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Influence of substrate temperature on physical properties of MnSbInS, thin films
prepared by a simplified spray pyrolysis technique for photovoltaic applications
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MnSbInS, multi-component semiconductor thin films are prepared by chemical spray pyrolysis on glass substrates at
various substrate temperatures ranging from 250-400 °C with a constant spray time (5mins). The structural, morphological,
optical and electrical properties of the thin films are investigated through different techniques such as X-ray diffraction
(XRD), electron diffraction spectroscopy (EDS), UV-Vis absorption spectroscopy and four probe method. The X-ray spectra
reveal that the MnShInS, films are polycrystalline in nature with a cubic spinel structure having (220) plane as the preferred
orientation. The energy dispersive analysis by X-ray (EDS) studies confirm the presence of Mn, In, Sb and S in the film
grown at a substrate temperature of 250 °C. Optical measurements allow us to determine the absorption coefficient which is
as high as (1.22 x 10° cm) at 250 °C indicating that MnSbInS, compound has an absorbing property favorable for
applications in solar cell devices. It is interesting to note that the structural homogeneity and crystallinity of the films is
improved due to the decrease in absorption coefficient (o) and extinction coefficient (k) with an increase of substrate
temperature. The observations from photoluminescence measurements reveal that the photoemission is mainly due to the
donar-acceptor pair transitions. Moreover, from the electrical studies, it is observed that the electrical resistivity (p ) is
strongly affected by substrate temperature and the lowest resistivity (p = 4.77 x 10® Q m ) is obtained for the film grown at
400 °C. Stylus profilometer was used to measure the film thickness and the values range between 768 nm (250 °C) to 617
nm (400 °C). This indicates that, as the substrate temperature increases, the thickness of the film decreases. Other important
parameters like micro-strain (g) and dislocation density (8) which are commonly used to describe the structural analysis are
also presented.
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1 Introduction

In the past decade, extensive research was devoted
to growing various kinds of binary'® and ternary*®
semiconducting materials. They have potential use in
solar cells, optoelectronic devices, photoconductors
and infrared detector devices®. Manganese indium
Sulphide (MnlIn,S,) thin films with a wide direct band
gap possess semiconducting properties have attracted
the attention of many researchers. MniIn,S, is an n-
type semiconductor with optical band gap energy
equal to 3.2 eV that can be modified by adding
suitable doping material (or) by changing the
concentration of cation or anion in the film®. In solar
cell systems, the replacement of Cadmium Sulphide
(Cds) with a higher band gap of MnIn,S, (Eg = 3.2 eV)
thin films lead to decrease the window absorption loss
and increase the short circuit current™.

*Corresponding author: (E-mail: kennedycsice@gmail.com)

In the recent years, multi-component thin films have
been grown by a variety of deposition techniques such
as chemical bath deposition™, thermal evaporation®?,
solve thermal synthesis®, atomic layer chemical vapor
deposition'* and spray pyrolysis™. Among them, spray
pyrolysis is a desirable method because of its low cost,
simplicity, mass production capacity and large area
coatings. Further, it has the advantages like ease of
adding doping materials, high growth and minimum
wastage of the source materials which are very much
desirable for many industrial applications'®. It is to be
noted that, physical parameters like the thickness of the
film, temperature, deposition rate and spray time
strongly influence the physical properties of the
films'’. Spray pyrolysis is an eco-friendly technique in
which the above parameters can controlled in an
effective manner™.

Information on structural and optical properties of
Mnin,S, thin films is provided by R.K. Sharma
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et al'®, but studies relating to electrical properties
were not carried widely by researchers®®. Recently
M. Guk et al®’. reported about the structural and
photoluminescence properties of Mnln,S, crystals.
The current study aims to discuss on chemical
composition and electrical properties along with
structural and optical properties of MnSbInS, thin
films at different substrate temperature. The main
objective of this work is to prepare high- quality thin
films by spray pyrolysis technique and to obtain
maximum transmittance and electrical conductivity
which could find wide applications in the field of
optoelectronic devices.

