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Abstract. Nanocrystalline Ag-doped indium oxide (AIO) thin films, by employing a much simplified spray
pyrolysis technique in different substrate temperatures (300, 350, 400 and 450◦ C), were fabricated for the first
time. The deposited films were subjected to various characterization studies, to explore certain features like the
influence of various deposition temperatures on physical and antibacterial properties. XRD results showed that
all the samples exhibited preferential orientation along the (2 2 2) plane. The variation in the crystalline size
with increasing substrate temperature was explained on the basis of the Zener pinning effect. The electrical sheet
resistance (Rsh ) was found to decrease sharply with increasing substrate temperature and attained a minimum
value (62/) at 400◦ C and then started increasing for higher deposition temperatures. Further, PL emission
spectra of the samples in the visible range ascertained the possibility of applicability of the same in nanoscale
optoelectronic devices. From the studies, it was found that at 400◦ C deposition temperature, one could expect
better antibacterial efficiency against Escherichia coli. The influence of the shape and size of AIO nanograins on
the antibacterial activity was analysed using scanning electron microscopy images.
Keywords. AIO thin films; spray pyrolysis; biological application; electrical properties; scanning electron
microscopy; antibacterial activities.
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1. Introduction
The development of cost-effective and highly efficient
antibacterial agents is one of the major requirements of
medical science. The most common inorganic antibacterial agents include metal oxide semiconductors as
they are safe and stable [1,2]. Due to these unique
advantages, such antibacterial agents play key roles in
a wide range of applications and hence received more
recognition in the antibacterial product market [3,4].
Human beings are often infected by microorganisms
like bacterium, mold, yeast, virus, etc., in the living
environment. Research has been intensive on antibacterial materials containing various natural and inorganic
substances such as tea extraction, chitosan, copper,
zinc, etc. [5–7]. Among them, silver or silver ions
have long been known to have powerful antibacterial
activity [8]. Several researchers have tried to explain
the inhibitory effect of silver on bacteria. It is generally believed that heavy metals react with proteins

by combining the –SH groups of enzymes, leading to
the inactivation of proteins as investigated by Feng
et al [9] and in that report, the inhibition mechanism
of silver ions on microorganism was also studied. Silver ions affect DNA molecules that have lost their
replication abilities and interact with thiol groups in
protein, inducing the inactivation of the bacterial proteins. Therefore, silver has been commercially used to
take advantage of its antibacterial properties [10]. Compared to pure silver, silver-doped materials show higher
adhesive property. Moreover, silver-doped materials
are chemically durable and release silver ions for a long
period of time [11]. Silver-doped indium and ceramics are expected to be antibacterial materials, because
they are assumed to show high chemical durability and
antibacterial activity and these would be satisfied if
thin-film technique is adopted. Certain areas like health
care zones, hospitals, air and water purifiers require
efficient antibacterial materials which can work for
larger area and thin films serve the purpose well.
1
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Considering the above aspects, in the present study,
we wish to report the results of Ag-doped In2 O3
(AIO) thin films prepared using a highly economic
and effective technique, namely simplified spray pyrolysis. Though there are numerous thin-film fabrication techniques [12–21], the technique adopted in the
present investigation offers several advantages such as
large deposition area, simple equipment, low fabrication cost, and high homogeneity of the precursor. In
earlier reports [22–24], Ag-doped In2 O3 films were
prepared using DC magnetron sputtering technique at a
low substrate temperature (300 K) and the properties of
the films were studied. The effect of various substrate
temperatures (300◦ C–450◦ C) on the structural, optical,
electrical, photoluminescence and surface morphological
properties of AIO thin films along with its antibacterial
activity against the bacteria E. coli have been investigated in the present work. To the best of our knowledge, this is the first report on the antibacterial activity
of silver-doped indium oxide thin film using a low-cost
and simplified spray pyrolysis technique. This method
is found to be simple, cost-effective and can be used to
prepare dense films on large areas with better quality.

