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Optical and electrical properties of indium sulfide thin
film prepared by magnetron sputtering
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Indium sulfide thin films were prepared by radio-frequency sputtering. The as-prepared films are amorphous independent of
the sputtering power and growth times. The subsequent annealing effect on the crystallinity, optical properties, and
photoelectric conversion properties was investigated. The annealed films are B-In2Ss, and their indirect optical band gaps are
from 2.04 to 2.20 eV as the annealing temperature increases from 300 °C to 500 °C. The photovoltaic conversion of the

IN2S3/Si heterostructure is also demonstrated.
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1. Introduction

Indium sulfide (In.S3) is a typical n-type I1I-VI
semiconductor material [1, 2]. It has three different crystal
structures: a(cubic), B(spinel), and y phases (trigonal
layered structure) [3]. Among them, B -In,S; with a
bandgap of 2.00-2.30 eV has received considerable
attention due to its unique chemical and optical properties
and facile preparation methods[4]. It has been widely used
as a buffer layer or intermediate band material in solar
cells[5, 6, 7], host in photocatalyts[8, 9, 10], a light-
sensitive material for ultrasensitive photodector[4, 11], and
many other applications[12, 13, 14]. A variety of
approaches have been explored to prepare high-quality
InySs  thin  films, including thermal evaporation[15],
chemical vapor deposition[4], electrodeposition[16],
atomic layer deposition[17], spray pyrolysis[18], and
sputtering[19, 20, 21, 22].

Sputtering is an economical and facile synthesis
method and would be potentially suitable for the mass
applications of In,Ss thin films [23]. Yanxin Ji et al. reported
the radio-frequency sputtered In,Ss layers are single
tetragonal phase with (103) preferred orientation with a
direct bandgap of 2.44~2.66 eV and an indirect bandgap of
1.82~2.06 eV dependent on the thickness of the films[21].
Sreejith Karthikeyan et al. reported that the pulsed direct
current magnetron sputtering prepared In,Ss is a single f3
phase with a direct bandgap of 2. 77 eV[20]. Dong Hyun
Hwang et al. reported the radio-frequency sputtered In,Ss
films are polycrystalline B structure. The grain size
increases from 7 nm to 13 nm, and the direct optical band

gap of the film decreases from 2.88 eV to 2.43 eV as the
sputtering increases from 60 W to 120 W[22]. However, the
electrical properties of sputtered In,Ss films on silicon
substrates are rarely investigated, especially the
photoelectric conversion properties.

Herein, indium sulfide thin films were prepared by
sputtering. The subsequent annealing effect on the
crystallinity, optical properties, and photoelectric
conversion properties were also investigated. The annealed
films are B-1n,Ss, and their indirect optical band gaps are
from 2.04 to 2.20 eV as the annealing temperature increases
from 300 °C to 500 °C. The photovoltaic conversion of the
In,S3/Si heterostructure is also demonstrated

2. Experimental

Indium sulfide thin films were grown on p-type Si (100)
and glass substrates by radio frequency magnetron
sputtering in nitrogen gas. The In,S; target with a purity of
99.9%, a diameter of 3 inch, and a thickness of 5 mm was
purchased from Beijing Guoxin Youyuan Technology Co.,
Ltd, China. Before the sputtering, a background pressure of
1.0*10® Pa was obtained. The substrate was no
intentionally heated during the sputtering. The sputtering
pressure was kept at 1 Pa, and the deposition time was 1 h.
The subsequent annealing was conducted in the tube
furnace from 573 K to 773 K in Ar gas for 3h. The Au
contacts for electrical characterization were constructed by
sputtering of Au foil through a metal shadow mask with 1
mm diameter of the pores and 5 mm spacing between
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circular dots in a small ion sputter (MSBC-12).

The deposited films' structure characteristics were
determined by GIXRD using a Philips X'Pert diffractometer
with Cu Kal radiation (A=1.54056 A). Raman spectroscopy
was performed on a Jobin-Yvon LabRam HRB80
spectrometer with a 532 nm line of 50 mW diode-pumped
solid-state laser at room temperature. Ultraviolet-Visible
(UV-Vis) spectrum was measured by spectrophotometer
(PGENERAL TU1901). The electrical properties were
evaluated by a semiconductor characterization system
(KEITHLEY 4200-SCS). The photocurrent density-voltage
(J-V) curves were measured under a solar simulator (Zolix,
China) with an intensity of 100 mW cm~2 (AM 1.5G).

