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Introduction

Abstract. Indium Hydroxy Sulphide has demonstrated abundance in
resources, low prices, nontoxic characteristics, radiation resistance, high
temperature resistance, and chemical stability, and therefore it has become
an extremely important photoelectric, photovoltaic, and light sensing thin
film material. Some treatment on this material include thermal annealing
which is a process used for intrinsic stress liberation, structural improving,
and surface roughness to control its electro-optical properties. In a
qualitative way, annealing modifies surface morphology, intrinsic
parameters, and electron mobility with temperature and time. In this work,
an explanation on the surface modification of In(OH),S, thin films when
subjected to an annealing process is discussed. Both electrical and optical
effects caused by annealing were carried out and characterizations were
performed at different annealing temperatures in nitrogen in the
temperature range 373-573 K. Using optical measurements data and
simulated data, Scout software was employed and the results showed that
increasing annealing temperature causes a slight decrease in
transmittance with a consequence of modifying the energy band gaps
values between 2.79-3.32 eV. It was concluded that annealing influence
optical transmittance and resistance of the film make the thin films
potential for photovoltaic, and light sensing applications.

Keywords: annealing; energy band gaps; recrystallization; optical effect;
passivation; stoichiometry.

electronic engineering of solid-state DSSC, pas-
sivation of interface recombination can be of

Indium sulphide is a promising candidate for op-
toelectronic, photovoltaic, and many other tech-
nological applications due to its stability, wide
band gap, and photoconductivity [21]. The opti-
cal band gap value reported for indium sulphide
thin films lies in range 2.0-2.4 eV depending on
the physical or chemical process deposition [2].
One possibility to induce anomalous broadening
of the optical band gap is to substitute some sul-
phur with oxygen in order to synthesize a homo-
geneous InzS3.3x03x [14]. Another possibility of a
buffer containing hydroxides or oxides and hy-
droxides is by use of CBD for sulphides, since the
composition of a buffer layer often depends on
the deposition method and the preparation con-
dition [9]. According to the research done on the
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fundamental importance in systems like ETA-
solar cells [6] and In(OH):Sy is one of the pro-
posed buffer layers [18]. The In(OH):S, layers
have been deposited by a wet CBD and has
proved to be a good buffer for TiOz solar cells
with its band gap energy varying in the range
24-34 eV depending on stoichiometry of
In(OH):Sy [14, 24]. The dark I-V characteristics
obtained confirm that In(OH).Sy coating was good
and free of pin holes that can lead to shorting of
the current. Consequently, after annealing the
films at 300°C for 30 minutes, the material
changes from amorphous state to crystalline
state and also becomes slightly rich in InzS3 con-
tent [24, 20]. The buffer film can minimize the
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electron-hole pair recombination and the capa-
bility of the n-type semiconductor when infil-
trated with the p-type absorber [25]. The dark I-
V characteristics of In(OH):S, coating deposited
by CBD confirm that it is appropriate for PV cells
and does not have porosity which can give rise to
shunting problems. In general, the performance
of the solar cell under illumination for open cir-
cuit voltage and short circuit current density
have been found to be 0.27 V and 11.7 mA/cm?,
respectively. The fill factor of about 0.32 with a
conversion efficiency of 1.01 % V for the solar
cell have also been realised [18]. The dependency
of E; on the pH value of the solution is most
probably due to changes in the stoichiometry
[23] of In(OH).S,.

Thermal annealing. Annealing refers to a semi-
conductor manufacturing process which heats
silicon wafers to high temperatures on a time-
scale of several seconds or less but during cool-
ing, temperatures must be brought down slowly
to prevent dislocations and wafer breakage due
to thermal shock [16]. This process is used for a
wide variety of applications in semiconductor
manufacturing including dopant activation,
thermal oxidation, metal re-flow, and chemical
vapor deposition. It consists of heating a single
wafer or thin film at a time in order to affect its
electrical properties. Unique heat treatments are
designed for different effects. Wafers or thin
films can be heated in order to activate dopants,
change film-to-film or film-to-wafer substrate
interface [7], densify deposited films, change
states of grown films, repair damage from ion
implantation [4], move dopants or drive dopants
from one film into another or from a film into the
wafer substrate. Post annealing can also be per-
formed. This treatment is an important technique
which helps to enhance thin film properties by
changing their microstructure and phase orienta-
tion. Annealing thin films have different conse-
quences depending on the nature of the thin film.
Annealing may relief strain due to lattice mis-
match and hence modify its surface morphology
[19]. As a rule of thumb, annealing at 1/3 of the
melting temperature of the bulk material, in
principle improves its surface roughness. Anneal-
ing can also favor the formation of certain spe-
cific structural phases and may equally trigger
possible diffusion processes. This is because an-
nealing strongly depends on the interaction po-
tentials of the film and the type of substrate ma-
terials. If the interaction of films and substrate
atoms is weak, heating will promote the forma-
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tion of clusters or islands of the film material. If
the interaction is strong, a smoothing of the film
is possible. However, annealing at very higher
temperature may have detrimental effects since
it may disturb the interface with the substrate.

