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Abstract
The microwave-assisted successive ionic layer adsorption and reaction (mSILAR) deposition method was employed for the 
synthesis of nano-polycrystalline zinc oxide (ZnO) thin film. In this study, annealing of the prepared ZnO samples was carried 
out in an air and argon atmosphere. The morphology, crystallinity, and phase of the deposited nanostructured ZnO films 
were established with a field-emission scanning electron microscope (FESEM) and x-ray diffraction (XRD), respectively. 
The elemental compositions and chemical states of the ZnO nanostructures were determined by x-ray photoelectron 
spectroscopy (XPS), and the surface properties were evaluated using Brunauer–Emmett–Teller (BET) surface area analysis. 
The semiconducting behavior of the film was examined by plotting the current–voltage (I–V) characteristics. Moreover, 
temperature-dependent electrical resistance, photoconductivity, and photocatalytic studies were also carried out. This study 
showed that by electron beam irradiation, the electrical and photocatalytic activity, and the photo-conducting properties of 
ZnO thin film can be improved to the desired level.
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Introduction

Semiconducting nanomaterials play a vital role in the 
development of a wide range of photocatalytic materi-
als.1–3 Among various semiconductor metal oxides, zinc 
oxide (ZnO) has emerged as a subject of intensive study. 
ZnO is a II–VI group material with a hexagonal quartzite 
structure, which exhibits inherently n-type semiconductor 
behavior. Moreover, due to high transparency in the visible 

region, tunable electrical properties, biocompatible nature, 
exceptional optical property, hardness, and wide band gap 
of ~3.37 eV, ZnO is extensively used in photonics and opto-
electronics, and in electromechanical, electrochemical, and 
biological applications.4–11 ZnO is the appropriate material 
for the fabrication of light-emitting diodes, piezoelectric 
transducers, laser/nanolaser diodes, gas sensors, UV sen-
sors, varistors, and spintronics.12–19 ZnO thin films can also 
be used as transparent conducting windows in solar cell 
devices.20–22 Infrared reflectance, visible transmittance, 
and improved electrical properties can be achieved by slight 
modifications in ZnO.18–20 Presently, many different tech-
niques have been applied for the synthesis of visibly trans-
parent as well as conducting thin films of ZnO. For example, 
ZnO thin films are being prepared by a number of different 
methods, such as chemical bath deposition,23 electrodeposi-
tion,24 sol–gel process,25–31 pulsed laser deposition,32–37 ball 
mixing method,38 metal oxide chemical vapor deposition,39 
seed-mediated growth,40 atomic layer deposition,41 chemical 
vapor deposition,42–44 successive ionic layer adsorption and 
reaction (SILAR),45–47 and spray pyrolysis48–50 etc.

Physical deposition processes have been extensively 
applied in thin-film technology; however, a wet synthesis 
process such as SILAR is low-cost, simple, and which gives 

 *	 Deepu Thomas 
	 deepuskariankal@gmail.com

 *	 Kalim Deshmukh 
	 deshmukh.kalim@gmail.com

1	 Department of Physics, Nirmalagiri College, 
Nirmalagiri 670701, India

2	 Department of Chemistry, Nirmalagiri College, 
Nirmalagiri 670701, India

3	 Center for Advanced Materials, Qatar University, 2713 Doha, 
Qatar

4	 Department of Electronics, Prajyoti Niketan College, 
Pudukad 686301, India

5	 New Technologies‑Research Centre, University of West 
Bohemia, 30100 Pilsen, Czech Republic

http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-022-09651-2&domain=pdf


3993Photosensitivity and Photocatalytic Activity of ZnO Thin Films Annealed in Different…

