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Modification in morphological, structural, photoluminescence and antibacterial
properties of SnS and CdS thin films by cold plasma treatment
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SnS and CdS thin films was synthesized by electrochemical method and then the effect of
applying the cold plasma on its properties was investigated. The morphology and
structural properties of thin films were studied before and after plasma treatment using X-
ray diffraction spectrum, field-effect scanning electron microscope, energy dispersive X-
ray spectrum, Time-resolved photoluminescence and atomic force microscope. Given the
high potential of cold plasma in surface modification of materials, the amount of
wettability and antibacterial properties of thin films in the presence of standard gram-
positive and gram-negative bacteria was compared before and after plasma treatment.
Results show that the applying the plasma causes the significant changes in morphology,
self-cleaning and antibacterial properties of SnS and CdS thin films.
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1. Introduction

Atmospheric pressure plasma jets (cold plasma) have gotten a lot of attention in recent
years because of their wide range of applications in plasma assisted combustion, material
processing, and plasma assisted biomedical applications[1]

Semiconducting metal chalcogenides have received much attention in recent years for
their wide applications [2-6]. These applications include solar cells, sensors, photovoltaic and
photo-electronic components, photo-detectors and field-effect transistors [7-12]. Among the
semiconducting metal chalcogenides, tin sulfide has received much attention due to large optical
absorption coefficient with high photo-electric conversion efficiency [13-14] and cadmium sulfide
have received a lot of attention due to large optical gap (2.4eV) [15-16]. Tin sulfide is an 1V-VI
semiconductor that is formed in the orthorhombic phase (a=0.399nm, b=0.434nm, ¢c=1.12nm). Tin
sulfide also has a zinc blende phase (a=0.5845nm). The cell unit of tin sulfide has two layers that
are formed along the c-axis of the crystal. The optical band gap reported for tin sulfide is between
1.1-2.1eV [17-19]. Cadmium sulfide has three different crystal phases: hexagonal (wurtzite), cubic
(zinc-blende), rock salt, which is a combination of hexagonal and cubic phases. The hexagonal
phase is thermodynamically more stable than other phases [20-21].

Many methods have been developed for deposition these structures such as sputtering,
molecular beam epitaxy, thermal evaporation, chemical bath deposition, successive ionic layer
adsorption and reaction, spray pyrolysis, and electro deposition [22-30]. Most researches have
used post-deposition treatment to improve the properties of thin films. But plasma treatment seems
to be a better way to modify the structural, physical and biological characteristics of the thin films.
Therefore, in the research, in order to improve the self-cleaning and antibacterial properties of SnS
and CdS thin films, the surface of the samples was activated through plasma treatment in air under
operating power of 1kW.
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2. Experimental details

Electrochemical methods were used to synthesized SnS and CdS thin films. Plasma
treatment: the surface of thin films is activated through plasma treatment and the surface
roughness created on them prepares the surfaces for future operations. The distance of the plasma
head from the samples is about 4cm. The power of the device is 1kW, the operating frequency is
20 kHz and the applied gas is air. Coating of the desired solution begins evenly on the surface.
Plasma surface pretreatment leads to better absorption and adhesion of the solution in the coating
stage. The samples were coated with nano-silver antibacterial solution at a concentration of 200
ppm. In the next stage, the samples are entered into the dryer and their cooking and drying
operations are performed. It was the radiant dryer and the samples were dried at 200°C. The cold
plasma system shown in Fig. 1.

Fig. 1. The cold plasma system.

X-ray diffraction (XRD) was determine by using D8 Advance Bruker YT model and CuK,
radiation was used to confirm the structure of SnS and CdS thin films. A field-emission scanning
electron microscope (FESEM), MIRA3 TESCAN-XMU model equipped with EDX analysis was
used to inspect the chemical analysis and surface morphology of the films. AFM images obtained
from atomic force microscope (AFM) device, manufactured by Ara-Research Company, were used
to investigate the surface topology of the films. In order to measure the self-cleaning properties of
the samples, the contact angle of water droplets with 1uL volume on tin sulfide and cadmium
sulfide thin films in ambient conditions at 25 C was measured using AM-7013MZT, Dino-Lite,
Taiwan. The water droplets were placed at 3 different positions for one sample and its average was
considered as the contact angle. In order to measure the antibacterial properties, the gram-negative
bacterium of Escherichia coli DH5 alpha and gram-positive of standard S. aureus (ATCC 25922)
(1399PTCC).