2. Experimental details for the preparation
of thin films
Silver-doped indium oxide (AIO) thin films were synthesized by a simplified spray pyrolysis technique with
fixed concentration (InCl3 = 6 at.% and AgNO3 = 2
at.%) for various substrate temperatures (300◦ C–
450◦ C). For the preparation of spray solution, the
required amount of indium (III) chloride (99.9% from
Alfa Aser) was dissolved in a mixture of doubly distilled water and 10 ml of ethanol. Separately, silver
nitrate (AgNO3 ) (99% from Alfa Aser) which is the
dopant material, was dissolved in double distilled water
and finally both the solutions were mixed together
using a magnetic stirrer. Then, the final transparent
solution was manually sprayed onto the preheated glass
substrate. During spray process, the rate of spray was
maintained at 2 ml/min and the substrate was kept
30 cm away from the spray gun (perfume bottle),
angle between the nozzle and substrate was fixed at
45◦ and the time duration of spray deposition was
20–30 min as shown in figure 1 [24]. Hence, the overall reaction process can be described as the thermal
decomposition of starting materials in the presence of
water and air. The prepared samples were characterized using X-ray diffraction (XRD) patterns obtained
from the computer-controlled Philips x-pert PRO XRD
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system (CuKα radiation; λ = 1.5405 Å) in Bragg–
Brentano geometry (θ/2θ coupled). The Joint Committee on Powder Diffraction Standards (JCPDS) database
from the International Center for Diffraction Data
(ICDD) was utilized for the identification of crystalline
phases. The electrical properties were studied using
Hall effect apparatus (ECOPIA HMS-3000) with van
der Pauw configuration. The surface morphology was
recorded by employing scanning electron microscope
(HITACHI S-3000H) with xenon lamp (450 W). The
photoluminescence spectra of the film at room temperature were recorded using Jobin Y von-FLUROLOG
FL3-11. The antibacterial activity against Escherichia
coli was examined.

2.1 Culture of Escherichia coli
Pure culture of E. coli species of bacteria was procured
from Rontgen Laboratory, India. The microorganisms
were identified and confirmed by the microbiologists
of the Department of Microbiology, Thanjavur Medical College, Thanjavur. A loop, full of microorganisms,
was suspended in about 10 ml of physiological saline
in a Roux bottle. E. coli which was incubated at 25◦ C
for 24 h was streaked onto the appropriate culture slants
incubated at 37◦ C for 24 h. After the incubation period,
when growth was observed, the tubes were kept at
2–8◦ C until use.

2.2 Evaluation of antibacterial activity
Antibiogram was done by disc diffusion method using
thin films [25,26]. Petri plates were prepared by pouring 30 ml of nutrient agar medium for bacterial growth.
The test organism was inoculated on a solidified agar
plate with the help of micropipette and the spreaded
part is allowed to dry for 10 min. The surfaces of the
media were inoculated with bacteria from a broth culture. A sterile cotton swab dipped into a standardized
bacterial test suspension was used to evenly inoculate
the entire surface of the nutrient agar plate. Using sterile forceps, thin films were laid down on the nutrient
agar plates containing the inoculums of E. coli. The
plates were incubated at 37◦ C for 24 h. Each sample
was tested in triplicate.

3. Results and discussion
3.1 Structural studies
The structural analysis of the prepared samples was
carried out by X-ray diffraction spectrometer as
depicted in figure 2. The patterns show six well-defined
peaks amidst less intense peaks that correspond to
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Figure 1. Schematic diagram of the spray pyrolysis unit.

InO phase with a cubic structure (JCPDS No. 00-0060416). The intensity of the diffraction peaks was
slightly increased with substrate temperature, thereafter it got decreased when the substrate temperature
approached 450◦ C as evident from figure 2. The reasons for the less crystallinity of the films are the presence of defects and the lack of enough kinetic energy
and mobility of the grains to get oriented at respective
planes. The samples prepared at high substrate temperature (450◦ C) show two additional diffraction peaks,
(1 1 1) and (3 2 1), corresponding to the InO phase and for
all the samples peaks corresponding to the Ag phase could
not be detected. The decrease in the intensity of the
peaks for the films prepared at 450◦ C shows the degradation in crystalline quality which may be attributed
to the compression stress arising from the different
ionic radii of substituted Ag1+ (7.9×10−11 m) on
In3+ (8.1×10−11 m) [27]. The average crystalline size
was estimated by using the well-known Scherrer’s
formula [28] and the obtained crystallite size was
found to be in the nanorange and the grain size of
AIO for various substrate temperatures 300◦ C, 350◦ C,
400◦ C and 450◦ C are 14, 19, 31 and 24 nm respectively. The crystallite size of the AIO film increases
with increase in deposition temperature (at 400◦ C) and
for further increase in the deposition temperature, it
gets decreased to 24 nm (at 450◦ C). The result obtained
can be interpreted using Zener pinning effect [29]. The
outward movement (expansion) of grain boundaries is
restricted by the retarding force generated by crystal

imperfections like vacancies and interstitials. In the
present investigation, the number of oxygen vacancies
present in the InO lattice may be large only when Ag
is doped with InO. These oxygen vacancies restrict
the growth of crystallites due to the Zener pinning
effect. But, when the substrate temperature increases,
these oxygen vacancies may be filled by the incorporated In ions. Therefore, the influence of retarding
force decreases gradually, allowing the crystallites to
grow larger in size. This trend is followed upto the
film deposition temperature 400◦ C and thereafter the
crystalline size decreases as the excess In ions incorporated in the lattice are positioned as interstitials which
may again enhance the retarding force causing Zener
pinning effect.