2 Materials and Methods

2.1 Material deposition

Agueous solution of manganese (ll) chloride
(MnCly), indium (1) chloride (InCls;), thiourea (CS
(NHy)2) and antimony (lll) chloride (SbCls) are used
to deposit MnShInS, thin films on glass temperatures.
At first, the aqueous solutions (0.1M) of these salts
are prepared and then they are mixed thoroughly with
appropriate proportions in order to have manganese to
indium molar ratio (Mn/In: 1.25) and (Mn+In)/S fixed
to 1 in the solutions. The manganese (Il) chloride and
indium (ll) chloride are mixed and then thiourea is
added. The resulting solution is doped with antimony
(1) chloride (SbCl;) of 0.01M. The solutions are
prepared by dissolving in deionized water. The glass
substrates (25mm x 25mm x 1mm) are precleaned
ultrasonically with organic solvents and deionized
water for several times and to remove the
contaminations if anything present on the surface of
the substrate. The resulting solutions are sprayed on
glass substrates, with a solution flow- rate of
ImL/min, and a nozzle to substrate distance of 25 cm.
The deposition time is fixed at 5Sminutes. Compressed
air is used as carrier gas for the deposition. The films
are deposited at different substrate temperature 250,
300, 350 and 400 °C and the deposited films are allowed
to cool slowly to room temperature. The substrate
temperature is maintained by a temperature controller
and a chromal-alumel thermocouple. The chemicals
used in the present work are of analytical grade.

During spray pyrolysis technique, a balanced
chemical reaction to from MnSbInS, thin films could be:

MnCl, +SbC|3 +|nC|3 + 4SC(NH2)2 + 8H,0 — MnSbInS,
+ 8NH,CI + 4CO, )

Since the byproduct NH4Cl is volatile at the
reaction temperature.

2.2 Characterization techniques

The structure of the prepared films is characterized
by X-ray diffraction (XRD) in the range of 10°C-
80°C with CuKa radiation having wavelength 1.5406
A operated at 40 KV and 30 m A. The surface
morphologies were investigated by Field Emission
Scanning Electron Microscope (FESEM) operated at
30KV with a scanning rate of 50 ps. The elemental
composition analysis is carried with energy dispersive
X-ray spectroscopy (EDS-model: JOEL -JEM 2100).
Optical absorbance and transmittance spectra were
measured using UV-Vis spectrometer (V-670-
JASCO) at room temperature in the wavelength range
of 200-2000 nm. Photoluminescence (PL) spectra of
the films are recorded using a 350 nm He-Cd laser
and a JOBNYUONHR-460 monochromator at room
temperature in fluorescence emission scan mode. The
electrical conductivity measurements are performed at
room temperature by a four-probe method.

3 Results and Discussions

3.1 Structural analysis

The effect of substrate temperature on the X-ray
diffraction patterns of the MnSbInS, thin films is
shown in Fig. 1. From the diffraction patterns, strong
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Fig. 1 — X-ray diffraction spectra of MnSbInS, thin films
prepared at various substrate temperatures: (a) 250 °C (b) 300 °C
(c) 350 °C (d) 400 °C.
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diffraction peaks at 20 = 23.45°, 27.57° and 33.4° are
assigned to (220), (311) and (400) reflecting planes
respectively. These diffraction peaks indicate the
presence of polycrystalline cubic spinel structure®.
This is in good agreement with JCPDS data No: 79-
1018, 79-1014, 51-1160, 19-0588, 89-3708 and
earlier reports?*®. The crystal structure of MnSblInS,
has Mn at the octahedral position and In at tetrahedral
position”®. Moreover Mn and In have nearly the same
atomic radii 0.91 and 0.92 A, leading to a high degree
of inversion”. The small amount (0.01M) of Sb
concentration did not alter the cubic spinel structure
of the film®. It is noted that the intensity of the
characteristic peak corresponding to (220) plane
increases with an increase of substrate temperature.
This may be due to the improvement in the
crystallinity of the films at higher deposition
temperatures®.  Further, at higher  substrate
temperature, the increase in grain- size will reduce the
strain and dislocation density (Table 1.), which will
greatly improve the crystallinity of the film®.
Moreover, a few additional peaks are observed which
may form due to the formation of intermediate
complex compounds such as MnS,, InS, and In,S; as
a result of thermal decomposition of metal chlorides
and thiocarbamide®,

The crystallite size (D)
Scherrer’s formula®;

kXA
D= )

is calculated using

where, k is a constant taken as 0.9, 4 is the X-ray
wavelength (1.5406 A), g is the full width at half
maximum (FWHM) of the peak in radian and 0 is the
diffraction angle.