1 3

control at the nano-level. SILAR is economical while con-
sidering the benefits of film properties, such as controlled 
deposition rates, large surface area deposition, and less wast-
age of chemicals. During thin-film deposition by the SILAR 
method, a film of metal ions generated through the precursor 
solution is adsorbed on the substrate surface in the form 
of unit layers. The deposition of thin film by the SILAR 
method mainly involves two steps: (1) complex ion layer 
adsorption on the substrate surface, and (2) adsorbed ion 
layer reaction.51 The precipitation reaction is vital in the for-
mation of a single layer by the reaction between the counter 
ion and the adsorbed ion. The pH of the reacting solutions 
and their concentration and precipitation reaction are of 
utmost importance. The SILAR method is widely accepted 
for the synthesis of epitaxial multilayered thin films, prefer-
ably chalcogenide (e.g., ZnSe, ZnS, CdS).51 However, cer-
tain shortcomings have been observed in the synthesis of 
oxide films. The thin-film deposition of ZnO by the SILAR 
method utilizes a multiple times chemical-dipping approach. 
It uses the complexes of zinc, such as zinc chloride, ammo-
nium zincate, and sodium zincate.52–56 In addition, the sub-
strate temperature and different partial pressure of oxygen 
affects the optical, electrical, and structural properties of the 
synthesized films. Furthermore, annealing will improve the 
quality of the thin film, while post-annealing treatment of 
synthesized films will help in overcoming the drawback of 
the SILAR method. Annealing can be carried out in differ-
ent conditions, like in nitrogen, hydrogen, oxygen, or air.57

In the present work, microwave-assisted successive ionic 
layer adsorption and reaction (mSILAR) was employed 
for the synthesis of ZnO thin films.10 The optical and 
photocatalytic property of the as-prepared ZnO film has been 
studied with respect to different annealing atmospheres. To 
alter the electrical conductivity, the samples were irradiated 
with an electron beam, and the optical response was 
analyzed in the presence of ultraviolet (UV) illumination. 
The photocatalytic response of the samples was studied by 
a degradation test performed on methylene blue (MB) dye.

Materials and Methods

Experiment

Ammonia solution (NH4OH), sodium hydroxide (NaOH) 
pellets and zinc sulfate heptahydrate (ZnSO4·7H2O) (all from 
Merck) were used without further purification. Ultrapure 
double-distilled water was used in the experiments.

Synthesis of Zinc Oxide

ZnO thin films were synthesized using the mSILAR 
technique, in which the substrate was dipped into 

a ZnSO4·7H2O and ammonia solution, where Zn2+ 
along with NH4OH formed a zinc ammonia complex 
[Zn(NH3)4]2+. During the initial stage of deposition, zinc 
ammonia was adsorbed onto the substrate. Afterward, 
with the immersion of this substrate in distilled water, 
the adsorbed zinc ammonia complex changes into zinc 
hydroxide (Zn(OH)2). The immersion time was 30 s and 
the experiment was repeated 100 times. The chemical 
reactions involved in the growth of ZnO by the mSILAR 
method are as follows:

Finally, the prepared ZnO films were annealed at 450°C 
for 30 min in both air and an inert (argon) atmosphere.

Sensor Fabrication

The ZnO thin films were coated on an FR-4 sheet of 1.6 
mm thickness using the mSILAR technique to form a sen-
sor for measuring the effect of photosensitivity (Fig. 1). 
FR-4 is a composite material that consists of glass fabric 
and electrical grade epoxy resin. The terminals of the sen-
sor were soldered on either side of the sheet.

Characterization of Grown Films

A Bruker AXS-8 XRD was used for the structural studies. 
Scanning electron microscopy (SEM; JEOL-JSM 6490 

(1)[Zn(NH3)4]
+2 + 4H2O → Zn+2 + 4NH+

4
+ 4OH−

(2)Zn2+ + 2OH−
→ Zn(OH)2

(3)Zn(OH)2 ↔ [Zn2+ + 2
(

O2− + H+
)

](solid)

(4)

[

Zn2+ + 2
(

O2− + H+
)]

(solid)
+ O2(gas) ↔ [Zn+2 + O2−](solid)

+
(

O2−
)

(gas)
+ O2(gas)

(5)= [ZnO](solid) + H2O + O2
(gas)

Fig. 1   The fabricated sensor used to measure the effect of photosen-
sitivity of ZnO.
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analyzer) was employed for the morphological studies. The 
electrical resistance of the samples was measured using a 
digital multimeter (Keithley 2100). An electron beam of 8 
MeV energy and 8 kGy/min dose rate (Fricke dosimetry) 
obtained from Microtron, was used for the irradiation of the 
ZnO films. A Novawin 3000e Surface Area and Pore Size 
Analyzer were used for the Brunauer–Emmett–Teller (BET) 
analysis. Transmission electron micrographs (TEM) were 
taken using a JEOL JEM-3010.

