was monitored by a Bruker-AXS
D8Discover diffractometer equipped with a Cukq radiation which the Bragg’s angle varying
from 20 to 89°. The material identification was performed using PANalytical X’Pert Pro powder
X-ray diffractometer. Films morphology was monitored using scanning electron microscopy
(SEM) type Quanta 600 from FEI Company. Transmittance and reflectance data of the films
were obtained using VARIAN spectrophotometer with a wavelength range from 250 to
2500 nm. Photoluminescence measurements were recorded using a Photoluminescence

Spectrometer (PLS) with He— Cd laser source with excitation of 325 nm and power of 20 mW.
2.5. Computational methodology

Single-crystal diffraction data of B-In2Ss [40] was used to perform all calculations through the
Cambridge Serial Total Energy Package (CASTEP) codes [41]. The exchange and correlation
effects are Perdew—Burke—Ernzerhof (PBE) [42] generalized gradient approximation (GGA)
[43].

For expanding the Kohn-Sham wave functions, the planewave cut-off energy was set at
400 eV, while the k-point sampling was set to 1x1x1, with tolerance of 0.1 meV/atom in order
to perform the irreducible Brillouin Zone. Broyden-Fletcher-Goldfarb-Shanno (BFGS) method
[44] was used with the following convergence criteria: energy change of 2.0x10 eV per atom,
maximum force of 0.05 eV per A, stress less than 0.01 GPa, and atomic displacement tolerance

of 2.0x103 A.

Computational study was used to determine theoretical optical parameters such as g, €, o, n,

k and oopt. The theoretical dielectric functions were computed using the following formula [45,

46]:
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where P is the principal value of integral, w is the frequency, e is the electron charge, m is the
free electron mass, i is the initial state, j is the final state, M represents the dipole matrix, Fi is
the Fermi distribution function for the i state, and Ei is the energy of an electron in the i state.
The theoretical optical absorption coefficient a (w) was calculated using both the real & (w)

and imaginary part € (w) of the dielectric function, based on the following relation:

a(@) = V2o Ve @ 5@’ - 5@)]" @

The theoretical refractive index (n) and extinction coefficient (k) were also computed using

the theoretical dielectric function, according to the following expressions [47, 48]:
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Finally, the theoretical optical conductivity was computed using the following equation:
. . a)
Oopt = O +i0; = —15(8 -1

Where, or oi are the real and imaginary part of the optical conductivity function, w is the

frequency and € is the dielectric constant.

3. Results and discussion

3.1.  Structural study

Figure 1 depicts the X-ray diffraction patterns of the obtained films at different sulfidization

temperatures onto glass and silicon substrates respectively.
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Figure 1. XRD patterns of Indium sulfide thin films prepared at different sulfidization

temperature onto glass and silicon substrate.

As shown, according to the growth temperature and the substrate used, we have acquired
different diffraction profiles. From Figure 1 it is clear that the film deposited onto glass
substrate at 200 °C is amorphous and it has no identified peaks, even those of indium. This
may be due to the limited growth, which can be explained by a low thermal energy that may
be insufficient to induce the crystallization of the film. Although the deposition conditions
were note exactly the same, similar results were obtained by Timouni et al. and by Rasool et
al. for indium sulfide thin films deposited by vacuum thermal evaporation method [49, 50].

Nehra et al. obtained also the same amorphous In;Ss films onto glass and ITO coated glass



substrates by vacuum evaporation [51]. Authors explain the formation of this amorphous

structure by a random arrangement of indium and sulfur atoms into the cell volume.

Increasing the growth temperature to 300 and 400 °C, peaks located at 23°.3, 28°.6, 33°.2,
35°.4, 43°.6, 47°.7, 55°.9 were observed with an intense peak located at 27°.4. The
identification of these reflections based on the ICDD database confirms the formation of
Tetragonal B-In,Ss phase (PDF No 00-025-0390) [52] with a space group 141/amd. The
prominent orientation corresponds to (109) plane. The other weak peaks were attributed to
(116) (206) (0012) (301) (1015) (2212) (419) planes respectively. Other peaks related to silicon
can be observed for films deposited onto silicon substrates at different temperature. The same
prominent orientation along (109) was observed for B-In;Ss thin films deposited onto glass
substrates using [Et2In(S2CNMensBu)] and In(SOCNiPr;z)s precursors by MOCVD technique,
regardless the growth temperature used [53]. B-In2Ss thin films with (123) preferred
orientation were also prepared by Ali Ehsan et al. onto FTO substrate by AACVD method in
the range of 300-400°C [54].

It may also be noticed that the peak intensity increases slightly with increasing the sulfidization
temperature from 300 to 400 °C, which can indicate that the In,Ss formation process pursue
yet leading the formation of more compact film. Likewise, Ali Ehsan et al. showed that the
peaks intensity increases with increasing the growth temperature, which support our
observation. Similar observation was done by Nomura et al. for indium sulfide deposited onto
silicon and quartz substrates by MOCVD using Bu"In(SPri); [55]. No diffraction peaks were
obtained below 300°C, however, B-In;S; phase was identified at 350 and 400°C with a
prominent orientation along (103). Contrariwise, Calixto-Rodriguez et al. has shown that no
diffraction peak can be identified below 400 °C and B-In;S3 was formed only above 400°C [56].
The authors justify the difference between their results and those in the previous reports to
the thermodynamic properties of the starting materials. Finally, at 500 °C, all the B-In,Ss3 peaks
disappeared and new reflections appear with the more intense one located at 30.6°. The
identification of those peaks indicate the formation of pure indium oxide In,03 phase (PDF No

01-071-2194) [57] with la-3 space group.