The average size is calculated and it is found to be
in the range between 16.8 and 28.2 nm. The variation
of the grain size with respect to substrate temperatures
are presented in Table 1. From Table 1, it is clear that
the grain size increases with an increase of substrate
temperature. This may be due to the improvement in
the crystallinity of the films grown at higher substrate
temperature®. Further, the mobility of the added
atoms increases as the substrate temperature increases

which result in the increase in grain size and
improvement in the crystallinity of the films®.

Using grain size values, the dislocation density (J),
defined as the length of dislocation lines per unit
volume of the crystal is calculated by using the
Williamson and Smallman’s formula®.

8 = 1/D? ...(3)

The micro-strain (g), defined as a measure of the
change in the size or shape of a body is referred to its
original size or shape developed in the films. The
micro-strain (¢), which is an important structural
parameter is calculated using the following relation®.

Bcosb/4 ... (4)

where, D is the crystalline size, £ is the full-width half
maximum in radians and @ is Bragg's diffraction
angle. The variation of dislocation density () and
microstrain () with substrate temperature (250-400 °C)
are presented in Table. 1. From Table 1, it is clear that
the micro-strain and dislocation density of the
material of the film decreases with the increase of
deposition temperature. This may be due to the
increase in particle size and improvement in the
stoichiometry of the film grown at higher substrate
temperatures®.  Further, the decrease in the lattice
strain with the increase of substrate temperature
results in the reduction of lattice imperfections of the
grown films®.

el =

3.2 Elemental composition analysis

The elemental composition and the purity of
MnSbinS, thin films deposited at a substrate
temperature of 250°C, is observed from the energy
dispersive spectrum (EDS) is shown in Fig. 2 and
Table. 2. The EDS spectrum indicates the presence of
elements such as manganese (Mn), indium (In),
sulphur (S) and antimony (Sb) in the deposited thin
films. It is noted that, the oxygen content is present in
the MnSbhInS, films deposited at a substrate
temperature of 250°C. The oxygen content is not only
chemisorbed in the film*, but also an oxygen-
containing phase is formed during the film growth.

The oxygen atoms diffuse through the grain
boundaries of the film without any chemical reaction.

Table 1 — Micro structural parameters of MnSbInS, thin films formed at different substrate temperatures.

Substrate Temperature Bragg's angle Particle size
(°C) (20) degree (D)
250 29.14 16.80
300 33.12 22.12
350 33.25 23.03
400 34.89 28.20

(nm) Dislocation density lines/m? Strain
(&) 10" e10°

3.543 2.115

2.043 1.673

1.885 1.463

1.257 1.364
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Fig. 2— EDS spectra of the MnSblInS, films prepared at 250 °C

Table 2 — Elemental Composition of MnShInS, thin films

deposited at 250 °C.
Element Atomic % Weight %
Mn 18.74 18.34
In 20.87 17.03
S 11.23 11.51
Sh 12.34 10.93
0] 36.82 42.19

These atoms are bounded at the surface and grain
boundaries and they do not enter into the crystallites*.
Hence, the properties of the films are not altered by
oxygen content. Further, an intense peak of Silicon (Si)
is observed which indicates that the film is deposited
on a glass substrate and no trace of foreign elements is
identified from the EDS analysis.

3.3 Optical Studies

The substrate temperature- influenced change in
transmission spectra of MnSbInS, thin films recorded
in the wavelength range 300-1500 nm is presented
in Fig. 3.

From the transmittance spectra, the lower
transmittance is observed in the UV region, while in
the visible (VIS) and infrared (IR) regions high
transmittance is observed. Our results are in good
agreement with the results obtained by Patil et al.*.
The high transparency in the visible (VIS) and
infrared (IR) regions is a consequence of the wide
band gap of the film*®. On the other hand, the low
transmittance in the UV region is an indication that at
lower wavelengths there is no transmission because
all the light is absorbed. For higher wavelengths
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Fig. 3 — Transmittance spectra of MnSbInS, films sprayed
at various substrate temperatures: (a) 250°C (b) 300°C (c) 350°C
(d) 400°C

region, however, there are no appropriate electronic
transitions possible so transmission is very high in
this range™. Materials having low absorbance and low
reflectance in the visible region makes the thin film as
a suitable antireflection layer in solar cells working
mainly in the visible region®. Further, the
semiconductor thin films are used as thermal imaging
camera in photo thermal industries.

