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ABSTRACT: We report a novel approach to the nanostructuring the In2S3 thin films surface grown by thermal 

evaporation technique on glass substrates. Our approach is based on using argon inductively coupled plasma 

sputtering technique with 20-200 eV ion energy. X-ray measurements were performed to confirm the crystallinity and 

phase composition of the In2S3 films. Morphology and chemical composition of the films were studied using scanning 

electron microscopy and energy dispersive x-ray spectroscopy, respectively. The optical properties were investigated 

by measuring the optical transmittance and reflection spectra. The formation of indium droplets with sizes 10-300 nm 

and surface density 8∙108 - 9∙1011 cm-2 on the In2S3 films surface during plasma treatment was described. 

Keywords: In2S3, Plasma Sputtering, Thin Film, Metallic Droplets, Nanorods.  

 

 

1 INTRODUCTION 

 

Indium sulfide (In2S3) thin films has been widely 

used as photovoltaic device components in the advance 

of solar cells, such as buffer layer, emitter, counter 

electrode, quantum dot sensitizer, passivation layer and 

electron transport layer [1,2]. In2S3 is a semiconductor 

material with direct optical energy gap and can be used as 

a buffer layer in solar cells instead of cadmium sulfide, 

which is hazardous to health and the environment. 

Nanostructuring of materials is a promising direction of 

purposeful modification of structural, optical and 

electrical properties of materials. It is shown that the 

formation of nanorods in In2S3 films leads to change in 

the reflection, transmission and absorption spectra [3]. 

One of the effective methods of surface nanostructuring 

is the method of plasma sputtering. We have successfully 

applied this approach to the surface nanostructuring of 

CuIn1-xGaXSe2 [4,5] and related materials (CuInSe2)X – 

(2ZnSe)1-X [6]. The purpose of this work is to find out the 

possibility of nanostructuring the surface of In2S3 films 

using argon plasma treatment in a wide range of 

technological conditions. 

 

 

2 EXPERIMENTAL 

 

2.1 In2S3 film growth methods 

In2S3 thin films were deposited using vacuum thermal 

evaporation technique (HHV BC 300 model) at a 

substrate temperature (TS) of 200 °C and 300 °C on soda 

lime glass substrates. In2S3 powder (Sigma Aldrich 

99.999% purity) was used as source material and kept the 

source to substrate distance of about 14 cm. The 

thickness (~0.5 μm) of the deposited layers was measured 

using a quartz crystal thickness monitor. The as-grown 

films were annealed in sulfur at a residual pressure of 

2×10−2 mbar at various temperatures (Ta) in the range of 

200 – 300 °C for 1h using a two zone tubular furnace [7].  

2.2 In2S3 film surface plasma treatment methods 

The plasma treatment of the films was carried out in 

radio-frequency (13.56 MHz) coupled argon plasma  

(P = 0.08 Pa). The treatment was carried out with RF bias 

power of 0-300 W, meaning that the average bombarding 

argon energy was 25-200 eV and duration was 15-60 s. 

Plasma reactor (Fig. 1) included loading apparatus (1), 

discharge (2) and reaction (3) chambers. 

 

 
Figure 1: Plasma reactor 

 

The morphology of the films before and after 

treatment was studied using scanning electron 

microscopy Supra 40 Carl Zeis. X-ray diffraction 

analysis of In2S3 samples was performed using Ultima IV 

X-ray diffractometer (Rigaku) in grazing incidence X-ray 

diffraction (GIXD) geometry at 1° of incident X-rays 

with CuKα radiation source (λ = 1.5406Å) scanned in the 

range of 10 - 80°. The chemical composition was 

obtained by energy dispersive x-ray spectroscopy (EDX). 

The optical properties were investigated by measuring the 

optical transmittance and reflection spectra. 
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3 RESULTS 

 

3.1 Crystal structure of In2S3 films 

 The films deposited at Ts = 200 °C were amorphous. 

However, when the substrate temperature was increased 

to 300°C, the films showed polycrystalline nature. Fig. 2 

shows the GIXD patterns of In2S3 films prepared at  

TS = 300 °C before and after argon plasma treated. It is 

observed that the annealed at 200°C and 300 °C films 

exhibit polycrystalline nature with improved crystallinity.  