The identification of the diffraction peaks of the films prepared onto silicon substrates at 300
and 400°C show also the formation of the same pure tetragonal B-In;S3 phase. In addition, the

same oxide phase was identified when film was grown at 500 °C. Nevertheless, at 200 °C, some
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new peaks were revealed and attributed to the Tetragonal Indium (PDF No 00-005-0642) [58]
I14/mmm space group, while other were attributed to the cubic In,03 phase (PDF No 01-071-
2194) [57]. It is worth to mention that except the substrate diffraction peaks; no other
impurity peak was identified. These observations indicate that triphenylphosphine sulfide
could be a successful precursor for the growth of pure B-In;S3 phase at 300 and 400 °C onto

glass and silicon substrates by means of a CVD process.

Considering the obtained results, it is clear that regardless the substrate type, B-In,S3 phase
was formed at 300 and 400°C and an oxide phase was formed at 500°C; however, the phase
formed at 200°C change with changing the substrate type. This can indicate that the substrate
type influences mainly the starting growth of the obtained films. In fact, the absence of any
phase at 200°C onto glass substrate may be attributed to lack in growth time with this
condition. It is well possible also that the related peaks were too weak and therefore masked
by the glass amorphous texture. For the film deposited onto silicon at 200°C, the obtained
diffractogram shows that Indium exist, which means that the 100 nm of Indium might-be not
have completely reacted with S, probably due to the slower diffusion of S at this lower
temperature. What is more, 200°C is not enough high temperature to transform all the indium
into In2S3 phase. A plausible explanation for the In 03 formation onto silicon substrate at
200 °Cis that the substrate surface itself contains some quantity of oxygen, which reacts with

the indium layer forming an oxide phase.

At 500 °C, films were formed by only In,O3; phase and no existence to any indium sulfide,
neither metallic indium phase. This observation indicates that the sulfur atoms were snatched
from the film when the temperature was raised to 500 °C, being replaced by oxygen atoms,

which allows the formation of the identified oxide phase.

As the tetragonal B- In;S3 phase, is the main phase obtained in this study, an overview of its
structure is required. In fact, B- In2S3 phase crystalizes in Tetragonal structure with 141/amd
(Dan) space group and with the following lattice parameters, a=b=7.619 A and ¢=32.329 A. It
was described as three spinel-like structure heap up along c axis where the Indium atoms
occupied both octahedral and tetrahedral sites according to the following formula:
[Ins]on[IN20]14S12, where O indicates vacancies sites [40, 59]. With electronic configurations of

In: [Kr] 4d'° 5s? 5p! and S: [Ne] 3s? 3p#, B-In2S3 system was formed by six Wyckoff positions:



In1 (8c), In2 (16h), In3 (8e), S1 (16h), S2 (16h), and S3 (16h) with the following multiplicity 6,

6,4, 4, 3, and 4 [60]. The schematic structure of B-In,Ss is shown in Figure 2.
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Figure 2. Perspective view of B-In,Ss crystal structure: (a) Polyhedron model, (b) Ball-and-

stick model.

This structure was characterized also by the absence of 00l reflections and non-occupied

interstices sites in the complete spinel [59].

Further information about the quality of our films can be obtained by determination of
microstructure parameters. The texture coefficient, the average crystallite size (D), the
dislocation density (8) and the microstrain (€) were determined using the Scherrer Formula

[61] and Williamson & Smallman relations [62, 63]:
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Where TCu) is the texture coefficient, I(hkl) is the peak intensity in the experimental
spectrum, lo (hkl) is the peak intensity in the JCPDS file, N is the total reflection peaks, k is the
Scherrer constant, A is the wavelength of X-ray radiation (Cu Kq), B is the full width at half-

maximum (FWHM) and 6 is the diffraction Bragg angle in radian.

To evaluate deeply the effect of growth temperature and substrate type, the obtained results
of the pure B-In,Ss films obtained at 300 and 400 °C are summarized in Table 1, while Table 2

contains the results of the pure In,0s films obtained at 500 °C.

Table 1. Average grain size <D5>, dislocation density <6,> and microstrain values <e;> of

Indium sulfide (B-In2S3) thin films as a function of substrate type and growth temperature.

Substrate Temperature (°C) <D,> (nm) <8.> (10*m?) <ex>(1073)
Glass 300 32.547 9.57 3.56
400 37.154 11.98 3.33
Silicon 300 33.101 12.42 3.76
400 39.221 6.77 2.88

Table 2. Average grain size <D,>, dislocation density <6.> and microstrain values <g.> of

Indium oxide (In203) thin films as a function of substrate type.

Substrate Temperature (°C) <D,> (nm) <8a> (10¥m?) <g;>(103)
Glass ‘ 500 32.999 9.57 3.89

Silicon ‘ 500 45.730 5.59 2.33

Depending on substrate type and growth temperature, the crystallite size values range
between 32.547 to 45.730 nm indicating the nanocrsytalline quality of the obtained films. By

comparison, it was noted that the crystallite size increases with increasing the growth
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temperature. The slightly higher values of grain size observed for indium sulfide films
deposited onto silicon substrate suggest that this type of substrate facilities the growth of the
crystallite, although the differences are not significant. Regarding to the grain size of the
indium oxide obtained at 500 °C, it is also larger when the film was deposited onto silicon
substrate, with higher differences, indicating that the silicon substrate allows the grains to
grow faster than glass substrates. We believe that physical properties of the substrate such
as thermal conductivity, specific heat, surface energy, the hydrophilicity and linear thermal
expansion have an important effect on the film growth in this case [64] [65].

