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Abstract. ZnO thin films were deposited onto the glass substrates using successive ionic layer adsorption and reaction
(SILAR) technique by varying the deposition cycles from 25 to 100 in steps of 25 cycles. The effect of deposition cycles
on the structural, morphological, optical and electrical properties was investigated and reported. Structural analysis
revealed the formation of the hexagonal wurtzite crystal structure of ZnO with the preferential plane orientation of (1 0 0)
for all deposition cycles. For the film deposited at 25 cycles alone, we observed the meagre diffraction peak at 2h = 21.27°
corresponds to (1 0 1) plane of the orthorhombic phased zinc sulphate, which indicated the incomplete formation of zinc
ammonium complex from the precursor. Morphological analysis revealed the formation of nanorod-like morphology for
the deposition cycles of 25 and 50, whereas it was found to be deformed at 75 and 100 cycles. The optical bandgap of the
deposited thin films was decreased as a function of deposition cycles. However, at 75 deposition cycles, the bandgap was
increased to 3.2468 ± 0.0026 eV, and it could be attributed to the variation in the density of states near the conduction
band. The significant variations in the electrical parameters namely, carrier concentration, mobility, electrical resistance as
a function of deposition cycles were investigated. The variations in the refractive index and static impedance characteristics as a function of deposition cycles were also studied and reported.
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Introduction

Investigating the growth and properties of metal oxide
materials at the nanoscale regime has been attracting over
several decades for employing them in different applications.
One such metal oxide, which has been in the spotlight over the
years is ZnO, because of its chemical and physical properties
[1]. ZnO is a wide bandgap semiconductor of 3.3 eV with
exciton binding energy of 60 meV [2]. It is a transparent
conducting oxide with high visible transparency, and it usually exists in hexagonal wurtzite and cubic zinc blende
structure [3]. Owing to these properties, ZnO finds its applications in sensing devices [4], optical waveguides [5], surface
acoustic wave, bandpass filters [6], light-emitting diodes [7],
transparent conductive coatings, spintronics [8], piezoelectric and piezo-optics [9].
ZnO can be synthesized/deposited using various techniques such as thermal evaporation [10], vapor transport
[11], molecular beam epitaxy [12], hydrothermal growth
[13], electrospinning [14], SILAR [15] and metal-organic
chemical vapor deposition [16]. Using these techniques,
different morphologies of ZnO nanostructures such as
nanowires [17], nanorods [18], nanotubes [19], nanosheets

[20–23], etc., have been reported. Among these synthesis
techniques, the SILAR technique has been widely employed
owing to its large area, and uniform deposition [15]. Also,
this technique does not require a vacuum environment for
the deposition. The successive deposition of a cationic and
anionic layer on the substrate upon immersing them in the
corresponding solution yields one SILAR deposition cycle.
In the SILAR technique, many experimental parameters
such as dip duration, dry duration, dip length, dip speed, stir
speed, number of deposition cycles [24,25] can be tuned to
yield different nanostructures with different properties.
Among them, variation in the deposition cycles has been
investigated to obtain desired structural, morphological,
optical and electrical properties [26–28].
In this line, Kumar et al [26] have investigated the
growth of ZnO nanorods by varying the SILAR deposition
cycles from 15 to 25 in steps of 5 cycles. An increase in
crystallinity along (0 0 2) plane with an enhanced seed layer
growth was observed as a function of increasing deposition
cycles. Patil et al [27] have synthesized ZnO nanorods using
zinc acetate precursor by varying the deposition cycles from
10 to 40 in steps of 10 cycles. The increase in diffraction
intensity with an average crystallite size of 21 to 128 nm
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was observed as a function of deposition cycles. Similarly,
the SILAR cycles induce the growth of ZnO nanoparticles
with an average size distribution of 18–200 nm. Hernández
et al [28] investigated the structural, morphological and
optical characteristics of SILAR-grown ZnO thin films
using zinc ammonium complex precursor. The crystallinity,
particle size and the average grain size of the ZnO thin film
improved with SILAR deposition cycles.
Though several investigations on SILAR deposition
cycles have been carried out to comprehend its influence on
various properties, it is seldom to find a report on the
variation of SILAR cycles in a wide range (greater than 50
cycles). Hence, the present investigation is focused on the
deposition of ZnO thin film by varying the SILAR cycles
from 25 to 100 in steps of 25 cycles. The influence of
SILAR cycles on the film thickness, structural, morphological, optical and electrical properties were investigated
and reported.

