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ABSTRACT

KEYWORDS

To investigate the porosity and substrate effects on the antibacterial properties of ZnS thin
films, sculptured structures were considered. Two types of uncoated glass and primary coated
glass were used as different substrates. Since the porosity percentage is dependent on the
shadow of grains, spiral structures with different numbers of pitches were formed on the
different substrates. The cross-section and morphology of the samples were investigated by
means of FESEM images. To evaluate the antibacterial properties of the samples under light
irradiation, the absorption spectra of the structures at different wavelengths were obtained and
investigated. The results showed that most adsorption of structures occurs at wavelengths less
than 400 nm. Finally, antibacterial properties of this thin film were investigated in two cases of
without light and with light irradiation, for two types of Escherichia coli and Staphylococcus
aureus bacteria. The results showed that the structures with higher porosity have better
antibacterial properties. The results also showed that light radiation increases the antibacterial
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properties of structures.
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1. Introduction

Semiconductors composed of group 1I-VI or III-V elements are good
candidates for electrical, optical, and optoelectronic applications due to
their wide energy gaps. At the nanoscale, the properties of materials are
highly dependent on the shape and size of nanoparticles. Therefore, the
fabrication of semiconductor nanostructures with various shapes and
sizes and the investigation of their properties are of great interest [1-3].
ZnS (zinc sulfide) is one of the most popular semiconductors in group
1I-VI, which has two different cubic and hexagonal structures. In bulk
dimensions, the energy gap of these two structures is 3.68 eV and
3.91 electron volts, respectively [1—4]. ZnS is a transparent material
in the visible and infrared region, so it is a good candidate for
optoelectronic devices such as emitting diodes [5-6] and solar cells [7—
9]. It also has a wide range of applications in laser environments [10]
and photocatalysts [11-14].

* Corresponding author. E-mail address: F.Abdi@uma.ac.ir (F. Abdi)

The dependence of the different properties on the dimensions has led to
the formation of zinc sulfide thin films by various chemical and
physical methods [15-20]. So far, the dependence of optical [21-26]
and electrical [27-31] properties of this material on nanoparticle size
has been extensively studied.

Oblique angle deposition and glancing angle deposition are two
methods of forming nanostructures with different shapes and sizes.
In the oblique deposition method, the evaporating flux lands on the
substrate at oblique angles, so columnar structures are formed. In
the glancing angle deposition method, the evaporating flux lands on
the moving substrate. In this method, the shape of the structures is
controlled by the substrate rotation around different axes [32]. In
these methods, the primary atoms form shadow areas behind them,
which are protected from the landing of other atoms [33, 34]. The
shadow effect causes the descending atoms to join the primary
nuclease and continue to grow in these regions [35-37]. Because of
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this shadowing effect, these structures are not uniform and are
porous structures, and the degree of porosity is controlled by the angle
of the incident flux. Sculptured thin films are columnar structures
whose direction changes during the growth process. In these
methods, the size of the structures can be controlled by controlling the
initial nucleation [38-39]. The properties of these thin films are
strongly dependent on the porosity percentage. For example, it has
been shown that increasing porosity increases photocatalytic properties
[40].

Today, structures based on various compounds of =zinc and
magnesium are very popular. These compounds can be used in
medical fields such as tissue grafting, implants, bone repair, and
surface coating due to their properties such as biocompatibility,
biodegradability, ability to absorb high energy per unit mass,
high specific resistance, and antibacterial properties [41-43].
The antibacterial properties of zinc sulfide nanoparticles have already
been confirmed by various researchers [44, 45]. We showed in
previous work that helical zinc sulfide thin film has antibacterial
properties, and that the antibacterial properties increase with
increasing number of helical turns. This work aims to increase the
antibacterial properties by patterning the substrate. Using the
glancing angle deposition method, ZnS spiral structures, with different
numbers of pitches, were formed on different substrates, and
their antibacterial properties and dependence on porosity were
investigated.

Zinc sulfide (ZnS), a wide bandgap (3.6-3.9 eV) II-VI semiconductor,
has emerged as a promising material for self-cleaning and
sterilizing surfaces due to its intrinsic dual functionality: photocatalytic
activity and antibacterial properties. When fabricated as thin
films, these characteristics are often enhanced and become critical
for applications in environmental remediation, water purification,
and biomedical coatings. The fundamental link between the
two properties lies in the photocatalytic process, which, upon UV
or near-UV light irradiation, generates highly reactive species
responsible  for both pollutant degradation and microbial
inactivation.