It is known that the dislocation density is often related to the crystal imperfection; however,
the microstrain includes defaults in several forms as stacking faults, contact stress, coherency
stress, triple junction... Thus, the estimation of dislocation density and microstrain can offer
gualitative information about thin films.

The higher 6 value was observed for the film deposited onto silicon substrate at 300 °C. This
finding may be of interest as it suggests the use of this film as a sensitivity device material. For
the others samples, the temperature effects on both parameters was found to be marginal
and not easy to discuss.

The strain and dislocation density of the indium oxide films are lower when silicon was used
as a substrate and higher in the case of glass substrate. The lower value of microstrain values
can be attributed to a decrease in inter-planar atoms spacing [66]. This defect can influence
certainly the optical properties that will be investigated in the following part.

The lattice parameter and inter-planer distance of indium sulfide and indium oxide films with
respect to the preferential orientation were calculated and presented in Table 3 and 4

respectively.

Table 3. Lattice parameter and inter-planer distance of Indium sulfide (B-In2Ss) thin films as a

function of substrate type and growth temperature.

Substrate Temperature (°C) a(A) c(A) d1o9 (A)
Glass 300 7.667 31.406 3.245
400 7.560 31.212 3.252
Silicon 300 7.620 32.301 3.245
400 7.609 32.376 3.248
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Table 4. Lattice parameter and inter-planer distance of Indium oxide (In,03) thin films as a

function of substrate type.

Substrate Temperature (°C) a (A) da22 (A)
Glass 500 10.153 2.931
Silicon 500 10.167 2.935

The lattice constants (a and c) of pure B-In,Ss deposited on different substrates are found in
the range of 7.560-7.667 A and 31.212-31.406 A respectively, which is in agreement with the
values of the standard JCPDS results. The inter-plane spacing is in the range between 3.245
and 3.252 A, which also agree with the standard JCPDS results (3.249 A).

For indium oxide films, the values for the lattice parameter (a) are 10.153 and 10.167 A, while
the values for inter-planar spacing (d222) are 2.931 and 2.935 A for films deposited onto glass
and silicon substrates respectively. These values are also in well agreement with standard

JCPDS file.

3.2. Morphological study
SEM analysis is an extended technique used to study the surface morphology of the obtained

thin films materials. Thus, the morphology of our films was examined by ESEM microscopy.

The obtained micrographs with 10000x magnification were presented in Figure 3.
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Figure 3. SEM micrographs with 10000x magnification of films obtained onto glass and

silicon substrates at different growth temperatures.

From Figure 3, it is clearly observed that highly adherent and uniform films were obtained
regardless the growth temperature and substrate nature. At a first glance, the micrographs of
films deposited onto glass and silicon substrates are similar. For all growth temperature range,
surfaces were formed by small spherical shaped grains. It is also clear that all the films are
homogenous and cover completely the total substrate surface with no pinholes or cracks. It is
also interesting to note that both indium sulfide films and indium oxide films have the same
morphology. Note also that growth temperature and substrate nature have no remarkable

effects on the surface morphology of our films.

3.3.  Electronic structure and Optical related parameters
Optical studies of semiconductor materials gives important information about the band
structure, which determines their useful applications. In this part, the most substantial optical
parameters such as absorption coefficient, energy band gap, refractive index, extinction
coefficient, dielectric parameters and optical conductivity of our samples were investigated
experimentally and theoretical. For this purpose, Transmittance and reflectance
measurements were recorded to ensure the determination of the experimental above-
mentioned parameters, while a theoretical study was performed to determine the band
structure, thereafter the determination of the dielectric functions that allows the calculation

of other optical parameters.

Transmittance and reflectance

Transmittance and reflectance curves of the films were determined and shown in Figure 4.

14
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Figure 4. Transmittance and reflectance curves of the films deposited onto glass and

silicon substrates at different temperature.

Indium sulfide film has a yellow color and the intensity of this color changes with changing the
growth temperature, becoming white for indium oxide films. This fact will affect certainly the
transmittance and reflectance properties of the obtained films. Regarding Figure 4, all indium
sulfide films deposited onto glass substrates exhibit similar curve trend. They show a jump in
transmittance values in the range of 350-450 nm, reaching a plateau for higher wavelengths
where the transmittance values are in the range from 65% to 75%. These values are quite
stable for a wide wavelength range extending from visible to IR range. These results indicate
an excellent transparency and, therefore, the formation of high quality films that can be
suitable as an optical window for photovoltaic structures. The interferences observed for all
the films confirm their homogeneity and smoothly nature [67, 68]. The film deposited onto
glass substrate at 300°C reaches the maximum value (75%) and presents higher interferences,

confirming a better homogeneity. Differently to those films, indium oxide film has a different
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behavior with higher transmittance, which reach 90% in Visible-IR region, indicating the higher
transparency of this film.

Reflectance behavior is also similar for all the indium sulfide films and quite lower for the
In203 film deposited at 500°C. Indium sulfide films show higher reflectance values in the UV
region, while beyond this region decreases drastically until stabilizing around 15%. In the case
of In,0s the reflectance reaches a 7% in the IR region.