3. Results and discussion

3.1. Structural Analysis Using XRD

X-ray diffraction spectrum is used to investigate the structural composition and fuzzy
analysis of materials. Measurement of X-ray diffraction spectrum of SnS and CdS thin films
before and after applying the plasma was performed using Bruker D8 advanced Diffractometer. X-
ray spectrum of the samples was measured using CukK, radiation at 1.5418A in the range of 5 to
80". X-ray diffraction spectrum of SnS thin film before applying the plasma (black) and after
applying the plasma (red) is shown in Fig. 2 a and b.
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Fig. 2. X-Ray Diffraction Spectrum of a) SnS Thin Film before Applying the Plasma (Black) and after
Applying the Plasma (Red), b) CdS Thin Film before Applying the Plasma (Black) and after Applying the
Plasma (Red).

Comparison of diffraction spectrum obtained by JCPDS card N0.039-0354 shows that the
structure of SnS is composed of an orthorhombic phase (mineral herzenbergite) and the main
peaks are located at angles of 20.54, 26.49, 31.48, 38.89, corresponding to the planes of ( 110),
(021), (101), (131), respectively [ 31-33]. The peak height of the (101) plane has the most intensity
compared to the other peaks, indicating that the preferred orientation of SnS thin film before
applying the plasma is along the (101) plane. After applying the plasma, the intensity of all peaks
is significantly reduced, although the preferred orientation is still in the direction of the (101)
plane.

The diffraction spectrum of CdS thin film before and after applying the plasma is shown in
Fig. 1b. The analysis of diffraction spectrum shows that the main peak is located at an angle of
26.47°, which corresponds to the (111) plane and confirms the formation of cubic phase of CdS
(JCPDS card No. 89-0019) [34-35]. The preferred orientation for the growth of the structure is
along the (111) plane. Other peaks which are located at angles of 45.18, 47.98, 51.84 have very
low intensity. The amplitude of the peaks is greatly decreased by applying the plasma, similar to
the SnS thin film.

3.2. Investigation of Structure Morphology Using FESEM

The microstructure and surface morphology of CdS and SnS thin films were investigated
using the field-emission scanning electron microscope (FESEM), MIRA3TESCAN-XMU model.
The results obtained for the thin films before and after applying the plasma are reported in Fig. 3.
The voltage used to capture these images was 10kV. Fig. 3a., which is related to tin sulfide thin
film before applying the plasma, shows that the structure of SnS crystallites is in the form of
blades with a length of about 200nm and a diameter of about 20-30nm. By applying the plasma, no
change is seen in the structure of the crystallites, as shown in Fig. 3b.

The structure of CdS thin film before and after applying the plasma is shown in Fig. 3c
and 3d. Cadmium sulfide nano-particles are seen in the form of small spheres in the Figure, most
of which are bonded together and agglomerated. After the applying the plasma, the bonding
between them increases and they form an almost uniform surface. Cross-section image of SnS and
CdS thin film samples before and after applying the plasma are shown in Fig.4. The cross-section
area of SnS thin film has not changed much, as shown in FESEM image. However, in the case of
CdS thin film, after the applying the plasma, the particles are completely bonded together, which is
also clearly visible in the cross-section image.

(FESEM) and (EDX) system was used to scrutinize the elements in the films. The voltage
used to perform these tests ranged from zero to 10kV. The results of energy-dispersive X-ray
spectroscopy of SnS and CdS thin films before and after applying the plasma are shown in Fig. 5.
X-ray energy diagrams are drawn based on the proportion of X-ray energy received from each
energy level. Each of the peaks in these diagrams corresponds to a particular atom. The specific
elements in the results of the (EDX) test are also fully expected and confirm the successful
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synthesis of these compounds. In SnS thin film, elements of tin and sulfur are only seen. In CdS
thin film, cadmium and sulfur atoms are only seen and no impurity element is seen.

Fig. 3. a) FESEM Image of Tin Sulfide Thin Film before Applying the Plasma, b) Tin Sulfide Thin
Film after Applying the Plasma, ¢) Cadmium Sulfide Thin Film before Applying the Plasma, d)
Cadmium Sulfide Thin Film after Applying the Plasma.
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Fig. 4. Cross-section Area Image of a) Tin Sulfide Thin Film before Applying the Plasma, b) Tin
Sulfide Thin Film after Applying the Plasma, ¢) Cadmium Sulfide Thin Film before Applying the Plasma,
d) Cadmium Sulfide Thin Film after Applying the Plasma.
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Fig. 5. EDX Diagram of a) Tin Sulfide Thin Film before Applying the Plasma, b) Tin Sulfide Thin
Film after Applying the Plasma, ¢) Cadmium Sulfide Thin Film before Applying the Plasma, d) Cadmium
Sulfide Thin Film after Applying the Plasma.

3.3. Time-Resolved Photoluminescence

Time-resolved photoluminescence (TRPL) has been proposed as a useful method for
measuring the photovoltaic materials of thin film with a direct band gap in the visible or near-
infrared range.