2.
2.1
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The thickness of the thin film can be estimated using
equation (1)
w1  w2
 104 lm
ð1Þ
t¼
Aq
where w1 and w2 refer to the weights of the substrate film
before and after deposition (in grams), respectively, q is the
density of ZnO (theoretically (5.6 g cm–3)) and A is the area
of the deposited thin film [29]. Surface defects of the ZnO
thin films were studied using a photoluminescence spectrometer (JASCO, FP-8200, Germany). Functional groups
associated with the ZnO nanostructure was examined using
Fourier transform infrared (FTIR) spectroscopy (Bruker,
Alpha, Germany) in the wavenumber ranging from 400 to
4000 cm–1. The electrical properties of the ZnO thin films
were studied using the Hall measurement system (Ecopia,
HMS-3000, Japan) and high resistance electrometer
(Keithley, 6517 B, USA) by sweeping the voltage ranging
between –25 and ?25 V in the interval of 1 V. Electrical
contacts on the film surface was established using highly
conductive silver paste and zero resistance copper wire.

Experimental
Deposition of ZnO thin films

ZnO thin films were deposited onto the glass substrates using
the SILAR technique (HOLMARC, Model No: HO-TH-03A,
India). Glass substrates were chemically treated and ultrasonicated with ethanol, acetone and distilled water for 15 min.
The cationic solution was prepared by dissolving 0.1 M of
zinc sulphate heptahydrate ((ZnSO47H2O), 99.5%, Merck,
India) in 50 ml of distilled water under constant stirring for 10
min. A quantity of 12.5 ml of 25% ammonia (Merck, India)
was added to the cationic solution to make the zinc–ammonium complex. Hot distilled water maintained at 98°C was
taken as an anionic solution. Glass substrates were immersed
in the ammonium complex solution for 5 s. It was then
immersed in the anionic solution for 5 s to remove excessive
OH– ions and dried in air for 5 s. This forms one SILAR
deposition cycle. Deposition cycles were varied from 25 to
100 cycles in the steps of 25 cycles. All the prepared samples
were annealed at 100°C for 16 h for the complete transformation of zinc hydroxide to zinc oxide.

2.2
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Characterization

The structural properties of ZnO thin films were studied
using an X-ray diffractometer (Bruker, D8 Focus,
Germany) with Cu Ka1 of wavelength k = 1.5406 Å. To
observe the morphological features of the ZnO thin films,
a scanning electron microscope (SEM; TESCAN, JEOL,
Japan) was employed. The thickness of the ZnO thin films
was estimated by gravimetric analysis and verified by the
optical thickness method (Filmetrics, F40-UV, USA).

3.

Results and discussion

3.1 Morphology, thickness, structure and functional
groups
Figure 1 shows SEM micrographs of SILAR-grown ZnO thin
films. Prematurely and completely grown ZnO nanorods were
observed at 25 and 50 deposition cycles, respectively. ZnO
nanorods were non-homogeneously distributed on the surface
of the thin films at all deposition cycles. At 75 deposition
cycles, the formation of deformed nanorods was observed
with minimal agglomeration. Similar deformation behaviour
of SILAR-deposited CdSe/ZnO nanorods was observed by
Nikam et al [30] at higher deposition cycles. In the present
case, the deformation also persisted at 100 deposition cycles
with an average size distribution of 600 nm.
The thickness of ZnO thin films was found to be
increased from 229 to 422 nm. With an increase in the
number of SILAR cycles from 25 to 100 in-turn confirmed
the multi-layer formation of ZnO nanostructures onto the
glass substrate as a function of increasing SILAR cycles.
The results observed from the gravimetric analysis were
compared with the optical thickness method and presented
in table 1. The thickness profile measured from the gravimetric analysis is consistent with the optical thickness
method. This trend is also in good agreement with the work
reported on ZnS thin film by Ashith and Gowrish Rao [31].
Figure 2a shows the XRD patterns of ZnO thin films
deposited at four different SILAR cycles. The observed
XRD patterns are in good agreement with the JCPDS card
data [36-1451] having lattice parameters of a = 3.249 Å and
c = 5.206 Å. This belongs to the hexagonal wurtzite
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Figure 1. SEM micrographs of ZnO thin films as a function of deposition cycles.