Photoresponse and Photocatalytic Activity of ZnO 
Film

The photoconductivity of the ZnO films was analyzed at a 
wavelength of 365 nm and 1.4 mW/cm2 power density using 
a Keithley 6485 picoammeter. The photocatalytic degrada-
tion studies were performed using a photocatalytic reactor, 
as depicted in Fig. 2a. For the photocatalytic degradation 
studies, a stock solution of MB in water was prepared in the 
range of 10–50 mg/L, and the grown ZnO film was placed 
inside 50-ml solutions in various MB concentrations. Ini-
tially, the reaction mixture was stirred in the dark to avoid 
the influence of adsorption by the ZnO films. Thereafter, the 
dye solution containing the ZnO film was irradiated with a 
UV light of 365 nm. The degradation by the ZnO film under 
UV illumination was indicated by the decolorization of the 
dye. Figure 2b shows the photodegradation process of MB 
by the ZnO film. MB is a blue-colored cationic dye that 
shows an absorption maximum of 664 nm. The photodegra-
dation of MB can be seen from the decolorization of the blue 
color, and the extent of degradation was quantitatively meas-
ured using a UV-Vis spectrophotometer. The degradation 

percentage of MB was determined spectrophotometrically 
at λmax 664 nm using the equation:

where Co and Ct represent the initial and final concentra-
tions, respectively, of the MB dye solution. The influence of 
various parameters, like contact time, initial concentration of 
the dye, and the reusability of catalyst, was studied.

Results and Discussion

Structural Characterization

Figure 3 shows the SEM images and XRD plots of the ZnO 
film annealed in air and in an argon atmosphere. The SEM 
analysis reveals a nano-structured flower-like growth of the 
ZnO by the mSILAR process. For the ZnO film annealed in 
the argon atmosphere, a vertically grown nanoflower-like 
morphology was observed, as shown in Fig. 3a. A simi-
lar morphological evolution was seen for the ZnO films 
annealed in air (see inset of Fig. 3a). In both samples, a uni-
form, vertical and dense growth of nanoflowers was noticed 
all over the substrate. To study the growth structure phase, 
crystallinity, and the effect of annealing in different envi-
ronments, XRD analysis was performed. Figure 3b depicts 
the XRD plot of the synthesized ZnO film annealed in the 
inert environment and in air (Fig. 3b, inset). The ZnO film 
exhibited a polycrystalline nature with a hexagonal wurtz-
ite structure, as evident from the XRD patterns. The peaks 
appearing at 31°, 36°, 47°, and 56° are linked, respectively, 
with the (100), (101), (110) and (102) reflections (JCPDS 

(6)MBdegradation efficiency (%) =
(

Co − Ct

)

× 100∕Co

Fig. 2   Photodegradation of MB dye: (a) photodegradation chamber, (b) schematic of the photodegradation of MB dye by ZnO film.
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no. 36-1451). This confirms the wurtzite hexagonal structure 
of ZnO.58–60 In the figure, it can be seen that the peak (002) 
occurring at 2θ ≈ 34° has the maximum intensity, which 
suggests the preferential growth of the ZnO nanostructure 
along the c-axis. The crystal grain sizes calculated using 
Scherrer's equation for the sample annealed in air and argon 
were 15.9 nm and 25.1 nm, respectively. Thus, the increased 
grain size and peak intensity (see Fig. 3b) of the ZnO film 
annealed in an inert atmosphere suggest an improved crys-
talline structure compared to the air-annealed ZnO films. 
Figure 3c depicts a TEM image of a typical ZnO thin film. 
The shape, size, and hexagonal crystal structure of the 
deposited films were confirmed by TEM. The particle sizes 
calculated using the Debye–Schrerrer's equation was 16 nm.