3.2 Electrical properties
The variation in electrical sheet resistance (Rsh ) of the
silver-doped indium oxide thin film as a function of
various deposition temperatures is shown in figure 3.
Rsh decreases sharply as the deposition temperature
increases, attaining a minimum value (62/) at
400◦ C and then increases for further increase in the
substrate temperature. This variation in Rsh can be
explained as follows: The initial decrease in Rsh is
caused by the substitution of In3+ ions into the Ag1+
sites, because each of this substitution results in the
creation of two free electrons. In other words, the
substituted In3+ ions act as donors to the system

100 Page 4 of 9

Pramana – J. Phys. (2016) 87: 100

Figure 2. XRD patterns of Ag-doped indium oxide thin film as functions of different deposition temperatures.

thus reducing Rsh . This trend is valid upto a certain
deposition level only (in this study, it is 400◦ C), and
beyond 400◦ C the In3+ ions got reduced to Ag1+ state
by absorbing the pair of electrons already available in
the system, thereby causing a reduction in the number
of free carriers which in turn increases Rsh . The film
deposited at 400◦ C has the minimum value of sheet
resistance (62/) and it possess the best antibacterial
activity [30] and the results are confirmed in §3.5. This
inference from the obtained electrical result is derived
on the basis of one of the important characteristic features of the p-block elements as discussed below: the
p-block elements of the periodic table having higher
atomic number, have lesser tendency to use s electrons
for chemical bonding and hence they are stable only in
the lower oxidation states. Hence, we strongly believe
that beyond 400◦ C, the In3+ ions are reduced to the
Ag1+ state by absorbing a pair of electrons in the vicinity. It is reasonable to assume that the reduction process
can start only when the number of free electrons available in the system is sufficiently high to initiate this
phenomenon and the film deposited at 400◦ C reached
this stage and Vaezi and Sadnezhaad [31] reported the
possible mechanism related to the variation in Rsh .

3.3 Photoluminescence studies
Photoluminescence spectroscopy is a powerful
tool to study the optical quality of semiconductor
materials. The spectral positions and the corresponding

Figure 3. Variation in electrical sheet resistance (Rsh ) of
silver-doped indium oxide thin films as functions of substrate temperatures.

intensities of PL emission peaks can be used for the
identification of defects and their concentrations,
respectively. Room-temperature photoluminescence
(PL) studies were carried out for silver-doped indium
oxide thin films with three distinct excitation wavelengths and their spectra are depicted in figure 4. It can
be seen that when the films were excited with 350 nm
radiation, a single high intensity peak was found at
628 nm and three low-intensity peaks were obtained
around 394, 412 and 573 nm. When the samples were
excited with 450 nm radiation, the PL emission peaks
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Figure 4. Photoluminescence spectra of AIO thin films with three distinct excitation wavelengths (a) 350 nm,
(b) 450 nm, (c) 550 nm.

were found to occur at 493, 613, 737 and 830 nm. Finally, when the films were excited with 550 nm radiation,
only a few low-intensity peaks at 604 nm and 747 nm
were found. As the excitation wavelength increased
from 350 nm to 550 nm, the intensity of emission
peaks got decreased and more number of prominent peaks were found to emerge in the visible
region and then got diminished. The emergence of
low-intensity peaks of these samples may be due
to the interimpurity transitions and larger stoichiometric deviation. The PL emission located at 493
nm was originated from the direct recombination of
electron/hole pairs and emission at 412 nm was due
to the oxygen vacancy trapping (F+ centre), that is
the generation of charged oxygen vacancy defects. It
is evident that when the number of charge defects
in samples are more, more O2 will be adsorbed to
the sample by electrostatic forces. Meanwhile, the
electrons trapped at the charged oxygen-vacancy
defects may be transferred to the adsorbed O2 to form