structure of ZnO with a space group of p63mc. The
diffraction peaks at 2h = 56.4° and 66.54° corresponds to
(1 1 0) and (2 0 0) crystal planes of ZnO, respectively [32].
The other small peak at 2h = 21.27° for the film deposited at
25 cycles is assigned to (1 0 1) plane of the orthorhombic
phased zinc sulphate (ZnSO4), with lattice parameters of a =
8.580 Å, b = 6.730 Å and c = 4.770 Å, respectively (JCPDS:
[72-4212] primitive lattice: space group: Pnma (62)). The
occurrence of this peak is due to the presence of zinc sulphate heptahydrate (ZnSO47H2O) and incomplete formation of zinc ammonium complex from the precursor. In the
higher deposition cycles, the complete conversion of ZnSO4
to ZnO was observed as vindicated from the growth

mechanism (figure 3). The existence of multiple diffraction
peaks confirmed the polycrystalline nature of the ZnO
nanostructure. A strong, intense peak was found to be (1 0
0) plane for all the four samples deposited at different
SILAR cycles. The crystallinity of the (1 0 0) plane was
found to be increased with an increase in SILAR cycles,
except for the sample deposited at 75 cycles [33,34]. This
characteristic change in the peak intensity at 75 cycles could
be due to the effect of random aggregation and deformation
of nanorods (figure 1).
FTIR spectra of the deposited ZnO thin films are shown
in figure 2b. The characteristic bond stretching of Zn–O was
observed at 522 cm–1, which could be associated with the
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Table 1.
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Film thickness, bandgap and impedance profile of ZnO thin films prepared at four different deposition cycles.
Ravindra relation

Deposition cycles

Gravimetric thickness
(nm)

Optical thickness
(nm)

235
289
334
422

229
295
325
427

25
50
75
100

Bandgap (eV)
3.3068
3.1431
3.2468
3.0869

±
±
±
±

0.0030
0.0061
0.0026
0.0017

me =m0

eo (X)

n (no unit)

0.5819
0.5371
0.6379
0.3774

27.9026
20.7663
25.0692
18.7326

1.3492
1.4883
1.4002
1.5361

complex (equations 2 and 3). As an initial formation stage,
the Zn2? cations serve as a seed for the growth of ZnO
nuclei. The surface hydroxyl groups could accept or liberate
a proton acting as a Bronsted base or an acid, respectively
(Zn2? cation act as a Lewis acid (LUMO: least unoccupied
molecular orbital) and O2– anions act as a Lewis base
(HOMO: highest occupied molecular orbital)). Thus, the
HOMO–LUMO interaction between the acid and base
orbital of the ZnO may account for the formation of ZnO
upon annealing [38].
The deformation of ZnO nanorods at 75 deposition cycles
may be attributed to the excessive presence of H? ions,
which cause a change in the acidity of the solution after 50
cycles. The possible interaction scheme in the formation of
ZnO nanostructures [26] is represented in equations (2–5)
(figure 3).
½ZnðNH2 Þ4 2þ þ H2 O ! Zn2þ þ NH4 þ OH
2þ



þ 2OH ! ZnðOHÞ2


ZnðOHÞ2 $ Zn2þ þ 2 O2 þ Hþ
 2þ

Zn þ 2 O2 þ Hþ þ O2



$ Zn2þ þ O2 þ O2 þ 2Hþ þ O2
Zn

¼ ½ZnO þ H2 O þ O2

Figure 2. (a) XRD spectra and (b) FTIR spectra of ZnO thin
films as a function of deposition cycles.

bond oscillation of Zn and O. The resonation observed at
3567 cm–1 is due to the O–H stretching of water molecule
[35]. The presence of atmospheric CO2 (O=C=O) was
observed from the peak at 2390 cm–1. The occurrence of
these functional groups confirmed the presence of ZnO in
the deposited thin films [36]. The presence of the CH4
functional group was also observed at 50 deposition cycles,
and this result is in good agreement with the relevant literature reported [37].