The elemental compositions and chemical states of the 
ZnO samples were determined by XPS. The survey scan 
spectra (Fig. 4a) show obvious peaks for zinc and oxygen, 
and suggest that there are no impurities in the ZnO samples. 
Figure 4b presents the high-resolution Zn 2p XPS spectrum 
of the ZnO sample. Pure ZnO exhibited symmetrical peaks 
at 444.09 and 467.09 eV, due to the orbital coupling of Zn 

(2p1/2) and Zn (2p3/2), respectively. The split peaks with a 
binding energy difference of 23 eV signify the strength of 
the spin−orbit coupling process. The typical O 1s spectra 
(Fig. 4c) show one peak centered at 958.39 eV. Based on the 
variation in charge transfer from Zn2+ to O2− that is caused 
by the vacancies, the binding energies vary from the above 
stoichiometric values.

Surface Properties

Figure 5 depicts the adsorption–desorption isotherms for 
ZnO films (a) annealed in the air (unirradiated), (b) annealed 
in air (irradiated), (c) annealed in air argon atmosphere 
(unirradiated), and (d) annealed in air argon atmosphere 
(irradiated). According to the IUPAC classification, all the 
isotherms correspond to Type IV. Furthermore, their hys-
teresis loops are Type H3, indicating that they are made 
of mesoporous materials. The absorption of the irradiated 
argon-annealed ZnO exhibits a gradual increase in volume 
adsorbed from the low relative pressure. The BET surface 
area of samples (a), (b), (c), and (d) was 10.7 m2/g, 10.9 

Fig. 3   (a) SEM image of ZnO film annealed in an inert environment, (b) powder XRD patterns of ZnO films annealed in an inert environment 
and in air (inset), (c) typical TEM image of ZnO thin film.
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m2/g, 11.1 m2/g, and 11.3 m2/g, respectively. It can be seen 
that the unirradiated samples have a lower surface area than 
the irradiated sample. This argon-annealed (irradiated) sam-
ple possesses more surface area than the air-annealed (irradi-
ated) sample. Figure 6 illustrates the pore size distribution 
of the samples, which shows that the nanoparticles were 
well-dispersed in the range of 15–25 nm.

Current–Voltage Characteristics and Temperature 
Dependency

The semiconducting properties of ZnO films annealed in 
air and argon atmospheres were studied by analyzing their 
current–voltage (I–V) characteristics. Figure 7 shows the 
I–V characteristics and temperature-dependent change in 
resistance of ZnO films before and after irradiating with an 
electron beam of 8 kGy, respectively. From Fig. 7a, it can be 
observed that all the films exhibited typical semiconductor 
characteristics both before and after irradiation. Compared 
to ZnO film annealed in air, the films annealed in an inert 
atmosphere show increased conductivity, and the difference 
is more prominent at a higher applied bias (> ± 5 V). The 
consequence of electron beam radiation on the I–V charac-
teristics of thin films was studied and is depicted in Fig. 7a. 
I–V studies of irradiated ZnOair film embraced a comparable 
drift in conductivity with respect to the unirradiated ZnOair 

film, and the current is slightly amplified in the case of the 
irradiated ones. A similar trend of increase in conductivity 
after irradiation was observed for ZnO film annealed in an 
inert atmosphere. I–V analysis of the film revealed that the 
irradiated and inert atmosphere-annealed ZnO film show 
higher conductivity compared to other samples. Figure 7b 
shows the temperature-dependent change in the resistance 
of air- and inert atmosphere-annealed ZnO thin films both 
before and after electron beam irradiation. The temperature 
sensing was implemented at different temperatures for all the 
samples. As the temperature increased from 25°C to 200°C, 
a significant change in the relative resistance was observed 
for all the samples. The relative resistance (AR) was calcu-
lated using the equation:38,41

where R0 is the initial electrical resistance and R is the resist-
ance in the presence of increased temperature of the mate-
rial. The inert-annealed ZnO thin film exhibited an incre-
ment in the conductivity against the non-inert annealed 
samples. The samples were irradiated with a high-energy 
electron beam during the experiment. Even though Fig. 7b 
shows a similar trend for both the irradiated and unirradiated 

(7)A
R
=

R0 − R

R0

× 100

Fig. 4   (a) XPS spectra of the ZnO sample, (b) Zn2p spectrum of ZnO, and (c) O1s spectrum of ZnO.
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samples, the sensing features of the irradiated one possess 
good results in comparison with the unirradiated samples.