1- Photoexcitation: When a photon with energy equal to or greater than
the ZnS bandgap (hv>Eg) strikes the thin film, an electron (¢) is
promoted from the valence band (VB) to the conduction band (CB),
creating a positive hole (h") in the VB:

ZnS+hv —> e, +hy, (1)

2- Reactive oxygen species (ROS) generation: The photogenerated

charge carriers migrate to the surface of the ZnS film and react with

adsorbed water and oxygen, leading to the formation of potent ROS:

e Hydroxyl radical (*OH): The hole (h") reacts with water molecules
(H,0) or hydroxyl ions (OH"):

h, + H,0 — «OH + H' )
hi, + OH — +OH 3)

e Superoxide radical anion (+O%): The electron (¢) reacts with
molecular oxygen (O,):

et 0y — +0” “

The ROS generated through the photocatalytic process are the primary
agents of microbial destruction, establishing a direct link between the
two phenomena [46—48].

The highly energetic and non-specific ROS (primarily *OH and +0%)
attack and compromise the fundamental components of bacterial cells,
leading to inactivation or death.

e Cell membrane damage: The ROS attack the polyunsaturated fatty
acids in the bacterial lipid cell membrane, causing lipid
peroxidation. This increases the membrane's permeability, disrupts
its structural integrity, and ultimately leads to cell leakage and lysis
(rupture).

e Internal component disruption: The radicals penetrate the cell and
oxidize essential intracellular components, including DNA,
proteins, and enzymes, which are critical for respiration and
replication, thereby halting all biological functions.

While less prominent in the overall antibacterial mechanism compared

to ROS generation, the release of zinc ions (Zn>") from the ZnS surface

can also contribute to the antibacterial effect. These ions can enter the
bacterial cell and interfere with enzyme function and metabolic
processes. The photocatalytic enhancement primarily stems from the

ROS pathway, especially under illumination. The efficacy of the dual

functionality in ZnS is highly dependent on the thin film's physical and

electronic structure.

e Nanostructuring and morphology: Thin films composed of
nanoparticles or nanorods exhibit an increased surface area-to-
volume ratio, providing more active sites for light absorption and
surface reactions, thereby accelerating the photocatalytic ROS
production and improving contact with bacterial cells.

e Recombination inhibition: The efficiency is often limited by the
rapid recombination of the photogenerated e/h" pairs. Strategies
like metal doping (e.g., Ag, Cu, Mn) or forming heterojunctions
(e.g., ZnO@ZnS) are employed to create internal electric fields that
separate the charge carriers, prolonging their lifespan and
significantly boosting ROS production and, consequently, the
antibacterial activity [46-49].

2. Experimental

To investigate the effect of porosity on antibacterial properties,
spiral thin films with different porosities were considered. Due to the
fact that the substrate is effective in determining the initial nucleation
for growth, spiral structures were formed on different substrates. One
of the substrates was considered a smooth glass substrate with the
least roughness, and the other substrate was considered a substrate with
an initial core. To prepare this substrate with primary nucleation, the
glasses were first cut to the dimensions of 1 mm x20 mm %20 mm
and then cleaned in acetone and alcohol in an ultrasonic bath. A thin
film of ZnS with a thickness of 7 nm was deposited on the glass
substrate and heated to 350 °C. For the deposition of this ZnS thin film,
we utilized an Edwards (Edwards E19 A3) system. ZnS with a purity of
99% was deposited by electron beam at room temperature and a base
pressure of 2 x 10”7 mbar. By doing this, nanometer islands with an
average diameter of 30 nm were formed, which were used as the initial
nuclei for the growth of ZnS spiral nanostructures. Fig. 1 shows the
islands formed on the glass due to heat. These ZnS thin films on glass
and glass were considered as substrates for the growth of spiral
structures.