Comparing the spectra depicted in Figure 4, the effect of substrate nature on the films
transmittance and reflectance was well remarkable. Very low transmittance in the range of
UV-Visible-near IR, which does not exceed the 4%, can be noted for the films deposited onto
silicon substrates. The low transparency of silicon wafer can be the origin of these lower
values. This fact is well consistent with our previous results for tin selenide thin films deposited
onto the same type of substrate. The jump in transmittance values in this case is observed
around 1000 nm. For higher wavelengths, the transmittance values continue to increase
slowly, reaching the maximum at higher wavelength. In addition, we can note that in this
range, the transmittance values increase with increasing growth temperature, except for the
Indium oxide layer (obtained at 500 °C) which may be due to a decrease in surface roughness
and/or a decrease in carrier concentration. Note also that the jump in transmittance of indium
oxide was higher than those of indium sulfide. Similar observation was done by Ji et al. for
In2S3 thin films deposited by RF sputtering [69]. Authors have explained the decrease in
transmittance of the layers by an enhanced of surface roughness. Beena et al. also related the
increase in In20s films transmittance with growth temperature to the smooth surface feature
[70]. The film obtained at the lowest temperature, which contains some metallic indium, has
the lowest transmittance values, however, the transmittance of films formed by pure indium
sulfide phase were slightly higher. The small difference observed in transmittance of films
deposited at 300 and 400°C onto silicon substrates can be attributed to the films crystallinity.
Revathi et al. shows that the optical transmittance of In,Ss films deposited onto glass substrate
was influenced by the substrate temperature, mainly in Visible region [71]. Authors explain
this fact by the decrease of the number of defects with increasing temperature, which match
well with our results, except for films deposited onto glass substrate at 400 °C. Reflectance
values of films deposited onto silicon substrates were higher than those of films deposited
onto glass substrates, which was expected due to the opacity of silicon substrate. Note also

that the film deposited onto silicon substrate at 400°C shows the lower reflectance value; this
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can be attributed to their lowest microstrain and dislocation density values compared to other
films. Others factors such as crystallinity state, homogeneity, microstructure, thickness, grain

size... can be also the origin of the differences observed.

Absorption coefficient
The experimental absorption coefficient was calculated using the transmittance (T) and
reflectance (R) data, based to the following relation, where d is the film thickness. The results

are shown in Figure 5.
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Figure 5. Optical absorption coefficient versus wavelength for Indium sulfide thin films

deposited onto glass and silicon substrates at different temperature.

As shown, all films show high optical absorption coefficient (in the range of 10* cm™)
independently of the substrate type and growth temperature. For indium sulfide films
deposited onto glass substrates, the effect of growth temperature is well remarkable,
although for all of them the absorption coefficient reaches the maximum value for the lower
wavelengths values (a quite narrow range), decreasing drastically to reach almost a zero value
for wavelengths over 700 nm. In fact, the amorphous film obtained at 200 °C has the higher
absorption coefficient despite no phase was identified. When increasing the growth
temperature to 300°C and 400°C, a has a lower value, but it is still in the range of 10* cm™.
Finally, indium oxide film shows a different behavior, in fact, a decreases drastically reaching

the minimum at 350 nm.
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Indium sulfide films deposited onto silicon substrates also show an absorption coefficient in
the order of 10* cm™, but for larger wavelength range, that extends from UV to near IR region,
which can be attributed to the silicon substrate effect. For the indium oxide film a higher
absorption coefficient in the order of 10° cm™ was observed in the same range from visible-
near IR, following the same behavior of the other layers for higher wavelengths. The high
optical absorption coefficient of our films suggest their useful application as photo material.

In order to confirm this result, the theoretical optical absorption coefficient a (w) was
calculated using relation (4) based on single crystal data of B-In;Ss. Figure 6 show the

theoretical optical absorption spectrum of B-In;Ss3 in the range of 300-1100 nm.
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Figure 6. The theoretical optical absorption coefficient spectrum of B-In;Ss.

As shown, the theoretical absorption coefficient of the single crystal B-In,Ss is in the range of
10* cm?, which is in good qualitative agreement with the experimental measurement. The
same behavior obtained for the experimental a spectrum of pure B-In,Ss thin films deposited
onto glass substrates can be also noted. However, the behavior was dissimilar to B-In,Ss thin
films deposited onto silicon substrates, which is expected taking into account the substrate
effects demonstrated in the previous section.
Electronic structure and Energy band gap
B-In2S3 presents a controversy about the type of electron transition from valence to

conduction band. Several authors treat it as direct allowed transition [20, 72] while few
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publications consider it an indirect allowed transition [73]. Some others treat it as a direct
forbidden transition [74]. In our case and for all obtained samples, (ahv)" were plotted against

hv, based on the following Tauc plot relation:

(ahv)" = A(hv— E;) (13)
In our case, for all films characterized the best straight lines were obtained when n=2. Figure

7 show the plot of (ahv)? versus hv of films deposited at different temperatures onto glass

substrates.
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Figure 7. (ahv)? versus photon energy for films deposited onto glass substrates at different

temperatures.

From the obtained plots, it seems that all films show direct allowed transition. The energy
band gap obtained for B-indium sulfide films grown onto glass substrates was found to be in
the order of 2.7 eV, that matched well with the bibliographic data [32, 75]. Note that the band
gap values of the pure indium sulfide films obtained at 300 and 400 °C were found to be so
closer. Indium oxide thin film deposited onto glass substrate has a direct band gap Eg=3.95 eV

which is higher than the value mentioned by Chong et al. (2.9 to 3.1 eV) [76] and closer to the
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values obtained by Naseem et al. (Eg=3.92 eV) for indium oxide films obtained by evaporation
of indium in the presence of oxygen [77].