Methodology

Materials and Reagents. The following reagents
were purchased from sigma Aldrich and were
used without further purification: Indium (III)
Chloride 99 %; Hydrochloric Acid 79 %; Thio-
Acetamide 99.8 %; and De-lonized water. Other
chemical and laboratory requirements were ob-
tained from the University of Nairobi, Material
Science laboratories as required.

Experimental Procedures. Chemical Bath Tech-
nique (CBD) was used to grow Indium Hydroxy
Sulphide thin films. After thorough cleaning the
glass substrate, In(OH).S, was coating on them
using chemical bath deposition technique at
70 °C for about 90 minutes from aqueous solu-
tion containing 5 ml Indium (III) Chloride
(0.009 M), 2.5 ml Hydrochloric Acid (0.005 M),
6 ml Thio-Acetamide (0.6 M), HCI (0.005 M) and
26.5 ml De-lonized water according to [1]. The
growth process took about 25 minutes, at a con-
stant temperature of 70 = 1°C as illustrated in
Figure 1.

Figure 1 - Setup for chemical bath deposition used in
depositing In(OH),S,

All conditions maintained by [13] were followed.
After every deposition the sample was gently
rinsed in double distilled water before allowed to
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dry and then kept in desiccators as reflected by
[11].

Characterization. A spectrophotometer was to
obtain reflectance and transmittance measure-
ments in the spectral range of 50-2500 nm while
electrical resistivity was measured by using the
four point probe interfaced with the Keithley
2400 source meter. The In(OH).Sy films were fi-
nally analyzed optically and electrically charac-
terized as deposited and when annealed in argon
for 1 hr in temperature range of 100 °C - 300 °C
at interval of about 30 °C.

Results and Discussion

Effect of annealing on Transmittance of In(OH)xSyfiIms
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Transmittance, Reflectance and Absorbance. The
as-deposited In(OH):Sy thin films were yellowish
in colour but upon annealing in argon atmos-
phere for approximately 60 minutes they turned
shiny and specular upon. The intensity of colour
variation changed with annealing temperatures
in the range of 100-300 °C. Those films annealed
at 300 °C were the most specular. The average
measured transmittance for the as grown
In(OH),Sy thin films was 74.5% in the wave-
length range of 300-1100 m (Figure 2a) closer
analysis revealed that such a high transmittance
is theoretical equivalent to the optimum parame-
ters for buffer layer applications in ETA-solar
cells [18].

Effect of annealing on Reflectance of In(OH)XSyfiIms
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Figure 2 - Annealed curves for (a) Transmittance, (b) Reflectance, (c) Absorbance curves and
(d) Comparison of transmittance and absorbance of In(OH),S, thin films
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A comparison was carried out for the annealed
film and it was observed that (Figure 2d) an in-
crease in annealing temperature up to 240 °C re-
sulted into a slight decrease in transmittance
which was followed by an increase as the anneal-
ing temperature was increasing. Thereafter,
there was a sudden increase of transmittance.
Such a behavior was attributed to material re-
crystallization [10] which caused a reduction of
unsaturated defects alongside material decom-
position. It was then explained that during ther-
mal annealing [22], unsaturated defects gradu-
ally get annealed and the consequence is they
produce large numbers of saturated bonds [17].
Such large saturated bonds in effect reduce the
number of unsaturated defects [5] which in turn
decreases the density of localized states in the
band structure [22]. This finally result in in-
creases the optical band gap [17, 5] best for light
sensing and light absorption applications.