From the transmittance spectra, it is also noted that an
increase in the optical transmittance property is observed
at a higher substrate temperature (80% at 400 °C)*. The
improved transmittance with escalating substrate
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Table 3 — Optical parameters of MnSbInS, sprayed at different substrate temperatures.

Temperature Film Thickness Transmittance Absorption coefficient o Extinction coefficient
(°C) (nm) T (%) 10° (ecm™) K
250 768 62 1.22 0.48
300 726 67 1.03 0.41
350 664 78 0.84 0.33
400 617 80 0.78 0.31
temperature enhances improvement in structural i @
homogeneity and better crystallinity™. Moreover, at ' () e MSbInS3 - 250 °C
higher substrate temperatures the optical scattering P “N’:”z:'l"zgggg ®)
N ¢ n. N4 -

diminishes and thus leads to the enhancement of optical
transmission*’. From our previous reports, it is noted that
for pure Mnin,S, films, the optical transmittance is
about 75%™. But for MnSbInS, thin films, the optical
transmittance is about 80 %. The transmission is higher
in the doped MnIn,S, film compared with an undoped
thin film. In general, while doping the grain size is
reduced, thus results in the improvement in the optical
property of the thin films*. The doped Sb content has a
great effect on the transmission properties. The Sb
concentrations improve the crystallinity of the films
through occupying the sulphur, indium, and other
vacancy sites without affecting the structure of
MnSbInS, thin films®. Further, at higher substrate
temperature the size of the crystals formed on the
surface is large enough to prevent surface defects and
intrinsic defects, which is a good indication for better
crystallinity of MnSbInS, thin films®..

From Table 3, it can be clearly observed that
increase in the film thickness reduces the
transmittance of the film. As the film thickness
increases the surface roughness and the density of
localized states increases which reduces the
transmittance value®. For the film thickness 768 nm,
the transmittance is 62% Higher transmittance 80 % is
noted for the film with the thickness of 617 nm. This
is due to the increase in structural homogeneity and
crystallinity lead to higher transmission®:.

The absorption coefficient (a) is calculated using
the following equation®”.

222 log (%) .. (5)

where, T is the transmittance and t is the thickness of
the film. The thickness of the films was measured by
a stylus profilometer. The variation of absorption
coefficient with substrate temperature (250-400 °C) is
shown in Fig. 4 and Table 3.

From Table 3, it is observed that the value of the
absorption coefficient of the material of the film
decreases as the substrate temperature increases™. A

o=

MnSbinS, -

a(em™)

Fig. 4 — Variation of absorption coefficient (o) with band gap
energy values (Eg) for MnSbinS, films prepared at various substrate
temperatures: (a) 250 °C (b) 300 °C (c) 350 °C (d) 400 °C

higher value of a is obtained when the substrate
temperature is at 250 °C (a = 1.22 x 10° cm™). This
may be due to the presence of thermal lattice
vibrations and imperfections in the grown films®®.
Further, the increase in the substrate temperature
produces a significant effect on the energy of the
absorption edge. It shifts the absorption edge to the
longer wavelength (red shift), which is attributed to
the growth of crystal grains and consequent decrease
of quantum size effect®’. The shift in the absorption
edge towards the higher wavelength (red shift), is due
to decrease in lattice strain with the increase of
substrate temperature (Table 1). Moreover, the shift in
the absorption edge towards the higher wavelength is
due to the strong quantum confinements and
enhancement in their surface area to volume ratio®.

The extinction coefficient (K) is determined by
using the relation®.

oi
K = pp ... (6)
where, a is the absorption coefficient of the material
of the film, 4 is the wavelength of the incident light.
The variation of the K with substrate temperature is
presented in Table 3. From Table 3, it is observed that
the absorption coefficient (o) and extinction
coefficient (k) of the material of the film decrease
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with increase in substrate temperature. This is
attributed to the improvement in the crystallinity of
the films with an increase in substrate temperature
which leads to minimum imperfections’.