To prepare the spiral structures, the substrates were glued to
substrate holder using carbon double-sided adhesive (for vacuum).
Electron beam evaporation was used for deposition Evaporation rate,
deposition angle, (respect to perpendicular to the substrate) and
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Fig. 1. Surface morphology of Zns/glass substrate-initial nucleation as
seeds for second deposition.

rotation speed of the substrate was considered 1 A/S, 75 ° and 0.04
rpm, respectively. In all the deposition time, the deposition rate
and thickness of the spiral-thin films were monitored by the crystal
quartz inspector. The initial pressure was 1.5 x 107 torr and
the deposition was performed at room temperature. The rotating
system was programmed to rotate one, three, and five turns of the
substrate to construct spiral structures with a number of 1, 3 and
5 pitches. For the sake of brevity, the spiral structure on glass with one
pitch, three pitches and five pitches were named G1, G3 and GS,
respectively, and the spiral structures with one to 5 pitches on the
substrate with the initial core were named ZGl, ZG3 and ZGS5,
respectively.

In this work, FESEM (Hitachi S-4800) was used to observe the surface
and cross-section of spiral structures. For absorbance amount analysis
of samples, the optical spectra of the samples were obtained using a
single-beam spectrophotometer for p-polarized light at 10 ° incident
light angle in the spectral range of 350—1000 nm.

2.1. Antibacterial testing

To investigate the antibacterial properties of Miiller Hinton agar and D-
glucose, it was purchased from Sigma Aldrich. Also, autoclave devices
(Iran, Reyhan Teb Co., Model 2 RT-) and Memert incubator (Germany,
Model 601BVM) were used to perform the work.

Finally, the dependence of antibacterial properties on the porosity of
structures was investigated with and without light irradiation.

Escherichia coli (ATCC 8739) and Staphylococcus aureus
(ATCC 6538) were selected as two infective bacterial strains and
purchased from the Persian Type Culture Collection Center (Iran,
Tehran). The bacterial strains were plated onto MHA and incubated at
37 °C/18-24 h, then some isolated colonies were transferred to an
isotonic 0.264 M D-glucose solution, and turbidity was adjusted to
0.5 of the McFarland scale. Therefore, for the determination of cell
viability, final bacterial cell concentrations in the suspensions were
around 10° CFU/ml. To prevent inactivation of cationic sites by the
high ionic strength or negatively charged molecules such as
polysaccharides and amino acids, the 0.264 M D-glucose solution was
used instead of any culture medium.

One hundred microliters of the bacterial suspension were dropped onto
the coated surfaces, and the samples were incubated at 37 °C for 1 h.
Thereafter, these 100 microliters were transferred to 10 ml of 0.264 M
D-glucose isotonic solution in Falcon tubes and strongly vortexed.
After that, their 1:100 and 1:10,000 dilutions were prepared
subsequently. 0.1 ml aliquots of the final dilutions were withdrawn and
plated on MHA plates. The plates were incubated at 37 °C for 24 h, and
the CFU for each plate was read. These readings were converted into
CFU/ml and log (CFU/ml). Controls were bare glass coverslips.

3. Results and discussion
3.1. FESEM results

Figs. 2 & 3 show the spiral structures formed on glass and ‘ZnS on
glass’ substrates, respectively. It is clear from the figures that the spiral
thin films formed on ZnS/glass substrate have larger grains than the
other and have a higher porosity percentage. The reason for the larger
grains formed on ZnS/glass is the presence of early places for growth.
Because with the initial locations for growth, the surface diffusion
length of the descending atoms decreases, and the grains grow
preferentially at predetermined locations. In the substrates that do not
have the initial nucleation, the grains begin to grow in the desired
locations, and the primary grains are randomly placed in all possible
parts of the substrate. For the substrate with initial nucleation, the
shadow effect prevents growth in some areas, and this causes the films
to become porous. The reason for the high porosity of the spiral thin
films formed on the ZnS/glass substrate is the larger grain size and
longer shadow length. It is clear from the images that as the number of
pitches increases, the porosity of the thin films increases, which is due
to the increase in shadow with increasing thickness. It is also clear from
the FESEM images that the grain size increases with increasing number
of pitches. The thickness, average grain size, and surface porosity
percentage of different samples are given in Table 1. The results show
that the one-pitch, three-pitch, and five-pitch structures have
thicknesses of 80 nm, 240 nm, and 450 nm, respectively. The results
also show that the surface porosity of the samples, which was obtained
by subtracting the grain area from the total area, is higher for the
structures formed on thin films than for the structures formed on glass.
The porosity of the thin films on glass with one pitch, three pitches, and
five pitches is 10%, 21%, and 25%, respectively, while the porosity of
the similar structures on thin films is 15%, 27% and 31%, respectively.
These results show that porosity increases with increasing thickness.
The data in the table also show that structures formed on thin film have
larger grains than structures formed on glass, due to the greater shadow
effect, and the porosity of these structures is greater than similar

structures on glass.
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Table 1. Porosity percentage and average grain size of different

structures.
Sample Porosity Thickness Average grain
percentage (%) (nm) size (nm)
Gl 10 80 64
G3 21 240 90
G5 25 450 104
ZGl1 15 80 78
7ZG3 27 240 98
ZG5 31 450 124