Band gaps. In curves demonstrating electronic
band structure semiconductors, the band gap
generally refers to the energy difference (in elec-
tron volts) between the top of the valence band
and the bottom of the conduction band in insula-
tors and semiconductors [20, 9]. In this work, en-
ergy band gap of the semiconductor In(OH):Sy,
thin film was determined manually by extrapo-
lating simulated data as depicted in Figure 3.

210 In(OH)xSy
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Figure 3 - Band gap of In(OH),S,

By extrapolating the linear portions of the plots
(ohv)? against (hv) to where (ahv)? = 0, the value
where the extrapolated line cuts energy (hv) axis
gives the thin film energy band gap. The results
are given in the curve of figure 4. It was noted
that the change in the energy band gap of
In(OH),S, might be due to material re-
crystallization [10] and reduction of unsaturated
defects during annealing [1]. These E; values
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compare well with the literature values [1, 11,
20, 10, 17, 5, 22] that equally show that these
were optimum values for solar cell applications

[4,17,22].
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Figure 4 - lllustration of Band gap of In(OH),S, with
density of states [9]

Energy band gap is usually referred to the energy
difference between the conduction band and the
valence band. The conduction band is the outer-
most energy band where the free electrons lie
and below that there is the valence band [9]. An
electron residing in the valence band cannot
jump to the conduction band until and unless it is
provided the amount of energy needed for the
electron to cross the energy barrier between the
aforementioned bands, which are just the band
gap energy [4]. As soon as the electron is pro-
vided energy equal or greater than the band gap
energy [5], it can go to the conduction band, be-
come a free electron which is the main reason
behind the high conductivity of metals. For an
easy understanding, the raw experimental values
obtained were tabulated in Table 1.

It can be observed that both the annealing tem-
perature and the film thickness had major con-
tributions to the experimental band gap ob-
tained. Energy band gap is closely related to the
HOMO/LUMO gap in chemistry [6]. If the valence
band is completely full and the conduction band
is completely empty, then electrons cannot move
in the solid; however, if some electrons transfer
from the valence to the conduction band, then
current can flow. Therefore, the band gap is a ma-
jor factor determining the electrical conductivity
semiconductors [2, 9, 4].
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Table 1: Band gaps of In(0H),S, films annealed in argon at different temperatures

Annealing temperature (°C) Thin film thickness d (nm) Energy Gap, Ey, (eV)
100 99.12+0.28 3.7310.05
130 98.13+ 0.27 3.681 0.04
160 97.88+ 0.26 3.53+0.03
190 97.4710.26 3.51£0.03
210 96.60+ 0.26 3.51+0.03
240 96.41£0.26 3.49£0.03
270 94.80+ 0.26 3.6710.06
300 94.30%0.20 3.72£0.06

Usually the Band-gap energy of semiconductors
tends to decrease with increasing temperature.
This is attributed to atomic vibrations as tem-
perature increases. When temperature increases
as like when a thin film is being annealed, the
amplitude of atomic vibrations increases. This
leads to larger interatomic spacing becoming
evident. As a consequence, the interaction be-
tween the lattice phonons and the free electrons
and holes affect the band gap though to a smaller
extent. As a result the relationship between band
gap energy and temperature is the well described
by Varshni's empirical expression (1):

aT?

E, =E,q-—2,
g 9(0) T+ﬂ

(1)

where Eg(o), o and [ are material constants.

In a regular semiconductor crystal like that of
In(OH),S, the band gap is fixed owing to continu-
ous energy states[4]. But when analyzed at a
quantum dot crystal level [20], the band gap is
found to be size dependent and can be altered to
produce a range of energies between the valence
band and conduction band. Table 1 shows the
errors estimation, but however, the error could
also be due to quantum confinement effect [16]
since band gaps also depend on pressure which
was not investigated in this work. Equally, band
gaps can be either direct or indirect, depending
on the electronic band structure [25, 8] but in
this work, the band gap was assumed to be di-
rect [9].