As a matter of fact, the bibliographic data presents an ambiguity about the band gap nature
of B-In;Ss3. This can be certainly due to the interactions of each atom with their neighbors,
which affect crucially the band structure of the indium sulfide, thus their band-edge. In fact,
some numerical approaches have shown that the p orbitals of sulfur atoms are mainly located
in the top of valence band (VB) [23]. Thereafter, excess or defaults in sulfur atoms can affect

highly the band gap width.

Thereby, in order to get further insight about the type of electrons transition between valence
band and conduction band of B-In;S3, we have computed here their electronic band structure
in order to clarify the chemical bonding interactions. For this purpose, an optimization of the
atomistic structure was carried out firstly using DFT in order to get local minima within the
DFT. Thus, the band structure of B-In2Ss along the high symmetry lines in the irreducible

Brillouin zone is plotted from -3.0 to +5.0 eV in Figure 8.

i

E-E JeV

Figure 8. The calculated band structure of B-In,Ss single crystal.

As shown, the Fermi level was regarded as 0 eV and is marked by a horizontal dotted line. This
level correspond also to the top of the valence band. It is clearly observed that the conduction
band minimum was located at G point (2.72 eV), while the valence band maximum was found

away G point (-0.06 eV) and was located at N point (0 eV). This finding indicate that B-In2Ss has
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an indirect band gap. Regarding to the low difference in energy between the points G and N
(0.06 eV in our case), some researchers considered that B-In.Ss has a direct band gap
transition. These multiple optical transitions make this material a promising candidate for
optoelectronic applications.

Based on this, a direct band gap can be considered in G point with energy of 2.66 eV. This
value agrees well with our experimental result for the direct band gap value of the pure B-
In2Sz around 2.7 eV. The difference between the theoretical and experiments values can be

attributed to the quantum size of the films.

Density of states
In order to get a deeper understanding about the origin of B-In,Ss optical properties and to
specifies the composition of each band, a numerical approach was performed by ab initio
density-functional theory (DFT), using the plane-wave pseudo-potential method. The
calculated partial density of states (PDOS) and total density of states (TDOS) of B-In,Ss are

plotted in Figure 9 and 10 respectively. Fermi level was also taken as zero energy.
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Figure 9. Partial density of states (PDOS) of B-In,S3 single crystal.
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Figure 10. Total density of states (TDOS) of B-In;Ss3

The calculated DOS shows that conduction band (CB) and valence band (VB) are mainly
composed by S-3s, S-3p, In-5s and In-5p states. It is clear also that In-5d states do not appear
in any band, because they are completely filled with electrons. The valence band (VB) was
mainly composed by two parts. The first one, centered at -10.4 eV, has a bandwidth of 3.6 eV
and it is formed mainly by S-3s states. However, the hybridization between S-3p and In-5s, 5p
states yield to the appearance of the second broad part at -3.67 eV, with a bandwidth of 6.65
eV. The conduction band (CB) starts around 2.6 eV with a bandwidth of 2.8 eV. This region was

composed by S-3p states, In-5s states and In-5p states.

Extinction coefficient and refractive index
Extinction coefficient (k) and refractive index (n) are considered among the important
parameters of optoelectronic devices that allows collecting information about the local field
and the ions electronic polarizability. Hence, using the results obtained for the absorption
coefficient (a) and the reflectance (R) for each wavelength (A), we have determined the

experimental n and k parameters based to the following relations:
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The variation of both parameters (k and n) were plotted as a function of wavelength and

presented in Figure 11 for films deposited onto glass and silicon substrates.
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Figure 11. Refractive index and Extinction coefficient of the films deposited onto glass and

silicon substrates at different temperatures.

Itis clearly visible from Figure 11 that the maximum extinction coefficient values of the indium
sulfide films deposited onto glass substrates were found in the range of 0.19-0.24 in UV region.
These values decrease continuously with increasing wavelength until reaching the minimum
values (=0) in IR region. This observation indicates that all films are transparent in this region,
which matched well with the transmittance spectra analysis. Ji et al. have observed similar
trends for indium sulfide thin films deposited by RF magnetron sputtering and related the zero

value of k to the transport feature of indium sulfide material [34]. It must also be noted that
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a little bit change can be observed as a function of growth temperature. In fact, in lower
wavelength range it is noted that k values decrease with increasing growth temperature. For
indium oxide film, the behavior was slightly different as the decrease of k was found to be
faster and the zero value was reached in UV region, which indicate the high smoothness of

this film.

Figure 11 shows that films grown onto silicon substrates have an opposite k behavior
compared to films obtained onto glass substrates. K values of B-In;Ss films increase slightly
until reaching the maximum (=0.35) at 900 nm, after that the values return to decrease until
reaching the lower values (0-0.1). It is obvious that films deposited onto silicon substrates have
higher k values for all the wavelength range, which revealed the lower transparency of these
films compared to those films grown onto glass substrates, as one could expect due to the

silicon substrate influence.