3.2. Optical results

Photocatalytic properties are one of the attractive properties of
semiconductors. Photovoltaic materials absorb photons and generate
electron-hole pairs. This electron-hole pairs can react with molecules
on the surface of particles and create a wide range of applications. One
of these attractive applications is the use in antibacterial applications.
To study the antibacterial properties of a semiconductor under light, its
interaction with photons must be investigated.

Because zinc sulfide has photocatalytic properties, the absorption

spectra (A) of samples were obtained using the optical spectrum
(A=1-(R+T)). In this relation, R is a reflectance and T is a
transmittance. These results are shown for spiral structures on the glass
substrate in Fig. 4a and for similar structures on the ZnS/glass substrate
in Fig. 4b.

The results show that structures with one pitch have little absorption in
the visible spectrum and have only one absorption edge in the
wavelength range less than 400 nm (ultraviolet region), which indicates
the energy gap of the structures. As the number of pitches increases,
the absorption in the visible range of the structures increases. These
absorptions are related to interband transitions. The results show that
the maximum absorption for all structures is at wavelengths less than
400 nm (ultraviolet region).

Using Eq. 5, the light absorption coefficient (o), which shows the
photocatalytic ability of the material, was calculated for all structures.
The results for structures formed on glass and ZnS/glass substrates are
shown in Fig. 5a and Fig. 5b, respectively.

0=2.303xA/d 5)

In the above relation, A is the absorption, and d is the thickness of the
thin films. The results show that with increasing the number of pitches,
the absorption coefficient increases. As the light absorption coefficient
increases, the photocatalytic property increases. The results also show
that the absorption edge for structures formed on ZnS/glass is shifted

Fig. 2. FESEM images of ZnS spiral structures: a, b) G1, ¢, d) G3, and
e, f) GS.

Fig. 3. FESEM images of ZnS spiral structures: a, b) ZGl, ¢, d) ZG3, and

e, ) ZG5.
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Fig. 4. Absorption spectra of ZnS spiral structures on:
a) glass substrate and b) ZnS/glass substrate.

towards long wavelengths. The reason for this displacement is the large
grains of these structures, and as a result, the relative shrinkage of the
energy gap of these structures compared to similar structures formed on
the glass substrate. Due to the fact that the high absorption coefficient
is related to wavelengths shorter than 400 nm, light with wavelengths
shorter than 400 nm should be used to investigate the antibacterial
properties under light irradiation.

3.3. Anti-bacterial results

These works were performed for the control sample and all spiral
structures with different numbers of pitches formed on the glass and
ZnS/glass substrates in two modes of without light irradiation and
under light irradiation. The results of the measurements are reported in
Table 2 and Fig. 6. Figs. 6a & 6b show the killing efficiency of
different samples for Escherichia coli and Staphylococcus aureus
bacteria in the absence of light, respectively.

It is clear from the figures that structures formed on ZnS/glass substrate
have better antibacterial properties for both types of bacteria than
similar structures grown on glass substrate. This is because of the
higher porosity of these structures than those grown on glass, because
with increasing porosity, the cross-sectional area of contact with

Fig. 5. Absorption coefficient of ZnS spiral structures on:
a) glass substrate and b) ZnS/glass substrate.

bacteria increases. The results also show that due to the increase in
porosity with increasing the number of pitches, the antibacterial
property increases with increasing the number of pitches. These results
show that structures with 5 pitches on the ZnS/glass substrate, due to
the highest porosity percentage, have the highest bactericidal properties
among all samples. These results are in agreement with our previous
work [50].