TRPL measurements are designed to detect the photons emitted from a sample by
radiative recombination. Higher extinction efficiency of PL in the hole transmission of SnS
indicate that hole extraction is more efficient, and was further confirmed by experiments (TRPL).
Fig.6 shows the PL reduction for SnS thin films before and after plasma-surface adjustment.

Before the plasma is applied, a rapid reduction in PL is observed on the surface of the SnS
thin film, followed by a gradual reduction due to the presence of unauthorized carriers in SnS
films and the charge carriers' slow diffusion. SnS thin film after plasma-surface modification has a
long average lifetime with a rapid reduction time constant, indicating a high quality SnS thin film
after plasma-surface modification with low trap density. In order to better understand the
guantitative idea of the recombination mechanism of carriers, a TRPL test was taken from CdS
thin film before and after plasma treatment, as can be seen in Fig. 7, which can be used to estimate
the effective reduction time. The corresponding photon energy (1.65eV) of the laser excitation is
lower than the band gap energy of CdS (2.42eV). Therefore, light is transmitted through these
layers.

Before plasma modification, a slow reduction in PL is observed on the surface of CdS thin
film. CdS thin film after plasma-surface modification has a long lifetime with a rapid reduction
time constant, which indicates a high quality CdS thin film after plasma modification [36-39].
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Fig. 7. TRPL for CdS Thin Film before and after Plasma.

3.4. Investigation of Surface Topology Using AFM

Fig. 8 (a-d) shows the 2D and 3D AFM images of surface topology for SnS thin film
before and after plasma treatment. Fig. 8a shows the AFM 2D image of SnS thin film. In the Fig.
8b., well-grown grains with an average particle size of 265 nm are observed. Larger grain sizes can
reduce the dispersion of charge carriers at grain boundaries and help improve the efficiency of
solar cell devices. To prevent recombination of minority carriers at grain boundaries, it is desirable
to have the larger lateral grain size compared to the propagation length of the lateral carriers. The
root-mean-square value of the surface smoothness of the deposited thin films is 19.83 nm, which is
very high compared to SnS single crystals and thin films grown by other methods [40, 41]. A layer
can minimize the total energy by keeping its surface area as small as possible (i.e., ideally flat).

While SnS thin film has the compacted small grains with a smooth surface, after plasma
jet treatment, SnS thin flm shown in Fig. 8C is composed of much larger grains with much higher
porosity. It is clear that due to the porosity, it increases throughout the surface area, thus increasing
the scattering and penetration of light. In addition, larger grains prevent the inverse recombination
of electron-hole pairs. Analysis of AFM 3D images after plasma treatment is shown in Fig. 8d.

Fig. 9(a-d) shows the 2D and 3D AFM images of CdS thin film before and after plasma
treatment. CdS surface shown in Fig. 9a. is continuous and compact, and there are some nano-
particles on the top layer that can effectively enhance the light absorption. The grain sizes
determined by AFM images is consistent with the results obtained from XRD measurements. AFM
3D image is shown in Fig. 9b. [42].
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Fig. 8. AFM Images of SnS Thin Film of a) 2D before Plasma Treatment, b) 3D before Plasma
Treatment, ¢) 2D after Plasma Treatment, d) 3D after Plasma Treatment.

Two-dimensional and three-dimensional AFM images of CdS thin film deposited on a
glass substrate after plasma treatment are shown in Fig. 9a. and b. The size of other particles
calculated by AFM images in the thin film was 50nm. Non-uniform distribution of clusters and
porosity are observed in the film. This may reduce the film density. This non-uniform distribution
of clusters creates the top and bottom alignment of most crystals, which increases the film

roughness by 90nm.
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Fig. 9. AFM Images of CdS Thin Film of a) 2D before Plasma Treatment, b) 3D before Plasma
Treatment, ¢) 2D after Plasma Treatment, d) 3D after Plasma Treatment.
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3.5. Wettability Studies (Contact Angle Measurement)

Wettability test is performed to investigate the interaction between water and the surface
of the thin film. The wetting behavior of the surface is determined by a microscopic parameter
called the contact angle (CA), which involves measuring the contact angle between water and the
thin film. Wetting of a surface occurs when CA<90" and non-wetting occurs when CA>90", and
accordingly, are called hydrophile and hydrophobe, respectively [43 , 44].

Fig. 10a and 10b show the image of wetting of SnS thin film surface before and after
plasma treatment. As can be observed, SnS thin film has a contact angle of 76.6" before plasma
treatment Fig. 10a, indicating the hydrophilicity of SnS thin film surface. In comparison, after
plasma surface treatment, the surface of SnS thin film becomes hydrophobic Fig. 10b. The contact
angle of SnS thin film exposed to the plasma is 108". This plasma treatment usually reduces the
surface defect, thus changing the surface from hydrophilic (hydrophilicity) to hydrophobic
(hydrophobicity).