Photoconductivity under UV Illumination

Figure 8a shows the photoconductivity studies of ZnO thin 
films annealed in air and inert atmospheres along with 
virgin and irradiated films. To conduct the measurements, 
electrodes were made on the samples by depositing gold 
using the thermal evaporation technique.61 The photore-
sponse of ZnO corresponds to the desorption and absorp-
tion of oxygen on the surface of ZnO. In the dark, oxygen 
molecules are absorbed on the surface by taking a free 
electron, and, under UV illumination, the photogenerated 
holes neutralize the oxygen ions and oxygen is desorbed 
from the surface of the ZnO. The photoconductivity of 
the samples was noted to be directly proportional to the 
applied field. The sample shows positive conductivity as 
the photocurrent exceeds the dark current. The photo-
conductivity of the inert samples was improved signifi-
cantly compared with the sample annealed in a non-inert 
atmosphere. It is evident that the surface roughening and 
thickness of the films help in the charge transportation 

when exposed to light.10,54 It was demonstrated that the 
photoconductivity of ZnO film will depend on the anneal-
ing condition as well as on the irradiation level. The sam-
ples were illuminated with UV at 365 nm, and the sens-
ing properties were studied with respect to the change in 
resistance, as shown in Fig. 8b. The resistance of the sam-
ples (inert and non-inert) was observed to be reduced with 
UV illumination. The highest value of relative resistance 
for both the samples was observed at 13.5 h. The ZnO 
films initial resistances for the four samples were observed 
to be 99.17 kΩ, 98.76 kΩ, 94.15 kΩ, and 93.78 kΩ. The 
resistance of the argon-irradiated sample returned to its 
initial value in 45 s when the UV light was turned off, but 
the recovery time for the sample annealed in air-irradiated 
was a little higher. It was noted that all the other samples 
showed a similar trend in the recovery time, but the recov-
ery time of the argon-irradiated sample was high. The vari-
ation of relative resistance opens up the scope to regulate 
the relative resistance to the desired value by annealing 
in different atmospheres and electron beam irradiation. It 
was observed that the differential resistance acquires an 
almost identical pattern; however, the relative resistance 
of the irradiated samples was comparably low.

Fig. 5   Nitrogen adsorption–desorption isotherms of the ZnO nano-
structures synthesized in different conditions: (a) annealed in air 
(unirradiated), (b) annealed in air (irradiated), (c) annealed in air 

argon atmosphere (unirradiated), and (d) annealed in air argon atmos-
phere (irradiated).
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Photocatalytic Activity

Figure 9a shows a schematic of the photocatalytic deg-
radation of MB using ZnO. Under UV illumination, 

electron–hole pairs are generated (Eq. 8). Moreover, valence 
band (VB) electrons are transferred to the conduction band 
(CB), leaving an equal number of holes in the VB. Holes in 
the VB interact with surface water and generate OH· (Eq. 9). 

Fig. 6   Barrett–Joyner–Halenda pore size distribution curve of ZnO thin film synthesized in different conditions: (a) annealed in air (unirradi-
ated), (b) annealed in argon atmosphere (unirradiated), (c) annealed in air (irradiated), (d) annealed in air argon atmosphere (irradiated).

Fig. 7   Electrical characteristics of synthesized ZnO films showing the I–V curves of ZnO thin films annealed in non-inert and inert conditions; 
(b) ZnO thin film sensitivity towards temperature.
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The electrons excited to the CB generate superoxide anion 
(O2

−·) combining with surface O2. The unstable O2
−· radi-

cal eventually decomposes to OH· (Eq. 10). The generated 
OH· free radicals degrade out of the MB through several 
steps, and finally CO2, and H2O are produced as end prod-
ucts (Eq. 11).