3.2

Growth mechanism

Zn2? cations react with hydroxyl groups from the zinc
ammonium complex to form a stable zinc hydroxide

3.3

ð2Þ
ð3Þ
ð4Þ

ð5Þ

Photoluminescence and optical absorbance spectra

Figure 4a shows the photoluminescence (PL) spectra of
ZnO thin films as a function of the increasing deposition
cycles. The PL emission spectra were observed in the range
of 370 to 550 nm, with an excitation wavelength of 325 nm
[39]. The peak at the wavelength of 410.4 nm (3.02 eV) is
assigned to violet-I emission, which corresponds to zinc
interstitial defect [40]. The peak at 450 nm (2.75 eV) is
assigned to violet–blue emission, which corresponds to zinc
vacancy defect state. The peak at 468 nm ((blue) 2.64 eV) is
attributed to the oxygen vacancy defect state [40]. The
shallow and deep levels defects were also identified in the
spectra from the emission peaks at 481 and 492 nm,
respectively [34]. The observed PL spectra are in good
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Figure 3. Growth mechanism of ZnO thin films deposited using SILAR technique.

agreement with the results reported by Das and Mondal
[40]. The optical absorbance spectra of ZnO thin films are
shown in figure 4b. All the films showed a high absorbance
in the wavelength range of 358 to 370 nm. This characteristic peak was associated with the intrinsic transition of
electrons from the valence band to the conduction band of
ZnO thin films [41].
3.4

Optical bandgap and electrical properties

The energy bandgaps of the thin films were plotted between
(ahm)2 and hm (Tauc’s plot—equation (6)), as shown in
figure 5,

1
ðahmÞn ¼ B hm  Eg ;
ð6Þ
where Eg is the optical bandgap, B a constant, a the
absorption coefficient and hm the energy of a photon. Thus,
n could be equivalent to 1/2, 2, 3/2 and 3 corresponding to
allowed direct, allowed indirect, forbidden direct and forbidden indirect bandgaps, respectively [42]. The absorption

coefficient of the ZnO thin films was calculated from
equation (7),
a¼

2:303A
;
t

ð7Þ

where a is the absorption coefficient, A the optical absorbance and t the film thickness.
The bandgap of the ZnO thin films was estimated by
extrapolating the linear portion of the Tauc’s plot to the
photon energy axis (x-axis). The optical bandgap of the
deposited thin films was found to be in the range of 3.3068
± 0.0030 to 3.0869 ± 0.0017 eV.
The bandgap of the film deposited at 25 cycles was found
to be 3.3068 ± 0.0030 eV, and it was decreased to 3.1431 ±
0.0061 eV at 50 deposition cycles. At 75 cycles, the
bandgap was increased to 3.2468 ± 0.0026 eV, and it could
be due to the effect of deformation, which in-turn varied the
density of states near the conduction band (Moss-Burstein
shift [43]). This change in bandgap values was further
elucidated by analysing the carrier concentration (N),
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Figure 5. Tauc’s plots of ZnO thin film deposited at (a) 25,
(b) 50, (c) 75 and (d) 100 cycles.

Figure 4. (a) PL and (b) absorbance spectra of ZnO thin films as
a function of deposition cycles.

mobility (l) and resistivity (q) of the deposited thin films
(table 2). The resistivity (q), carrier concentration (N) and
Hall mobility (l) can be related using equation (8) [44–46]
q¼