The diffraction patterns for as-deposited In2S3 films 

well matched with cubic β-In2S3 (JCPDS 32-0456) with 

(300) plane as preferred orientation and the peaks arose at 

2θ = 17.02° and 18.67° that are related to (112) and (105) 

orientations respectively belonging to tetragonal β-In2S3 

(JCPDS 73-1366). There is a change in preferred 

orientation from (300) to (111) for thin films annealed at 

200 °C with improved crystallinity. Similarly, for films 

annealed at 300 °C, change in crystallographic 

orientation from (111) to (311) was detected. The 

secondary tetragonal phase isn’t suppressed even films 

annealed at higher temperatures. The existence of both 

tetragonal and cubic phases was reported for In2S3 layers 

prepared by different methods [8-10]. From Fig. 2b, the 

plasma treatment as-deposited In2S3 films had both mixed 

phases of cubic and tetragonal β-In2S3 and there is a shift 

in crystallographic orientation from (300) to (400) with 

improved crystallinity. Whereas the annealed films 

treated with argon plasma exhibited only β-In2S3 cubic 

phase (JCPDS 65-0459). 

  
Figure 2: GIXD patterns of In2S3 films (a) before plasma treatment (b) after plasma treatment [Here, T represents tetragonal 

structure] 

 

3.2 Formation of indium nanodrops on the surface of 

In2S3 films during plasma treatment 

Plasma treatment was carried out in a wide range of 

conditions with 20 - 200 eV ion energy and treatment 

time of 15 - 60 s. In all cases, the formation of metallic 

indium nanodrops was observed on the surface of indium 

sulfide films. We will focus on two typical cases: the case 

of the films prepared at TS = 200 °C and films obtained at 

conditions (TS = 300 °C, Ta = 300 °C, ta = 60 min). The 

initial morphology of the pristine films was practically 

smooth, with some randomly distributed irregularities 

with the height less than 80 nm (Figure 3). 

 

 
Figure 3: In2S3 films after deposition: a – film without 

annealing (TS = 200 °C), b - film In2S3 after annealing 

(TS = 300 °C, Ta = 300 °C) 

 

After plasma treatment of films at minimum ion 

energy of 25 eV (t = 30 s) (Figure 4.a) an ensemble of 

nanostructures with lateral dimensions of 20 - 30 nm with 

a surface density of 1011 cm-2 appeared on the surface. 

After treatment by the ions with the energy 200 eV  

(t = 30 s) the hillocks increase in size. The average lateral 

dimensions of the hillocks are 120 -300 nm. The surface 

density of all hillocks is 8∙108 cm-2 (Figure 4.b) 

 

Figure 4: Morphology of In2S3 thin films prepared at  

TS = 200 °C: a - after plasma treatment at argon energy of 

25 eV, b - after plasma treatment at energy of 200 eV 
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The In2S3 thin film after preliminary annealing was 

treated in plasma at low energy of 25 eV (t = 30 s) ions. 

Nanostructures begin to appear on the surface of 

crystallites, the lateral dimensions of which are 10-24 nm. 

The surface density is 14×1010 cm-2 (Fig. 5.a). Treatment 

with the energy of ions 200 eV (t = 30 s) allows to 

observe increased hillocks (Fig. 5.b), the hillocks have 

the shape of drops. The lateral dimensions for the hillocks 

is 60 and 140 nm, the surface density is 0.6×1010 cm-2. 

 

 
Figure 5: In2S3 film with polycrystalline structure  

(TS = 300 °C, Ta = 250 °C): a - after plasma treatment 

with argon energy of 25 eV, b - after plasma treatment 

with argon ions with energy of 200 eV 

 

As can be seen from the above results for our 

investigations, during plasma treatment of the studied 

films at different conditions, one picture is observed – a 

set of particles appears on the surface in the form of a 

quasi-spherical drop or a spread drop. This behavior is a 

sign of metal particles. To analyze the nature of the 

emerging particles, an x-ray phase analysis was carried 

out, which showed that as a result of plasma treatment, an 

ensemble of indium particles appears on the surface [11].  

 

3.3 Nucleation and growth of indium particles 

Now consider in more detail the processes of 

nucleation and growth of indium particles on the surface 

of In2S3 films during plasma treatment. Experimental 

studies were carried out with a sample of In2S3 having an 

annealing temperature of 250 °C. The peculiarity of 

plasma treatment was to use the minimum energy of 

argon ions (25 eV) and very short durations of the 

process (steps 15 s, cooling after each step). 