A typical dispersion behavior of refractive index can be noted. It decreases drastically with
increasing wavelength until becoming fairly constant at IR region. The refractive index of
indium sulfide films deposited onto glass substrates varied in the range of 1.9-2.4 when the
wavelength is larger than 400 nm. This observation was found to be similar to those observed
by Rasool et al. [50] and Revathi et al. [78]. One can notice that the amorphous film obtained
at 200°C has the lower n value, which may be attributed to their poor crystallinity, thus, to the
lower packing density of this film. This parameter value was found to be slightly higher when
films were frown onto silicon substrates, which indicates the suitable application of these films
as optical waveguide. This observation is in accordance with the silicon substrates nature. In
fact, silicon was known by its opacity in the visible region and by its transparency in IR portion
of spectrum. This is why the difference in n values of indium sulfide films deposited in both
substrates was remarkable in low wavelength portion, while at high wavelengths region the
difference is lower. This finding confirms again the higher effect of substrate nature on optical
properties. Indium oxide film grown onto glass substrate has the lowest refractive index value

(=1.8) which is close to those obtained by Senthilkumar et al. [79].

The theoretical refractive index (n) and extinction coefficient (k) were also computed for

Indium sulfide using expressions (4) and (5).
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Figure 12. Calculated refractive index and extinction coefficient of B-In;Ss.

The results are plotted in Figure 12 as a function of wavelength to allow the comparison to
the values obtained from experimental measurements. The Figure shows that for the full
wavelength range, the extinction coefficient has the same behavior than the absorption
coefficient. It is important also to note that, for the range of 300-1100 nm, n decrease slightly

with increasing wavelength, while k decrease drastically, reaching zero value around 530 nm.

Comparing these results with the experimental ones in Figure 11, similar trends can be
observed. Nevertheless, n value derived from experimental measurements show a sharper
decrease than the theoretical one, while k value calculated from experimental measurements
reaches a zero value for higher wavelengths than the theoretical one, showing like a shoulder

not present in the theoretical one.
Dielectric constant

In general, the dielectric constant of semiconductors reflects their electrical properties by
measuring the interaction of electromagnetic fields with the material [80]. Using the
extinction coefficient (k) and the refractive index (n), the real (g/) and imaginary (&i) part of the
dielectric constant of our films were determined from the following relations:

e=¢g - +ig (16)

g =n?-k* (17)

g =2nk (18)
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The variation of dielectric constants (g and &) as a function of photon energy for films
deposited onto glass and silicon substrates at different temperature was summarized in Figure

13.
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Figure 13. Dielectric constants of the films deposited onto glass and silicon substrates at

different temperatures.

As expected, the real part of dielectric constant (&) show the same variation as the refractive
index (n); this is due to the lower k? values in comparison to n? values. Note that this constant
was linked to the capacity of materials to store energy [81]. As shown from Figure 13, &, values
increase with increasing the photon energy, which means that the amount of energy storage
was higher when films were exposed to higher photon energy excitation for all the obtained
films, except indium oxide film on silicon substrate, that shows a maximum value at =3.3 eV.
The imaginary part (i), named also loss factor, is a parameter that represents the loss of
energy in a dielectric medium when is subjected to an external electromagnetic field [82].
Thus, indium sulfide films deposited onto glass substrates were found to be lossless in the
energy range lower than 2 eV. For higher energies, the loss factor increases with hAv until

reaching the maximum around 4 eV. The energy loss was higher when indium sulfide films
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were grown onto silicon substrates. More peaks and bottoms can be observed for these
samples, which reflect the higher interactions between photons and electrons in these films.
Interestingly, for films formed by pure indium oxide phase, a quite different dielectric behavior
can be observed, indicating that the dielectric properties were given by the structural
properties of the material.

Concerning the difference on values of real and imaginary parts as a function of growth
temperature, it is difficult to be explained, but it can be related to the absorption mechanism
of energy as well as to the free phonon and electrons [83]. Thus, the present investigation of
the dielectric properties of our samples indicate their useful application in capacitor design at
higher photon energy range [84].

In order to confirm our finding, the experimental results were compared to the theoretical
one determined using expressions (2) and (3). The calculated real and imaginary parts of the
dielectric function of B-In,S; are plotted in the energy range 0-14 eV in Figure 14. A
magnification of the 0-4 eV region is depicted in order to allow a comparison with the values

calculated from the experimental results.

v eV

15 20

Figure 14. Calculated dielectric function of B-In;Ss. Inset shows zoomed out region of 1-4.5

ev.
From Figure 14 it can be noted that real and imaginary parts of dielectric function present a

dissimilar behavior in the full photon energy range. However, the intersection between both

parts that corresponds to the gap energy transport E: was noted in 5 eV. Focusing in the 0.5-
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4.5 eV range, we can remark that both g and g, increase with increasing photon energy which

is fully consistent with our experimental observations reflected in Figure 13.

Optical conductivity

The electronic states of semiconductor materials can be studied through their optical
conductivity behavior. For this reason, the optical conductivity of our samples was determined

using the following relation [85]:

anc
O-opt = E (19)

Where, a is the absorption coefficient, n is the refractive index and c is the speed of light in

vacuum. Figure 15 shows the plots of optical conductivity oopt versus photon energy (hv).
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Figure 15. The plots of optical conductivity oopt against hv of the films deposited onto

glass and silicon substrates at different temperatures.

As shown from the obtained graphs, the optical conductivity of the indium sulfide films
deposited onto glass substrates was very low when hv<2 eV. Above this region, oopt starts to
increase slightly until reaching their maximum around 4 eV. For indium oxide film grown onto
glass substrate, the optical conductivity starts to increase when hv=3.7 eV and reaches the
maximum around 4.5 eV. The effect of temperature can be clearly observed. In fact, the more
the growth temperature increases, the more the starting increase of oop: shifts toward the

higher photon energy values. It can be noted also that at low temperature, films deposited
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onto glass substrates shows a negligible variation of optical conductivity. This finding can be

related to the absorption mechanism of energy.