Plasma treatment activates the substrate surface by increasing the surface energy. The
surface energy of the material was tested by measuring the contact angle with water before and
after plasma treatment in CdS thin film. Fig. 11a and 11b show the effect of plasma treatment on
CdS surface. The contact angle that the droplet forms with the surface of CdS thin film is about 72’
before plasma treatment, and as shown in Fig. 11b, the contact angle after plasma treatment is
about 94 .

As can be seen from the Figure, plasma treatment somewhat reduces the hydrophilic
behavior, but still shows the hydrophilic behavior. Increasing the surface energy is useful for the
adhesion and durability of the thin film. Increasing the surface energy may alter the growth
kinetics of thin film. However, ellipsometric spectroscopy which detect a slight difference in thin
film thickness for layers deposited on plasma treated and untreated surfaces, which is measured

by

a) b)
Fig. 10a-b. The Images of Angle Contact of SnS Thin Film a) before Plasma Treatment,
b) after Plasma Treatment.

a) b)
Fig. 11a-b. The Images of Angle Contact of CdS Thin Film a) before Plasma Treatment,
b) after Plasma Treatment.
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3.6. Antibacterial Activity

The antibacterial properties of SnS thin film were investigated before and after plasma
treatment. The results of experiments on S. aureus and E. coli for 24 hours on empty glass
substrates and SnS thin film surfaces incubated before and after plasma treatment are shown in
Fig. 12 and 13. Plasma jet treatment has already been shown to inhibit the growth of both bacteria
on hard surfaces and in liquid environments [45-49]. Therefore, the effect of plasma jet treatment
on both gram-positive and gram-negative bacteria has been investigated. As shown in Fig. 12, the
growth of Staphylococcus in SnS thin film was inhibited by 10% before plasma treatment
compared to the control sample, while the growth of this bacterium after plasma treatment and
exposure to the plasma flow showed a mild reduction and was inhibited by 50% compared to the
control sample.The antibacterial properties for E. coli in SnS thin film are also measured before
plasma treatment and are shown in Fig. 13. As can be seen, this film does not have the
antibacterial properties compared to the control sample before plasma treatment.

Fig. 12. Antibacterial Test on Staphylococcus in Thin Film of a) SnS before Plasma
Treatment, and b) SnS after Plasma Treatment

Fig. 13. Antibacterial Test on E.coli in Thin Film of a) SnS before Plasma
Treatment, and b) SnS after Plasma Treatment.

For CdS thin film before and after plasma treatment, antibacterial properties and the
percentage of the growth inhibition for Staphylococcus_are also measured and shown in Fig. 14
and 15. As can be seen from Fig. 14, the percentage of growth inhibition before plasma treatment
was 10% compared to the control sample, while the growth of this bacterium after plasma
treatment and exposure to the plasma flow decreased sharply compared to the control sample and
was inhibited by 90%. In the case of E. coli in CdS thin film, the antibacterial test is measured
before and after plasma treatment and is shown in Fig. 15. As can be seen, before plasma
treatment, the percentage of growth inhibition compared to the control sample was about 10%,
while after plasma treatment, the percentage of growth inhibition reached 90%, showing that the
thin film surface treatment by plasma jet has a good effect on inhibiting the growth of this
bacterium.
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Fig. 14. Antibacterial Test on Staphylococcus in Thin Film of a) CdS before Plasma
Treatment, and b) CdS after Plasma Treatment

Fig. 15. Antibacterial Test on E.coli in Thin Film of a) CdS before Plasma
Treatment, and b) CdS after Plasma Treatment.

4. Conclusion

SnS and CdS thin films were synthesized and deposited using an electrochemical process
in this study.The surface of SnS and CdS thin films were treated with cold plasma with 1kW
power in the presence of air and at 200°C, and the samples were characterized before and after
applying the plasma. Examining the X-ray diffraction spectrum confirms the formation of the
desired phases. XRD spectrum did not change much before and after applying the plasma.
According to the results of XRD and EDX, no impurity phase is observed in the samples.
Morphology and surface of samples were investigated using FESEM and AFM microscopes. SnS
and Cds thin films after plasma-surface modification have a long average lifetime with a rapid
reduction time constant, indicating a high quality SnS and CdS thin films after plasma-surface
modification with low trap density.

A study of the contact angle between the water droplet and the surface of the samples
shows that the contact angle is increased after plasma treatment. In fact, plasma treatment usually
reduces the surface defect, thus changing the surface from hydrophilic to hydrophobic. Analyzing
the antibacterial properties of thin films against Staphylococcus and E.Coli bacteria revealed that
before plasma treatment, bacterial growth was inhibited by 10% relative to the control sample, but
after plasma treatment, a very significant difference was observed, and thin films were able to
inhibit bacterial growth by 99%.
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