superoxide species. Therefore, the emission at 412
nm comes from the F+ centre, which is referred to
as oxygen vacancies trapping an electron. Moreover,
the well-defined UV emission centred at 394 nm was
observed for all samples and this emission can be
ascribed to the nearest band-edge transition wherein
photogenerated holes near the valence band recombine
with electrons in the donor levels through a radiative
process [32–34]. The PL emission at 573 nm (yellow
emission) is due to 4 F6/2 →6 H13/2 transitions and
high intense red emission was found at around 628 nm
and other weak intensity peaks were found centred
at 737 and 747 nm which can be attributed to the
zero-phonon, PL line and its two vibronic progressions
respectively. Although the PL emission mechanism of
indium oxide is not very clear so far, it has been
recognized that the oxygen vacancies act as donors and
induce PL emission under photon excitation. Hence,
well-defined emission peaks were found when the excitation wavelength is in the range of 350–450 nm and
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as the excitation wavelength approaches 550 nm, the
intensity of PL emission decreases and the PL emission
is found to be constant, irrespective of the intensity
as evident from figure 4. The less intense emissions
obtained for all samples indicate the lesser defect
concentration of these films. The shift in UV peak
(films excited with 350 nm) towards lower wavelength
side (blue-shift) increases along with deposition temperature upto 350◦ C indicating the enhancement of
radiative recombination centres due to the substitution
of In3+ ions into Ag1+ sites as discussed in electrical
studies (§3.2). At the same time, the reduction in UV
intensity for films deposited at (400◦ C and 450◦ C)
AIO thin films, indium attributed to the introduction
of defects responsible for non-radiative transition.
The PL light emitting property in the UV region at
room temperature suggests the possible applications
of these films from nanoscale to electronic devices in
future. The absence of PL intensity peak at 628 nm
with an excitation wavelength of 550 nm, was due
to the significantly higher defect density [35]. For
the films excited with 350 nm, the strongest peaks
at 412 and 573 nm are assigned to the transition of
electrons from Ini levels to the valence band [36] and
the peaks at 394 and 628 nm arise due to the presence
of singly ionized oxygen vacancies in InO. These
singly ionized oxygen vacancies generally act as the
origin for the generation of OH− ions on the surface
when AIO is used as an antibacterial agent [37]. These
OH− ions play key roles in improving the efficiency
of antibacterial agents which will be discussed in the
forthcoming section.

Pramana – J. Phys. (2016) 87: 100

3.4 Surface morphological studies
The SEM images of AIO thin film as a function of
different substrate temperatures (300, 350, 400 and 450◦C)
are shown in figure 5. The surface morphologies of
all the samples show a closely packed arrangement of
particles and it can be seen that the morphology
changes with substrate temperature. From figure 5,
the spherical grains of 82, 89, 90 and 60 nm sizes
for the films deposited at various temperatures (300,
350, 400 and 450◦ C) can be visualized. Increasing substrate temperature causes remarkable changes in the
shape and size of the particles and with further increase
in deposition temperature (450◦ C), the particle size
decreases (60 nm) as shown in figure 5. The slightly
larger sized particles more readily enables them to
penetrate and interact with the interior of the bacteria
thereby destroying it [38]. The antibacterial efficiency
of the films gets enhanced with increasing substrate
temperature upto 400◦ C as discussed in §3.5. If the
deposition temperature is further increased (450◦ C),
the particles attain irregular shapes with varying sizes.
The change in the surface morphology may be ascribed
to the presence of more number of Ag interstitial
defects leading to a deformation in the InO lattice.

3.5 Antibacterial studies
The antibacterial activity of AIO thin film with different substrate temperatures (300, 350, 400 and 450◦ C)
was investigated against E. coli using disc diffusion
method as shown in figures 6a–6d. The presence
of remarkable inhibition zones indicates the better