1
Nel

ð8Þ

As expected, the carrier concentration drastically
increased to 1.91 9 1014 cm–3 at 75 cycles due to the overpopulated energy states, resulting from Moss-Burstein shift
[43]. A slight increase in bandgap with an increase in carrier
concentration might have hindered the free electron
movement on the surface of the thin films. This might have
increased the resistivity of the ZnO thin film at 75 deposition cycles.
The Hall-coefficient depends on the applied magnetic
field (Bz), current density (Jx) and the electric field (Ey) as
expressed in equation (9),
Ey
RH ¼
ð9Þ
J x Bz
The Hall co-efficient (RH) can be estimated using the
relationship expressed in equation (10) [44–46] as,
1
N¼
ð10Þ
eRH
The Hall co-efficient was measured for all the ZnO thin
films prepared at four different cycles and presented in
table 2. The negative sign of Hall co-efficient (RH) signifies

the n-type conductivity of the ZnO. To further support this
observation, the conventional hot probe method was used
(figure 6a) [47]. The hot probe was maintained at the positive terminal of the multimeter, whereas the negative terminal is connected with the cold probe, and these ends were
separated by 2.5 cm [47]. The direction of the thermally
excited charge carriers from hot to cold junction confirmed
the n-type semiconducting property of ZnO thin films.
Current–voltage characteristics of the prepared ZnO thin
films were observed in the range of –25 to ?25 V, as shown
in figure 6b. Linear relation from the I–V characteristics
elucidates the Ohmic behaviour. A change in the slope of 75
deposition cycles was probably due to the significance of
resistivity from Hall analysis [48].
The effective electron presence (me /mo), refractive index
and static impedance characteristics were estimated from
the Ravindra relation [34,49] (equations 11–13),
n ¼ 4 : 16  0:85Eg

ð11Þ

eo ¼ 33:26876 þ 78:61805Eg1  45:70795E2Eg2
þ 8:32449Eg3

ð12Þ

me
¼ 5:17004  7:46699Eg1 þ 3:63286Eg2  0:57525Eg3
mo
ð13Þ
m

where Eg, n, eo and meo refers to the bandgap, refractive
index, static impedance characteristics and effective electron presence, respectively.
A significant reduction in the grain resistance of the thin
films at 50 and 100 deposition cycles explains the low
resistivity of ZnO thin films. On the other hand, an increase
in the refractive index (n) signifies the high electric
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Electrical properties of ZnO thin films prepared at four different SILAR cycles.

Deposition cycles
25
50
75
100

Carrier concentration (cm–3)
6.52
1.42
1.91
1.12

9
9
9
9

1011
1012
1014
1012

Mobility (cm2 V–1 s–1)

Resistivity (105) (X cm)

83.3
15.4
34.01
47.9

1.28
1.26
1.73
1.22

Hall coefficient (RH)
–4.963
–6.215
–5.874
–1.574

9
9
9
9

106
105
106
107

with an increase in the deposition cycles except for 75 cycles.
This increased bandgap trend for the thin film deposited at 75
cycles could be attributed to the variation in the density of
states near the conduction band. A significant reduction in the
grain resistance of the films at 50 and 100 deposition cycles
explained the low resistivity of ZnO thin films. In addition,
the negative values of the Hall coefficient indicated the ntype semiconducting property of ZnO thin films. Linear
relation from the I–V characteristics elucidated Ohmic
behaviour. Thus, the investigated surface properties of ZnO
thin films varied as a function of number of deposition
cycles. This may pave the way for utilizing them for applications based on the surface properties.
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Figure 6. (a) Experimental set up of the hot-probe method, and
(b) I–V characteristics of ZnO thin films as a function of deposition
cycles.

susceptibility, relating to the electron movement [50]. Thus,
the increase in static impedance characteristics might have
increased the slope of I–V characteristics, resistivity and the
optical bandgap of ZnO thin film at 75 deposition cycles.

4.

Conclusion

In this study, we have reported the effect of SILAR deposition cycles on the surface properties of ZnO thin film.
Morphological analysis indicated the growth of nanorods for
all the thin films and deformed nanorods for films deposited
at 75 and 100 cycles. The preferential plane orientation was
observed along (1 0 0) plane for all the films deposited at four
different deposition cycles. The presence of surface defects
such as zinc interstitial, zinc vacancy, oxygen vacancy and
shallow level defects in the ZnO films were observed from
the PL spectra. The optical bandgap of ZnO films decreased
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