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Abstract

Silver (Ag) nanolayers were deposited on nickel oxide (NiO) thin films by DC magnetron sputtering. The thickness of Ag
layers was in range of 20-80 nm by variation of deposition time between 10 and 40 s. X-ray diffraction results showed that
the crystalline properties of the Ag/NiO films improved by increasing the Ag film thickness. Also, atomic force microscopy
and field emission scanning electron microscopy images demonstrated that the surface morphology of the films was highly
affected by film thickness. The film thickness and the size of particles change by elevating the Ag deposition times. The
composition of films was determined by Rutherford back scattering spectroscopy. The transmission of light was gradually
reduced by augmentation of Ag films thickness. Furthermore; the optical band gap of the films was also calculated from the

transmittance spectra.
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Introduction

Nanostructured materials owing to unique physical and
chemical characteristics compared with those of the bulk
materials have received considerable attentions in recent
years [1-3]. On the other hand, transition metal oxides
semiconducting materials such as MoO3;, WO3; and NiO
have great potential application in microelectronics and
optoelectronics [4—-15]. Among them, nickel oxide (NiO)
has specific properties and diverse applications. The
properties of NiO thin films which make it suitable for the
different applications are excellent durability, low material
cost, wide optical band gap, excellent electrical and optical
properties [7—13]. NiO thin films can be applied in elec-
trochromic display devices, gas sensors, positive electrode
in Li-ion batteries [5-10]. Several techniques have been
used to prepare NiO thin films, including pulsed laser
deposition [5], plasma oxidation [7], DC and RF magnetron
sputtering [8—12], sol—gel [13, 14] and so on. In addition to
these preparation methods, NiO films can also be prepared
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by thermal oxidation of nickel film [16]. This method,
compared to other techniques, is low cost, efficient and
convenient. In this work, NiO thin films were fabricated on
BK7 and silicon by thermal oxidation of sputtered nickel
films. It is well known that the size, structure and mor-
phology of the films are the essential parameters for those
applications [17-22]. The physical properties of the metal
oxide thin films could be modified by adding suit-
able doping materials like Li, Cu, Au and Ag [1, 14, 23].
Sta et al. [14] investigated the hydrogen sensors prepared
using nickel oxide (NiO) and lithium-doped nickel oxide
(NiO:Li) thin films. They found that for all hydrogen
concentrations and operating temperatures, the response of
the NiO:Li films is better than the response of NiO. The
nanocomposite NiO:Au thin films were deposited using
pulsed laser deposition technique by Fasaki et al. [5] for
gas-sensing applications. They observed that the addition
of the gold nanoparticles in NiO increased the sensor
sensitivity significantly. The addition of silver nanoparti-
cles in the oxide matrix is performed in transparent con-
ductive oxide films, gas-sensing films, photocatalytic films,
and antibacterial coatings [24-26]. On the other hands
metal/metal oxide multilayer play an important role in the
micro- and nanoelectronics and optoelectronics [24-27].
Metallic or low band gap nanoparticles serve as the
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nanoelectrodes [28]. Deposition of metallic nanoelectrodes
on the solid state gas sensors can influence the sensitivity
of them [28, 29]. Therefore, in this study, Ag nanolayers
were deposited on NiO thin films and the objective of the
present study is investigating the effects of Ag layer
thickness on the crystalline structure, surface morphology,
and optical properties of Ag/NiO thin films.

Experimental methods

The NiO thin films were prepared by the following pro-
cedure. In the first step, nickel (Ni) thin films were
deposited by DC magnetron sputtering onto BK7 and sil-
icon substrates using a Ni target (77 mm diameter and
3 mm thickness) (99.999% purity). Then, the Ni films were
annealed in an electrical furnace for 4 h at 500 °C to pre-
pare the NiO films. The deposition conditions of Ni films
are as follows. The distance between the target and the
substrate was 4.2 cm. Before the sputtering, the chamber
was evacuated to a base pressure of 7.3 x 10~ mbar using
diffusion and rotary pumps. Pure argon was used as the
working gas. The working pressure was 7 x 102 mbar
and the sputtering voltage and discharge current were
200 V and 20 mA, respectively. The substrates were
cleaned ultrasonically in ethanol and acetone for 10 min
before introducing them into the deposition chamber. The
deposition time was 70 min for all the prepared samples.
Finally, the Ag films were deposited on NiO films by DC
magnetron sputtering in accordance with the conditions
shown in Table 1. The thickness of Ag layers was in range
of 20-80 nm by fixing the deposition rate at 2 nm/s and
variation of deposition time between 10 and 40 s. The films
deposited on BK7 substrates were introduced as samples,
BO(=0s5s),Bl(r=10s), B2 (t = 30 s) and B3 (+ = 40 s).
Phase identification and structural properties of the films
were studied by X-ray diffraction (XRD; Philips PW 3710)
analysis with Co radiation (4 = 0.17890 nm). For the sur-
face morphological studies of the films, atomic force
microscopy (AFM; Park Scientific Instruments Auto Probe