(8)ZnO + h� → ZnO(h+
VB

+ e
−
CB
)

Figure 9b shows the photocatalytic activities of synthe-
sized ZnO films (with and without irradiation) under UV 

(9)h
+
VB

+ H2O → H+ + OH⋅

(10)
e−
CB

+ O2 → O−⋅
2
+ H2O → HO2⋅

→ H2O2 → OH− + OH

(11)MB + OH⋅

→ CO2 + H2O

Fig. 8   Photoconductivity studies of ZnO thin films. (a) Photore-
sponse of the ZnO films under UV illumination: (I) the dark current 
of the sample annealed in air condition (unirradiated), (ii) photocur-
rent of the sample annealed in air (unirradiated), (iii) dark current of 
the sample annealed in the air (irradiated), (iv) photocurrent of the 
sample annealed in the air (irradiated), (v) dark current of the sam-
ple annealed in inert condition (unirradiated), (vi) photocurrent of the 

sample annealed in argon atmosphere (unirradiated), (vii) dark cur-
rent of sample annealed in argon atmosphere (irradiated), (viii) pho-
tocurrent of the sample annealed in argon atmosphere (irradiated). (b) 
Effect of electron beam irradiation and UV exposure on the relative 
resistance of synthesized ZnO films annealed in air and argon atmos-
pheres.

Fig. 9   Photodegradation of MB by ZnO: (a) schematic of the mechanism of photocatalytic degradation of MB using ZnO, (b) effect of initial 
concentration of MB on degradation at 25°C after 60 min.
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illumination, evaluated by the photodegradation of MB dye. 
For systematic analysis of the ZnO photocatalytic ability, the 
photodegradation of MB was studied for different concentra-
tions varying from 10 mg/L to 50 mg/L at 25°C, and under 
a UV exposure for 60 min. From Fig. 9b, it can be observed 
that, as the concentration of MB dye increases from 10 mg/L 
to 50 mg/L, the degradation efficiency of all the ZnO films 
decreases significantly. The pollutants are mainly degraded 
either by reaction with generated intermediate oxygen spe-
cies or via direct oxidation by photogenerated holes. Thus, 
under a fixed UV illumination intensity, the photogenerated 
electron–hole pairs and number of hydroxyl radicals gener-
ated on the ZnO surface remain almost constant. As a result, 
the number of hydroxyl radicals required for photodegrada-
tion of the MB solutions with higher concentrations will not 
be sufficient, and the photodegradation efficiency decreases 
with an increase in dye concentration. From Fig. 9b, it can be 
observed that, irrespective of the MB dye concentration, the 
ZnO film annealed in an inert atmosphere shows enhanced 
photocatalytic efficiency compared to the air-annealed ZnO 
film. From the literature, it is well known that the separa-
tion efficiency of photogenerated electron–hole pairs is the 
key factor in photocatalytic activity. From the XRD analy-
sis (see Fig. 3b), it is evident that a ZnO film annealed in 
inert conditions has an improved crystalline structure com-
pared to air-annealed film. Moreover, the improved crys-
tallinity suggests the decrease of the deep level defects in 
argon-annealed ZnO film. Deep level defects induce new 
energy levels within the band gap which act as the charge 
recombination centers, and in turn decrease the photocata-
lytic activity of the ZnO.62 Thus, argon-annealed ZnO film 

exhibits improved photogenerated charge separation, and a 
decrease in deep level defects assists in enhanced charge 
transfer efficiency compared to air-annealed ZnO film. As a 
result, irrespective of the MB concentration, the photocata-
lytic efficiency of the inert condition-annealed film is better 
than air-annealed film. Further, the photodegradation of MB 
was analyzed after irradiating ZnO films with an electron 
beam. The results of the photo-degradation study reveal 
that the photocatalytic activity of the ZnOair and ZnOargon 
films irradiated with electrons is higher compared to their 
respective virgin films (see Fig. 9b). The electron irradiation 
induced surface defects and surface roughness in ZnO film.63 
In general, surface defects can serve as active sites, which 
are favorable for photocatalytic activity. Thus, the observed 
higher rate of degradation by electron-irradiated ZnO films 
can be attributed to the increase in surface defects as well 
as to the increased surface area. The best photocatalytic 
performance was exhibited by the ZnO film annealed in an 
inert atmosphere and irradiated with an electron beam. The 
sample exhibited a degrading efficiency of 90% for 10mg/L 
MB concentration. This enhanced photocatalytic activity is 
ascribed to the reduction of the deep level defects by anneal-
ing in an inert atmosphere and increasing the surface activity 
by irradiating with an electron beam.