3.4 Photoluminescence (PL) studies

Photoluminescence (PL) spectroscopy is a very
efficient, contactless, non-destructive, widely used
technique for the analysis of the optoelectronic
properties of semiconductors, which requires very
little sample manipulation. The main uses of
photoluminescence are  to  understand  the
recombination mechanisms, identification of surface
interface and impurity levels, band gap determination,
assessment of the material quality and detection of
defect states. The photoluminescence (PL) spectra of
MnSbInS, thin films prepared at various temperatures
are shown in Fig. 5. The PL spectra were recorded at
room temperature with an excitation wavelength of
350 nm. From figure 5, several intense peaks are
observed in the wavelength range 340-680 nm
corresponding to blue, green, yellow, orange and red
band emission. The intense peak corresponding to
UV- region (394nm) is due to the band edge emission
and other peaks in the Vis — IR regions are also due to
the defect emissions®®. Further, it is observed that
the emission peak intensity increases with an increase
of substrate temperature. The increase of peak
intensity at higher substrate temperatures may result
in the reduction of micro- strain and defect states as
well as improvement in crystallite size, which could
improve the crystallinity of the material of the film®.
At the substrate temperature 400°C, a strong peak is

(@) = MINSbINS, - 250 °C
() ———MInShInS, - 300 °C
(€) =——————MnSbInS, - 350 °C
(d) ——— MnSbInS, - 400 °C
%)
o
o
=
B
=
o
£
T M T M T N 1 M 1 N 1
400 450 500 550 600 650
Wavelength (nm)
Fig. 5 — Photoluminescence spectra of MnSbInS4 films

excited by 350 nm at various substrate temperatures: (a) 250 °C
(b) 300 °C (c) 350 °C (d) 400 °C

observed in the wavelength range 600-650 nm
centered at 628 nm (maximum emission) may be due
to donar- acceptor pair transition (DAP) between a
sulphur vacancy and an indium vacancy or manganese
on an indium site®*®*. Moreover, the PL studies play
an important role in determining the exact energy
levels of nanostructures of polycrystalline thin films®.

3.5 Electrical studies

The resistivity of the film depends on several factors
like preparation parameters, doping agents, variation in
temperature and the dimension of the film. The electrical
resistivity and conductivity of the deposited films are
calculated by the following equations®’:

p=4532(7)¢ (D)
G:% .(8)

where, V is the Voltage in volts, | is the current in
Ampere and t is the thickness of the film. The
variation of electrical conductivity with substrate
temperature for MnSbiInS, thin film is shown in Fig. 6
and Table 4.

Table 4 — Variation of resistivity (p), conductivity (o) and
activation energy (E,) of MnSbInS,thin films with substrate
temperatures (250-400°C).

Substrate Resistivity Conductivity ~ Activation
temperature p c Energy(E,)
(°C) (Qm) (Qm)? eV
250 3.12x10° 1.94 x 10°® 0.247
300 7.80 x 10* 1.35x 10® 0.242
350 1.52 x 10* 6.61 x 10° 0.225
400 477 x 10° 2.12 x 10™ 0.213
2.5x10™ 4
(2)m — Mnsbins, -250 °C )
. (b)m — Mnsbins, -300 °C
e 20x10°9 () g — Mnsbins, -350°C
b (d) m— Mnsbins, -400 °C
E
) 1.5x10™ 4
)
2
2 1.0x10* 4
o
3
5
O 5.0x10°
0.0 4

T T T T ® T L T ¥ T T T T 1
240 260 280 300 320 340 360 380 400 420
Temperature °C
Fig. 6 — Variation of electrical conductivity of MnSbInS,

thin films sprayed at different substrate temperature: (a) 250°C
(b) 300°C (c) 350°C (d) 400 °C.
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From Table 4, it is noted that the electrical
conductivity increases with an increase of substrate
temperature and supports the semiconducting nature
of MnSbInS, thin films® "2 It is also noted that the
conductivity is found to be 1.94 x 10° Q* m™ for the
film deposited at 250°C and attains a maximum value
of 2.12 x 10 Q' m™ for the film prepared at 400 °C.
The increase in conductivity of the material of the
films with substrate temperature is due to the growth
of grain size (16.6-27.8 nm) and improvement in the
crystallinity of the films”™. This inference on the
improvement of crystallinity of the films with
increasing in substrate temperature is consistent with
present FE-SEM and XRD results. The higher value
of conductivity (low resistivity) at a higher
temperature of MnSbInS, thin films exhibit the
semiconducting property and find wide applications
in the field of opto-electronics™.