The effect of substrate type on the optical conductivity of our films was remarkable. In fact,
different oopt behavior was noted when films were grown onto silicon substrates. Firstly, the
optical conductivity values increase promptly until 1.5 eV. Up to this range, it continues to
increase slightly until reaching their maximum at higher hv values. Note also that indium oxide
film has higher oopt values compared to indium sulfide films and contrary to the one obtained
onto glass substrate. The effect of temperature on the optical conductivity of films cannot be
easily identified when films were grown onto silicon substrates. Thus, we can conclude that
the optical conductivity was affected by the growth temperature, the film nature as well as
the substrate type. Others sub-factors such as grain size, crystalline structure and the presence
of oxygen sites can be in the origin of the observed difference. Further, the higher oop: values

of the obtained films indicates theirs useful integration in optical device applications.

The theoretical optical conductivity of B-In,S3 computed using expression (7) was plotted in

Figure 16.
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Figure 16. Calculated optical conductivity of B-In;Ss. Inset shows zoomed out region of 1-4.5

eV.

As shown, the calculated optical conductivity increases firstly with increasing photon energy

reaching a maximum of 3.47.10%> S'! at 6 eV. Above this region, oopt falls off until reaching the
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zero around 11.5 eV. Zooming to the range of 1-4.5 eV, we can note that the theoretical oopt

has an identical shape to the experimental one of pure B-In,S3 obtained onto glass substrates.

3.4. Optical parameters
In the following, the rest of the optical parameters of the films deposited onto glass substrates
were evaluated only as a function of growth temperature, since the influence of the substrate
nature was clearly identified in the previous results.

Dissipation factor

Dissipation factor, called also loss tangent factor (tan 6) is also a dielectric parameter that
describes the durability or/and the quality of oscillation. In other words, this parameter
represents the ability of a dielectric to generate heat [86]. This parameter was defined as the
ratio of the imaginary part to the real part of dielectric constants. The variation of loss factor

of our samples deposited onto glass substrates was graphically presented in Figure 17.
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Figure 17. Loss factor of the films deposited onto glass substrates at different temperatures.
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As shown, the dissipation factor for all the films obtained was quite low and for frequency
higher than 3.6 10* Hz, tan & increase slowly with increasing the frequency until reaching their
maximum at higher v values. This increase in tan 6 values indicates that in these films can
happen a thermal fault at higher frequency [87]. It can also easily be observed that the loss
factor decreases with increasing the growth temperature, thus the indium oxide film has the
lowest values of dissipation factor. Overall, the low loss values of our samples suggest their

useful applications in microelectronic devices.

Oscillator and dispersion energy

Oscillator energy (Eo) and dispersion energy (Eq) are another important parameters that
should be known about semiconductors materials in order to ensure the optical device
modeling and design. These parameters were determined according to the concept of single-

oscillator model using the following expression [88]:

2 —
n —1_}53_152 (21)

where n is the refractive index, Eq is the dispersion energy, E, is the oscillator energy and E is
the photon energy. According to the above-mentioned relation, the extrapolation of the linear
part of (n2- 1)~ versus E? plot to the vertical axis, Eo/Eq4 can be determined, while, E4E, values
can be obtained from the slope. The plots of (n2-1)* versus (hv)? for the samples deposited
onto glass substrates were illustrated in Figure 18 and the obtained E, and E4 values were

summarized in Table 5.
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Figure 18. The plots of (n?-1)! against (hv)? of the films deposited onto glass substrates at

different temperatures.

Table 5. The estimated Eq, Eo and Eo/Eg values of the films deposited onto glass substrate as

a function of growth temperature.

Temperature (°C) 200 300 400 500
Eq (eV) 10.72 13.57 12.01 10.29

Eo (eV) 3.70 3.29 3.73 2.66

Ec (eV) 2.78 2.75 2.74 3.95
Eo/Eg 1.33 1.20 1.36 0.67

As it is well known, the dispersion energy (Eq) was considered as a potential parameter related
to the distribution of charge and to the nature of chemical bonding within the unit cell of
semiconductor materials. More precisely, it measures the average intensity of the optical
inter-band transitions independently of the band gap [89]. Indeed, E4 parameter was closely
related to the effective coordination number of atoms and valence (the effective number of
valence electrons per anion and to the anion chemical valence) [88]. For our samples
deposited onto glass substrates, Eq4 values were found to be slightly influenced by the growth

temperature. In the case of pure indium sulfide films, Eq was found to be equal to 13.57 and
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12.01 eV respectively. These values are in agreement with the values obtained by Timoumi et
al. for indium sulfide films deposited by vacuum thermal evaporation technique [49].
Moreover, the Eq4 values for the no-pure phase, the indium oxide phase and the B-In;S; phase
are quite different. This finding confirms the dependence of this parameter on the chemical

bonding, coordination number and valence.

The single oscillator (Eo) is the WDD (Wemple—DiDomenico) parameter that gives information
about the average excitation energy and it depends strongly on the energy band gap. As
shown, Eo is in the range of 3 eV for the pure indium sulfide films and is lower (=2.5 eV) for
the indium oxide film. Thereby, the effect of film nature on this parameter is remarkable. The
obtained single oscillator values, as well as Eo/Eg values are close to those observed by

Timoumi et al. for indium sulfide films grown by vacuum thermal evaporation method [50].