Table 1 Deposition conditions of Ag films on nickel oxide

Target Ag
Substrate NiO

Base pressure (mbar) 12 x 107
Working pressure (mbar) 55 x 1072
Voltage (V) 170
Current (A) 0.18
Deposition time (s) 10, 30, 40
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CP) in contact mode and field emission scanning electron
microscopy (FESEM; HitachiS-4160) were employed.
Also, to study the surface features of prepared films, the
main surface roughness parameters of these films, includ-
ing root mean square (RMS) and average roughness (R,)
were measured by AFM analysis. The composition of
different layers were determined by Rutherford back scat-
tering spectroscopy (RBS) using a 2 MeV proton beam of a
3 MV single-ended Van de Graff machine. The scattered
particles were measured using a surface barrier detector at
165°. Numerical analysis of the collected data was per-
formed via the SIMNRA simulation package [24]. The
optical transmittance of the NiO and Ag/NiO thin films on
BK7 substrates was measured using a spectrophotometer
(UV ikon 922) in the wavelength range of 200-1100 nm.

Results and discussion
Structural properties

In order to determine the structure and crystallinity of the
prepared films, XRD analysis was employed. The XRD
patterns of pure NiO and Ag/NiO thin films deposited on
BKY7 substrates are shown in Fig. 1. The XRD data indi-
cates that all the pure NiO and Ag/NiO thin films having
polycrystalline nature. A peak belonging to the NiO crys-
talline structure in the (200) crystallography direction
(JCPDS card No. 78-0643) can be observed in XRD pattern
of NiO film deposited on BK7. After deposition of Ag on
NiO films at various deposition times, in addition to the
NiO (200) peak, (111) reflection of silver (JCPDS card No.
87-0720) can be observed in all the films. The intensity of
these peaks is found to increase for the higher values of Ag
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Fig. 1 XRD diffraction patterns of a NiO film, and Ag/NiO films on
BK?7 for different Ag film thicknesses b 20 nm, ¢ 60 nm and d 80 nm
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Table 2 Summary of structural data obtained for Ag/NiO thin films

Sample Diffraction angle  Phase Miller FWHM  Average crystallite ~ Microstrain & Dislocation density ¢
number 20 (deg) composition indices (hkl)  (rad) size (nm) (x 1073 (x 10" lines/m?)
BO 50.86 NiO (200) 0.0137 13.01 7.20 5.9

Bl 44.50 Ag (111) 0.0158 11.00 9.65 8.2

Bl 50.51 NiO (200) 0.0146 12.20 7.74 6.7

B2 44.60 Ag (111) 0.0108 16.10 6.58 3.8

B3 44.60 Ag (111) 0.0106 16.40 6.46 3.7

Il RMS Roughness (nm)

iy
0018

Fig. 2 2D and 3D AFM images of a NiO film, and Ag/NiO films on
BK?7 for different Ag film thicknesses b B1: 20 nm, ¢ B2: 60 nm and
d B3: 80 nm

thickness and it attributed to improvement of films crys-
tallinity. On the other hand, a new peak corresponding to
Ag>0 (200) is appeared in XRD patterns after the deposi-
tion time of 30 s. To obtain more information regarding the
structural quality of prepared Ag/NiO thin film, some

I Average Roughness (nm)

Fig. 3 The plot of RMS and average roughnesses of (B0) NiO film,
and Ag/NiO films on BK7 for different Ag film thicknesses: B1:
20 nm, B2: 60 nm and B3: 80 nm

structural calculations have been made. The average crys-
tallite size (D), microstrain (¢) and dislocation density (J)
were calculated in accordance with the following Debye—
Scherrer equations [24].

0.94
:ﬁcose (1)
_ B
*= 4wano @)
5= ()

where f is the full width at half maximum (FWHM) of the
diffraction peak, 4 is the wavelength of the Co Ka radiation
(4 =0.17890 nm), and 0 is Bragg’s angle. The calculated
values of structural parameters are listed in Table 2. The
crystallite size of NiO and Ag,O particles in deposition
time of 30 and 40 s could not be estimated using the
Debye—Scherrer equation, because of the partial overlap of
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Fig. 4 Top view (left) and
cross-sectional (right) FESEM
images of a NiO thin film, and
Ag/NiO thin films deposited on
BK7 for different Ag film
thicknesses b 20 nm, ¢ 60 nm
and d 80 nm
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Fig. 5 RBS images of a NiO thin film and b Ag/NiO thin film deposited on silicon substrate

two peaks corresponding to NiO and Ag,O in the diffrac-
togram. It can be seen in Table 2 that the crystallite size is
in the range of 11-16 nm, which confirms the presence of
nanocrystals in the Ag/NiO films prepared in this study.
Also, the dislocation density and strain are observed to
decrease with deposition time. This may be due to the
movement of interstitial atoms from its grain boundary to
the crystallites, which may lead to reduction in the con-
centration of lattice defects [30].