All the samples displayed the highest photocatalytic 
activity for a low concentration of MB dye. Thus, a time-
dependent photodegradation efficiency of all the samples 
was studied for the 10 mg/L concentration of MB dye. Fig-
ure 10a shows the influence of time on the photocatalytic 
degradation of the MB solution (10 mg/L) at 25°C by dif-
ferent ZnO films. Maximum degradation was observed at 

Fig. 10   Time-dependent photodegradation scheme for MB by ZnO 
film: (a) effect of contact time on the degradation of MB solution 
(10mg/L) at 25°C. (b) Absorption spectra of MB dye solution before 
and after photodegradation by various ZnO films: curve A represents 

a MB solution before degradation and curves B, C, D, and E repre-
sent the extent to which MB was degraded by ZnO films, air, air-irra-
diated, argon, and argon-irradiated, respectively.
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60 min, and thereafter remained constant. For ZnO films, 
air, air irradiated, argon, and argon-irradiated, the maximum 
degradation efficiencies of the MB dye were 83%, 85%, 91%, 
and 92%, respectively. Furthermore, to analyze the photo-
degradation of the MB dye, the photodegraded solution 
was monitored at intervals of 30 min by UV-Vis absorbance 
spectra. Figure 10b shows the absorption spectra of MB dye 
solution before and after photodegradation by various ZnO 
films. The dye shows an absorption maximum at 619 nm 
before treatment, but no such absorption peak was noticed 
after photodegradation. The existence of the peak at 619 nm 
confirms the photodegradation of the MB dye by various 
ZnO films.

The reusability of the catalyst is one of the important 
aspects to be considered while performing photocatalytic 
studies. The stability of the catalyst over time and ease 
of recycling are the key criteria for evaluating the reus-
ability of the catalyst. Figure 11 shows the comparison 
of the photodegradation efficiencies of fresh and reused 
ZnO films. The ZnO films used were washed and dried 
after usage and the catalytic studies were repeated. The 
photodegradation efficiencies of ZnO films after the 2nd 
cycle of MB dye (10 mg/L) degradation were compared 
with those of the fresh ZnO films, air, air-irradiated, argon, 
argon-irradiated. The reused samples show almost similar 
photodegradation efficiency as that of fresh ZnO films. 

Table I represents the comparison of various ZnO films 
studied in terms of photocatalytic activity. From the table, 
it can be inferred that the present ZnO film exhibits com-
parable efficiency even for a high concentration of the MB 
dye (10 mg/L). Thus, the synthesized ZnO film can be 
employed as a catalyst with efficient reusability.

Conclusions

The present work examined the sensing properties of ZnO 
thin films synthesized via the mSILAR method under 
different experimental conditions printed on an FR-4 
sheet. The comparative study of electrical properties, 
photoresponse, and photocatalytic activity of air/inert 
conditions-annealed and high energy beam-irradiated 
ZnO film was carried out. The electron beam-radiated 
sample (inert atmosphere) exhibited better conductivity, 
photoresponse, and photocatalytic activity compared to the 
other samples. The photocatalytic performance of the films 
and their reusability were tested by the photodegradation 
of MB dye. It was evaluated that the optical, electrical 
properties, and sensitivity can be tuned through optimized 
experimental conditions and electron beam irradiation. 
The synthesized and optimized ZnO films could be utilized 
as a photosensor, a temperature sensor, and as an efficient 
photocatalyst. Thus, synthesized ZnO thin films can find 
applications in space-related systems, solar cells, flexible 
electronics, robotic devices and systems, optoelectronics, 
as well as in different industrial applications.
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Fig. 11   Efficiency comparison of ZnO films catalysts and reused cat-
alysts: I air, II air-irradiated, III argon, IV argon-irradiated.

Table I   Photocatalytic activity comparison of various ZnO films reported in the literature.

Catalyst Preparation method Light source and contact time Concentration of 
dye solution (mg/L)

% of degradation References

ZnO thin film Sol gel spin coating method UV light, 240 min 5 90.4 64

ZnO thin film Sol–gel dip-coating technique Black light illumination, 300 min 5 70.34 65

ZnO thin film Electron beam evaporation UV light, 240 min 5 100 66

ZnO thin film mSILAR UV light, 60 min 10 92 Present work
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