3. Results and discussion

The effects of sputtering power and growth time on the
properties of the films were systematically studied. It can
be seen from Fig. 1a that the films prepared at the power
from 60 W to 200 W with the growth time from 10 min to
40 min are all amorphous. As shown in Fig. 1b, the films
prepared only at low powers of 60 W and 100 W with a
growth time of 10 min present a very weak peak around 301
cm?, which can be attributed to the vibration of InS,
tetrahedra [24]. Larger power or growth time will weaken
this characteristic Raman peak, verifying the amorphous
nature of the films from XRD results. UV-Vis spectra show
that the films absorb UV and visible light to some extent
(Fig. 1c). With the increase of growth time and power, the
absorption edge shifts to the long-wavelength direction,
indicating a smaller bandgap of the films. Meanwhile,
transmission spectra show apparent peaks and valleys due
to interference [25].
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Fig. 1. (a) XRD pattern, (b) Raman spectra and (c) UV-Vis spectra of the films prepared by sputtering
at different powers and growth times (color online)
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Fig. 2. (a) XRD pattern, (b) Raman spectra, (c) UV-Vis spectra and (d) the calculated optical bandgaps
of the films annealed at different temperatures (color online)

Given the amorphous structure of the films prepared at
different sputtering powers and growth times, subsequent
annealing was conducted to the films. Fig. 2b shows the
XRD pattern of the films annealed at different temperatures.
It can be seen that the film begins to crystallize after
annealing at 300 °C, and the diffraction peaks correspond
to the crystal faces (111), (311), (400), (511), and (440) of
cubic B-phase indium sulfide (JCPDF: 65-0459) [5]. As the
annealing temperature increases to 400 °C, a new
diffraction peak belonging to the crystal face (411) of
indium oxide appears (JCPDF: 06-0416). Further higher
temperature annealing at 500 °C, the diffraction peaks of
indium sulfide become more obvious, which means better
crystallization than lower annealing temperatures. However,
more diffraction peaks belonging to the crystal faces (212),
(222), (400), (431), (440), and (622) of indium oxide appear,
which may be caused by unavoidable oxygen pollution
during annealing [26]. By analyzing the corresponding
Raman spectra (Fig. 2c), it can be seen that there are no
obvious Raman peaks after annealing at 300 °C and 400 °C.
But there are distinct Raman peaks belonging to a-indium
sulfide (245, 267, 306, 326, and 365 cm™) and indium oxide
(114, 136, 163 cm™) after annealing at 500 °C [24]. This

confirms the XRD results that annealing at 500 °C results
in the formation of indium oxide. The films' UV-Vis spectra
also confirm the presence of indium oxide after annealing
at high temperature (Fig. 2c) because of the apparent blue
shift of the absorption band edge. The Tauc plot is used to
determine the optical bandgap of the films[27]. The
absorption coefficient (a) is deduced from the transmittance
(T) by the formula o=-InT/d with the average film thickness
(d) of 150 nm. By plotting (ohv)Y? for indirect transition as
a function of photon energy (hv), the optical band gap Eq is
determined through extrapolating the linear portion to
ahv=0. As shown in Fig. 2d, o obeys the indirect transition
very well, indicating the prepared In,S;z films are indirect
semiconductors[28]. The obtained optical band gaps are
1.98, 2.04, 2.08, and 2.20 eV, corresponding to the pristine,
300 °C, 400 °C, and 500 °C annealed films. The bandgap of
indium oxide is from 2.70 eV to 3.72 eV according to the
literatures[29, 30]. Therefore, the indium sulfide thin film
with minor indium oxide will have large optical bandgap,
and the formed In,S3/In,03 heterostructure will facilitate the
photoexcited electrons and holes separation effectively[26].
It is worth noting that the sub-band absorption is evident at
about 500 nm for the films annealed at 300 °C and 400 °C,
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which also indicates that the obtained films have the
characteristics of multi-band absorptions [1, 31].

The film annealed at 500 °C has good crystallinity and
light absorption properties, so electrical characterizations
were further performed on this film. From the linear
current-voltage curve of the indium sulfide film on the glass
substrate of Fig. 3a, it can be concluded that the gold
electrode has good ohmic contact with the indium sulfide
film. Besides, the current-voltage curve between coplanar
electrodes of indium sulfide film on the silicon substrate in
Fig. 3b shows a standard back-to-back S shape, indicating a
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formed p-n junction between indium sulfide and the silicon
substrate. The current-voltage curve of InySs/Si
heterostructure shown in Fig. 3c confirms the existence of
Schottky contact. The solar cell conversion efficiency of the
In,S3/Si heterostructure was measured, and the results are
shown in Fig. 3d. It can be seen that the film exhibits certain
photovoltaic conversion characteristics, but the efficiency is
very low, which may be due to the indium sulfide films'
poor crystalline, the low multi-band absorption efficiency,
and the inappropriate metal contacts.
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Fig. 3. Current-voltage curve of In2Ss thin film on (a) glass and (b) Si substrates between coplanar electrodes,
the current-voltage curve of In2Ss/Si heterostructure (c) in the dark and (d) under light illumination (color online)

4. Conclusions

Indium sulfide films have been prepared by magnetron
sputtering, and their structural, optical, and electrical
properties were characterized. The films prepared without
intentional heating are amorphous. The subsequent
annealing leads to the crystallization of indium sulfide. The
film annealed at 500 °C presents apparent blue absorption
band edge and multi-band absorptions, leading to a p-n
junction between In,S3/Si heterostructure. The photovoltaic

conversion is demonstrated, and more studies should be
done in the future.
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