Urbach energy (Band tail width)
In general, for the semiconductor materials, two important regions can be identified in their
optical absorption spectra besides to the strong absorption region, which is related to the
energy gap. One weak absorption region related to defects into the film and other edge
absorption region that depends on the structural perturbation and disorder into the film.
Moreover, near to the optical band gap region, the absorption edge obeys to the Urbach rule

according to the following relations [90]:

hv
a=aqayetu (22)

hv
Lna = Lnay + I (23)

u

where a is the absorption coefficient, oo is a constant, hv is the incident photon energy and E,
is the band tail width (Urbach energy) that is related to the localized states available at band

edges [91].

According to the above-mentioned formula and plotting Lna versus hv, the inverse of the
slope of the straight-line part of the plot gives the band tail width. Figure 19 shows the plot of
Ln(a) versus hv for the films obtained onto glass substrates. The estimated Urbach energy E,

values were summarized in Table 6.
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Figure 19. Plots of Ln(a) against hv of the films deposited onto glass substrates at

different temperatures.

Table 6. The estimated E, values of the films deposited as a function of growth temperature.

Temperature (°C) 200 300 400 500

Eu (eV) 036 025 027 0.17

Considering the estimated E, values, it is clear that the film grown onto glass substrates at
200°C has the highest Urbach’s energy. This result was expected for its amorphous nature and
due to its poor crystallinity compared to others films [93]. In fact, the higher E, values matches
with the creation of higher disorder, thus the formation of higher width of localized states in
the band gap [94]. The lower band tail width observed for film grown at 500 °C indicates the
lower number of localized states available in this film compared to others. One may notice
that for both pure B-In;Ss films, E, values are close. Note also that the effect of the microstrain
and dislocation density on the E, value is difficult to be identified, which suggest that Urbach
energy can be probably affected by other types of defects besides the dislocation density and

microstrain that have more powerful effects to the width of localized states.
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3.5. PL measurements

Photoluminescence (PL) study is among the helpful tools that allows the study of
semiconductors materials properties. More precisely, PL study gives information about the
quality and origin of defects into the materials, such as donors, acceptors, vacancies,
interstitials... Thus, photoluminescence measurements were carried out at room temperature

for our films. The obtained spectra are shown in Figure 20.
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Figure 20. Photoluminescence spectra of the films deposited onto glass substrates at

different temperatures.

The crystal structure of B-In,Ss was characterized by a spinel structure with four empty
tetrahedral sites. After excitation, these vacancies can play an important role in PL behavior,
creating sulfur vacancies, indium interstitials (In;) as donors, indium vacancies as acceptors
(Vin) and oxygen in sulfur vacancies (OV;s). As shown in Figure 20, our films show interesting
luminescence behavior compared to the bulk B-In;S3 that had non-luminescent behavior.
Under 325 nm excitation, all films show a strong emission in the violet light band with twin
peaks at 407 and 421 nm. This luminescence emission can be attributed to the In,S3 quantum-
confined effects [31]. Another peak with lower intensity can be seen in the blue light region,

located at 486 nm, accompanied with a shoulder one at 460 nm. These blue peaks may be due
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to the recombination of electrons in sulfur vacancies with photo-excited holes [31]. Finally, a
lower peak can be identified in the green emission band located at 530 nm resulting from the

transition between indium vacancies and sulfur vacancies (Vin-Vs) [94].

Note also that indium oxide film present the same peaks to those of indium sulfide. In fact,
the literature review show that In,03 material can emit different luminescence band in the
range of 400-600 nm, depending to the growth method and condition [95]. However, the
slight shift observed may be attributed to the excitation source. Nevertheless, the higher
violet and blue emissions compared to the green one suggests that our films could be a

promising violet - blue light emitter.

On the other hand, it is well known that photoluminescence property of thin film materials
has a close relation with the quality of the films, thus to their crystallinity. It can be noted that
indium oxide film has the high PL peaks intensity, which indicate their higher quality. It is
remarkable also, that films grown onto glass substrates at 200 and 400 °C have virtually the
same intensity and the lower one. This observation reflects the lower quality of these films,
which can be supported by the higher dislocation density of the film grown at 400 °C and to
the amorphous nature of the film grown at 200 °C. In addition, it was shown that these two
films present a similar behavior regarding n, k and &, as well as close E, and Ey values, results
that confirm the higher disorder, lower packing density and poor crystallinity, justifying the

lower intensity of PL peaks of these two films.

Conclusion

In this study, B-InzSs nanocrsytalline thin films were successfully prepared using
triphenylphosphine sulfide. From structural analysis, we can conclude that the best
crystallinity and pure indium sulfide phase were obtained at 300 and 400°C with a tetragonal
structure and preferred orientation along (109) plane. The morphological study confirms the
formation of good coverage and high quality films that no depends on substrate nature and
growth temperature. The band gap energy was found to be =2.7 eV for films deposited onto
glass substrates, which makes them useful as buffer layers for photovoltaic applications._n, k,
Eosc, Edis, Eu parameters confirm the optoelectronic application of the resulting films.

Photoluminescence spectroscopy shows that the obtained films have violet, blue, and green
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emission. The obtained results shows that optical properties of B-In,S3 were highly affected
by the substrate nature, while the effect of growth temperature cannot be always identified.
The investigation of the density of states and band structure shows that band edge structure
of B-In2Ss is the origin of their excellent optical properties, which mainly composed by S>-3p
states and In3-5s states. Theoretical results are in good agreement with the experimental

finding.
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