Refractive index. The refractive index of a trans-
parent optical medium, (index of refraction), is

the factor by which the phase velocity Vph is de-

creased relative to the velocity of light in vacuum
[3], the refractive index also determines phe-
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nomena such as refraction, reflection and diffrac-
tion at optical interfaces (2):

n
The refractive index can be calculated from the
relative permittivity & and the relative perme-
ability £ of a material (3):

n* =su. 3)

The values of & and u at the optical frequency

have to be used, which can deviate substantially
from those at low frequencies. For usual optical
materials, # is close to unity. The values of re-

fractive indices of In(OH).S, deduced from scout
software by fitting of experimental data were in
the range of 1.71-1.85 in the visible range that
were appropriate for photovoltaic and solar cell
applications. For In(OH):Sy the refractive index,
1, shows a general decrease as the wavelength

increases for all the annealing temperatures. The
refractive index of a material depends on the op-
tical frequency or wavelength; this dependency is
called chromatic dispersion [9]. Typical refrac-
tive index values for glasses used as substrates in
the visible spectral region are in the range from
1.4 to 2.8 and therefore high transmission of ma-
terials, lies between spectral regions of strong
absorbance [18]: the ultraviolet region with pho-
ton energies above the bandgap, and the near- or
mid-infrared region with vibrational resonances
[8] and their overtones. The refractive index is
generally also dependent on the temperature of
the material. In many cases, it rises with increas-
ing temperature. In case of rare-earth-doped la-
ser crystals [25, 10], the refractive index change
caused by the doping is often quite small due to a
low doping concentration.
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Electrical Properties. Surface resistivity could be
defined as the material’s inherent surface resis-
tance to current flow multiplied by that ratio of
specimen surface dimensions (width of elec-
trodes divided by the distance between elec-
trodes) which transforms the measured resis-
tance to that obtained if the electrodes had
formed the opposite sides of a square [15]. In
other words, it is a measure of the material’s sur-
face inherent resistance to current flow. Surface
resistivity does not depend on the physical di-
mensions of the material. Ohm’s law for circuit
theory [16], the resistance of a material is the ap-
plied voltage divided by the current drawn
across the material across two electrodes. There-
fore, electrical resistance is proportional to the
sample’s length and the resistivity and inversely

proportional to the samples cross sectional
area (4):
R=Y P
I

=, 4
A (4)

where R - resistance of an object, Q; V= Voltage,
V; | - current through, A; p - electrical resistiv-
ity, AxXm; A - cross-sectional area, m?; | -
length of conductor, m.

The electrical resistivity of In(OH).S, films as
measured by using the four point probe inter-
faced with the Keithley 2400 source meter is
tabulated in Table 2.

Table 2 - Electrical resistivity and conductivity of In(OH),S, with annealing temperature

Annealing temperature (°C) Thickness d (nm) | Resistivity p (cm) | Conductivity o ((2-1cm-1)
100 99.1210.28 9.03+ 0.35x 107 1.11+0.06x 108
130 98.13+ 0.27 9.00+ 0.34x 107 1.11+0.06x 108
160 97.88+0.26 8.90+ 0.34x 107 1.121£0.06x108
190 97.47£0.26 8.82+0.33x 107 1.13+0.06x 108
210 96.60 £ 0.26 8.76+ 0.32x 107 1.141£0.06x108
240 96.41+ 0.26 8.72+0.31x 107 1.15+0.06x 108
270 95.80t 0.26 1.01+0.51x 108 9.90+0.06x10°
300 94.30£0.20 1.02+0.51x 108 9.80£0.05x10°

As shown in Table 2 there was a slight decrease
in electrical resistivity of the In(OH),S, thin films
with increase in annealing temperature up to
240 °C when a significant increase in resistivity is
realized appropriate for light emitting diodes
[12], and photo detectors applications [25, 9].
The initial increase can be attributed to improved
re-crystallization [10] of the crystal lattice of the
In(OH),S, films before the increase of boundary
scattering centers that may be was due to film
decomposition that could have created vacancies
resulting from evaporation of sulphur or elimina-
tion of hydroxyl group on further annealing.

Conclusions

In(OH),S, thin films were successfully prepared
on glass substrates using CBD technique under
different conditions and deposition parameters.
The effect of annealing on optical and electrical
properties of In(OH):Sy was investigated and it
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was found out that the band gap energy values,
E; for as-deposited ranged between 2.79-
3.32 eV. Transmittance decreased with sudden
increases at about 270 °C that was attributed to
re-crystallization since the films had large band
gaps with low extinction and absorption coeffi-
cients. The electrical sheet resistivity was found
to be 9.031+0.35x 107 Ox cm and the thin film
characteristics obtained showed that the films
could form good materials for optoelectronic ap-
plications especially in solar cells, light emitting
diodes, and photo detectors.
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