To investigate the photocatalytic properties and their effect on
the antibacterial properties of the samples, another experiment
was performed under light irradiation. Because, according to the
optical results, the maximum absorption of the structures
occurred at wavelengths less than 400 nm, and the absorption edge
was in the range of 300 nm to 400 nm, the experiment was
performed under UVA light (315 to 400 nm) for all different
structures. The results are given in the last column of Table 2
and the second row of Fig. 6. Figs. 6¢c & 6d show the killing
efficiency of different samples for Escherichia coli and
Staphylococcus  aureus  bacteria  under  light  irradiation,
respectively. These results show that UVA radiation enhances the
antibacterial property. The reason for the increase in antibacterial
properties under light radiation is the photocatalytic properties of
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Table 2. Antibacterial activity of different structures.

Sample  Microorganism Initial cell Final cell Final cell viability/log Killing Killing efficiency (C%)
viability/log viability/log (CFU/ml) after radiation efficiency after radiation with UV
(CFU/ml) (CFU/ml) with UV light (C%) light for 1 hour

Blank E. coli 8.3 1.2 1.1 0 0
S. aureus 8.2 1.1 1 0 0
Gl E. coli 8.3 1 0.9 5 15
S. aureus 8.1 0.9 0.8 11 20
G3 E. coli 7.8 0.8 0.7 40 52
S. aureus 8.2 0.7 0.6 46 57
G5 E. coli 8.3 0.5 0.4 61 75
S. aureus 8.1 0.5 0.3 68 81

structures. In fact, under the light, the electron-hole pairs destroy the
bacteria. In other words, in the presence of ultraviolet light, by
supplying a gap energy, electrons kill bacteria by creating free radicals.
The higher the light absorption, the more electrons produced and the
better the antibacterial properties.

Optical results showed that with increasing the number of pitches, the
absorption coefficient increases and as a result, the antibacterial

(a)

Il Glass
[JznsiGlass

Killing efficiency (%)

Number of pitches

1
substrate

()

B Glass
[Jzns/Glass —
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Killing efficiency (%)

substrate Number of pitches

property increases. The cell viability of S. aureus in the presence
of control, G1, G3, and G5 samples under radiation was shown in
Fig. 7a-d, respectively. Fig. 8a—d show these results for similar
structures on ZnS/glass substrates. Therefore, spiral structures with
5 pitches on the ZnS/glass, under light radiation, because of the highest
porosity percentage, have the best antibacterial properties among the
other samples.

(b)
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[Izns/Glass

Killing efficiency (%)
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Fig. 6. Killing efficiency of ZnS spiral structures for: a) E. coli bacteria without light irradiation, b) S. aureus bacteria without radiation,
¢) E. coli bacteria with light irradiation, and d) S. aureus bacteria with radiation.
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Fig. 7. Cell viability of S. aureus in the presence of: a) control sample, b) G1, ¢) G3, and d) G5.

4. Conclusions

In this work, to investigate the effect of substrate on the porosity and
antibacterial properties of thin films, zinc sulfide spiral-shaped thin
films with different numbers of pitches were formed on two types of
glass substrates with primary nucleation and without primary
nucleation. To prepare these structures, the glancing angle method was
used. Morphology and cross-section of structures were investigated
by means of FESEM images. FESEM images showed that with
increasing the number of pitches due to the increase of the shadowing
effect, the porosity of the structures increases. The results also showed
that for the structures formed on the substrate with primary nucleation,
due to the longer shadow length, the porosity of the structures is
more than the other. The antibacterial properties of the structures
were investigated for both types of Escherichia coli and
Staphylococcus aureus bacteria, and the results showed that the
antibacterial properties improve with increasing the number of pitches.
The results also showed that the structures formed on the substrate with
primary nucleation have better antibacterial properties than similar
structures on glass. The reason was attributed to the increase in the
porosity with the number of pitches, as well as the greater relative
porosity of the structures grown on the substrate with the initial core
than the similar structures on the glass, because with increasing

porosity, the cross-sectional area of contact with bacteria increases.
Given that sulfide is a semiconductor and has photocatalytic properties,
to study the antibacterial properties under light, the absorption
spectrum of the structures was obtained, and the absorption coefficient
of the structures was calculated. Because the maximum absorption
occurred at wavelengths less than 400 nm, the antibacterial properties
under UVA light (315 nm to 400 nm) irradiation were investigated.
The results showed that the spiral shape structure with 5 pitches on the
ZnS/glass substrate with the highest porosity under light irradiation has
the highest antibacterial properties and is the best candidate for
antibacterial properties.
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