The initial state of the thin film surface is shown in 

Fig. 6a, the size of the crystallites is up to 80 nm. As a 

result of plasma treatment for 15 seconds (Fig. 6b) 

nanoparticles of sizes 10 - 33 nm with surface density 

9×1011 cm-2 appear on the surface. Each subsequent step 

of 15 s (Fig. 6c -6f) led to a gradual increase in the size of 

nanoparticles, but their surface density remained constant 

and was in the range (6-8)×1011 cm-2. The sizes of 

nanoparticles at 5 steps of 15 s reached up to 50 nm. The 

final state of the surface with an ensemble of 

homogeneous quasi-spherical nanoparticles after the last 

treatment (5 steps) is shown in Fig. 7. 

The analysis of the entire set of obtained 

experimental data showed that during the plasma 

treatment of the studied films in different regimes a 

similar situation is observed a formation of an array of 

nanoparticles with a shape of quasi-spherical or spread 

droplet. Such behavior often is attributed to metallic 

droplets. The appearance of the metallic indium droplets 

on the film surface is connected to the emergence of In2S 

and S2 molecules in the reactor during the plasma 

sputtering [12]. The energy of an argon ion, which can 

transfer to the In2S and S2 molecules during a collision, is 

sufficient for them to dissociate into indium and sulphur 

atoms. This process is additionally initiated by the 

influence of the argon plasma glow. Due to its high 

volatility, sulphur leaves the sputtering zone, while 

indium redeposits on the surface and congregates in 

liquid droplets, which, upon the treatment completion, 

form the array of metallic nanosized droplets. 

The study of the chemical composition of films 

showed that the ratio of indium atoms and sulfur In/S 

increases with increasing number of steps. If for the 

initial state the ratio In/S was 0.61, for the first step - 

0.76, for three steps - 0.91, then for 5 steps it reached 

0.99. This dependence speaks in favor of the formation of 

indium nanoparticles on the surface. 

 

3.4 Optical properties of plasma treated In2S3 films 

Analyzing the obtained reflection and transmission 

spectra of indium sulfide films in the initial state and after 

treatment in argon plasma, we are seeing a significant 

increase in the reflection coefficient and a decrease in the 

transmittance. This may be due to the appearance of 

metal droplets on the surface after treatment in argon 

plasma.  

 

 
Figure 6: Formation of nanoparticles ensembles during 

plasma treatment with 25 eV ions by steps of 15 s: a- 

initial state, b -1 step, c – 2 steps, d – 3 steps, e – 4 steps, 

f – 5 steps. 
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Figure 7: An ensemble of quasi-spherical indium 

nanoparticles on the surface of the In2S3 film after 5 steps 

 

 The band gap Eg of the In2S3 films before and after 

plasma treatment was determined from transmission and 

refection spectra. The analysis of the Eg value showed 

that if the films had pre-annealing, the band gap after the 

plasma treatment is practically not changed (2.6-2.7 eV). 

For films without pre-annealing, there was a decrease in 

Eg value from 1.9 to 1.5 eV. 

 

 

4 CONCLUSIONS 

  

The effect of Ar-plasma treatment on structural and 

morphological properties of thermally evaporated In2S3 

films has been investigated. The GIXD analysis 

confirmed that before plasma treatment the films had 

mixed phases of tetragonal and cubic β-In2S3 and after 

plasma treatment the as-deposited films also exhibited 

mixed phases. Whereas, the plasma treated annealed 

films exhibited only cubic β-In2S3 phase. An important 

feature was the formation of ensembles of indium 

particles on the surface of In2S3 films during plasma 

treatment. Such particles arise under any conditions of 

plasma treatment, and the change of regimes can be 

purposefully controlled by the quantitative characteristics 

of the ensemble of indium drops in a wide range of 

values. The optical analysis showed that the films after 

pre-annealing and the plasma treatment have the optical 

band gap 2.6-2.7 eV. For films without pre-annealing, 

there was a decrease in band gap from 1.9 to 1.5 eV. The 

present investigation revealed that the In2S3 thin films 

annealed at 300 °C after plasma treatment showed better 

properties with less defects compared to all other films.  

The obtained metallic nanoparticles can be further 

used as catalysts for the vapor-liquid-solid growth of 

nanowires and nanotips of different semiconductors on 

the surface of indium sulphide films. Therefore, plasma 

treatment can serve as an approach for the self-formation 

of In2S3 nanostructure arrays, which can be very 

prospective for the multilayered device fabrication with 

active monolithically integrated polycrystalline layers on 

glass substrates, such as solar cells. 
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