On the other hand, the resistivity (p) is found
to be higher (3.12 x 10° Q m) at 250°C than at 400°C
(4.77 x 10° Q m). The decrease in resistivity of the
film at higher substrate temperature may be due to the
presence of oxygen vacancies (from EDS spectrum)
during the process of film growth™ . These oxygen
vacancies can act as electron donors and increase the
free carrier concentration which greatly reduces the
resistivity and increase the electrical conductivity of
the film""®. Further, the decrease in electrical
resistivity of the film at higher substrate temperature
is due to the improvement in crystallinity of the films
which would increase the charge carriers, mobility
and decrease the defect states’. The highest grain size
(27.8 nm at 400°C) indicates the highest electrical
conductivity and lowest resistivity of the film. Similar
behaviour has been observed in the films of other
materials®®®. In the case of larger grain films, the
charge transport is predominant which results from
the substantial improvement in the conductivity,
whereas in the case of smaller grain films, the higher
number of grain walls may act as low conductivity
blockades®. Further, the increase in the grain size
allows a decrease in electron scattering which leads to
an increase in electrical conductivity®.

The activation energy of the films for different

substrate temperatures is calculated using the
following relation®.
E, = 0.08625 x slope ... (9)

where, 0.08625 is the value of Boltzmann constant
in e V. The E, values are calculated by plotting a
graph between log (p) and (1000/T) for the films

deposited at different substrate temperatures (Fig 7)
and they are presented in Table 4. From Table 4,
the activation energy (E,) values for 250, 300,
350 and 400 °C are 0.247, 0.242, 0.225 and 0.213 eV.
It is noted that the activation energy decreases
with an increase in the substrate temperatures
(250-400 °C)®. This may be due to the increase of
grain size and improvement in the crystallinity of the
films (Table 1) at higher substrate temperature’.
Further, the decrease in activation energy is due to the
metal doping. The effect of doping is to eliminate the
structural defects and dangling bonds which improve
in the crystalline structure and this is clearly noticed
from the XRD studies®®.

55 M m—400°C )
(b) @ — 350 °C

o (c)m —300°C

Es.o- (d) p—250°C

£

L

[+}

o 45

S

4.0

35 —
15 16 1.7 1.8 1.9

1000/T (K")

Fig. 7 — Variation of log (p) versus 1000/T (K) for different
substrate temperatures of MnSbInS, thin films. Substrate
temperature: (a) 250 °C (b) 300 °C (c) 350 °C (d) 400 °C
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Fig. 8 — Variation of activation energy (E;) of MnSbInS,

thin films prepared at different substrate temperatures: (a) 250 °C
(b) 300 °C (c) 350 °C (d) 400 °C
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4 Conclusions

The MnSbInS, films are prepared on glass
substrates by a simple chemical spray pyrolysis
technique and their physical properties are
investigated. The XRD analysis indicates that these
films have cubic spinel structure with a grain size
ranging between 16.8 and 28.2 nm. It is noted that the
crystalline size increases with an increase of substrate
temperature (250-400 °C). The increase in substrate
temperature promotes the crystallite growth and
improves the crystallinity of the films. Also, at a
substrate temperature 250 °C, the EDS spectrum
confirms the presence of Mn, In, S and Sb in the
synthesized film. From the optical studies, it is noted
that the transmittance percentage is increased with the
increase in the substrate temperature. The improved
optical transmittance at higher temperatures is due to
the occupancy of Sb atoms in sulphur, indium, and
other vacancy sites. It is also observed that the
absorption coefficient and extinction coefficient
of the material of the film decrease with the increase
in the substrate temperature. This may be due
to the improvement in structural homogeneity which
leads to minimum imperfections. From the
photoluminescence spectra, it is observed that the
presence of a large number of defect states during the
growth of the thin films results in a large number of
emission peaks in the UV and Vis-IR regions.
Analysis carried out by four-probe method indicates
high value of electrical conductivity (2.12x10* Q'm™)
is obtained by the film coated at 400°C, this predicts
the semiconducting behavior of the prepared thin
films. Therefore, it is very clear from the present
work, the substrate temperature and metal doping play
an important role in varying the physical property of
the thin film, making it suitable for the use in
optoelectronic devices.
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