Figure 5. SEM images of AIO thin film as functions of different substrate temperatures.
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antibacterial efficiency of samples against the microorganisms. From figures 6a–6d, it is observed that AIO
samples prevented the growth of bacteria remarkably
and formed well-defined zones around the samples and
the zone of inhibition increases with an increase in the
deposition temperature. For comparison, the variation
in the diameter of the zone of inhibition is plotted
against different substrate temperatures (300, 350, 400
and 450◦ C) and is presented as a bar diagram in
figure 7. The antibacterial activity of the AIO thin film
may be related to several mechanisms, including the
generation of reactive oxygen species (ROS) and RNS
production mechanisms have been thoroughly investigated and can be classified into three groups: intrinsic
production, produced by the interaction with cellular
targets, and production mediated by the inflammatory
reaction. The three groups share responsibility for most
of the genotoxic effects so far observed in nanoparticles. The factors responsible for antibacterial activity
of AIO are: (i) release of Ag1+ ions, (ii) generation
of reactive oxygen species (ROS) and (iii) reduced size
of the grains. These three factors may lead to the rupture of the cellular contents and subsequent cell death
[39]. The mechanism of the antibacterial activity of
Ag-doped InO thin films can be explained as follows:
When Ag is doped with InO, the substitutional incorporation of Ag1+ ions into In3+ sites allows more
In3+ ions to occupy the interstitial positions of an InO
matrix as the ionic radii of Ag1+ (7.9 × 10−11 m) is
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remarkably higher than that of In3+ (8.1 × 10−11 m).
This result supports the discussion given in the structural studies. As In3+ ions in the interstitial positions
can be released easily from the lattice when compared
with those in regular sites, this AIO has high potential
to act as better antibacterial agent. They released In3+
ions which can directly diffuse into cell membranes,
causing severe damage to the cell wall and the subsequent leakage of cell contents. The diffusion of In3+
ions from the AIO thin film into the food stuff, drinking
water, etc. cannot cause any harmful effect on humans

Figure 7. Variation in the zone of inhibition as a function
of different substrate temperatures.

Figure 6. Zone of inhibition of AIO thin films under substrate temperature: (a) 300◦ C, (b) 350◦ C, (c) 400◦ C and
(d) 450◦ C.
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as Ag is an effective nutrient [40]. From figure 7,
it is evident that the antibacterial activity of AIO
thin films increases with increasing deposition temperature up to 400◦ C and then decreases for further
increase in the substrate temperature. This increase
in antibacterial activity of AIO up to 400◦ C may be
due to the creation of a large number of free electrons which caused the substitution incorporation of
Ag1+ ions from InO lattice and on coming in contact with bacterial cells can produce reactive oxygen
species (ROS) such as hydroxyl radicals, superoxide
and H2 O2 [41,42]. But, when the substrate temperature
increases further (450◦ C), the excess Ag1+ ions begin
to occupy the interstitial sites of InO matrix leading to
a decrease in the number of free electrons. This may be
the reason for the decrease in the zone of inhibition of
AIO thin films beyond 400◦ C. The generation of ROS
can be represented as follows [43]:
InO + hν → h+ + e− ,
(1)
.
(2)
h+ + H2 O → OH + H+ ,
.
(3)
O2 + e− → O2− ,
.
.
+
O2 + H → HO2 ,
(4)
.
+
−
(5)
H + HO2 + e → H2 O2 ,
.
.−
−
(6)
H2 O2 + O2 → OH + O2 + OH .
From these reactions, it is seen that, the electron–
hole pairs play vital roles in the generation of ROS.
Among the ROS, H2 O2 is a more powerful oxidizing
agent and it directly penetrates into the cell membrane
of the bacteria, causes various types of injuries and
prevents the growth of the cells, whereas, the negatively charged hydroxyl radicals and superoxide anions
cannot penetrate into the cell membrane, but they can
cause severe damage to proteins, lipids, DNA and profiles of the outer wall of the bacteria [44], thereby
leading to the destruction of the bacteria. In addition,
in our present work, particle size increases with deposition temperature upto 400◦ C and a further increase
in temperature (450◦ C) decreases the particle size as
evident from SEM results. Thus, the size of the particle plays a crucial role in improving the antibacterial
activity of the AIO thin films.

4. Conclusion
Good-quality nanocrystalline AIO films were deposited using the simplified spray pyrolysis technique and
the effects of substrate temperatures (300, 350, 400 and
450◦ C) on certain physical properties and antibacterial
activity were studied. The sample deposited at 400◦ C
exhibit highest antibacterial efficiency against E. coli.
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The structural studies revealed that all the films exhibit
cubic structure with preferential orientation along the
(2 2 2) plane. The observed variation in the electrical
sheet resistance (Rsh ) induced by different substrate
temperatures, was clearly explained on the basis of
the important characteristic features of p-block elements. All the films exhibit intense PL emission in the
UV region. The size of the particle also has a remarkable impact on the antibacterial efficiency as observed
from SEM studies. The antibacterial studies revealed
that the film deposited at 400◦ C is most suitable for
antibacterial activities of AIO films.
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