Morphological properties

The surface morphology of pure NiO and Ag/NiO thin
films was characterized by AFM analysis. The obtained
three- and two-dimensional (3D and 2D) AFM images of
the samples on BK7 substrates over a 2 x 2 pum? area are
shown in Fig. 2. AFM 2D images of the Ag/NiO films
indicate different morphologies of surface grains, which
depend on the Ag films thickness and the grain size
increases with augmentation of deposition time which can
be related to the agglomeration of crystallites. According to
AFM 3D images, we can observe that the growth of layers
was pyramidal for all samples. Figure 3 exhibits the plot of
RMS and average roughness of the prepared films.
According to surface roughness values shown in this figure,
we can observe that the RMS and average roughness fol-
low the similar trends.

FESEM analysis

To further explore the surface microstructure evolution of
the prepared films, the top view and cross-sectional
FESEM images of the NiO and Ag/NiO films grown on
BK7 are presented in Fig. 4. The images show that the

surface of films is uniform, and homogeneous and films
consist of dense layers. Cross-sectional FESEM images
exhibit the films thickness increases with increasing the
deposition time of Ag and augmentation in the films
thickness promote the agglomeration of particles and the
size of particles increases. The results obtained in FESEM
are in agreement with the results of AFM and XRD.

RBS analysis

For determination of films composition, RBS was per-
formed. The experimental RBS spectra of NiO (sample B0)
and Ag/NiO (sample B2) thin films on silicon substrates
along with simulated curves calculated by SIMNRA cod
are shown in Fig. 5a, b. RBS has been done on films
deposited on silicon due to the ease of simulation on silicon
wafers. The signals of the elements of the film such as Ni,
O as well as Si substrate are clearly observed in the RBS
spectrum of NiO thin film (Fig. 5a). After deposition of Ag
on NiO, the signals of the constituents of the films such as
Ag, Ni, O, and the silicon substrate are observed in the
RBS spectra (Fig. 5b). Furthermore, the ion scattering from
Ag atoms occurs at higher backscattering energy. This is
because the backscattered energy of the incident ions is
depending on the atomic mass of the elements from which
the ions backscatters [31]. The atomic masses of the ele-
ments are 15.99, 28.09, 58.69 and 107.87 for O, Si, Ni and
Ag, respectively, and the Ag is the heaviest among the
elements either in the films or in the substrate. On the other
hand, the broadness and intensity of the RBS peaks are
related to films thickness and concentration of backscat-
tered ions, respectively [31]. The RBS spectra clearly show
that the Ag/NiO film thickness is larger than the NiO films.
These results are consistence with the FESEM results.
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Optical studies

To investigate the influence of Ag film thickness on the
optical properties of Ag/NiO films, the transmittance
spectra of the NiO and Ag/NiO thin films were recorded at
room temperature, in the wavelength range of
200-1100 nm. The normal-incidence transmittance spectra
of the films deposited on BK7 are shown in Fig. 6. It is
apparent from the figure that the maximum transmittance is
belonging to NiO film and the transmittance of the Ag/NiO
films in the visible region decreases with increasing the Ag
film thickness. According to cross-sectional FESEM results
the Ag/NiO films thickness increased with augmentation in
deposition times and the thicker film is denser and being
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Fig. 6 Transmission spectra of NiO and Ag/NiO thin films deposited
on BK7 substrates

Fig. 7 (othv)? versus (hv) plot of
NiO and Ag/NiO thin films 14 T

more defective results in a decrease in film transparency.
The transmittance peaks of Ag/NiO films are around 352,
354 and 329 nm, respectively. In the short wavelength
region, the transmittance is affected by light absorption
caused by inter-band electronic transitions. When the
deposition time of Ag increases, the Ag layer thickness
enhances in the Ag/NiO films and, therefore, more elec-
trons are available for inter-band transitions and more light
absorption can occurs. In the long wavelength region, the
transmittance is affected by Ag layer reflection resulting in
the reduced transmittance.

Now, we attempt to gain optical band gap information.
In the fundamental absorption region, the optical absorp-
tion coefficient () was calculated from the optical trans-
mittance (7) data using « = (1/d) In1/T, where d is the film
thickness and T is the transmittance. The optical band gap
(E,) of the films was determined from the plot of (ahv)?
versus photon energy (hv) using Tauc’s relation [32]. An
extrapolation of the linear region of this plot to o = 0 gives
the value of the band gap. Figure 7 shows the plot of (athv)?
versus photon energy of NiO and Ag/NiO thin films pre-
pared at different deposition time of Ag. The direct optical
band gaps were found to be 3.97, 3.95, 3.90 and 3.88 eV
for samples BO, B1, B2 and B3, respectively. The band gap
values obtained in this investigation closely match with the
values reported in the literature [11, 13, 15]. In addition,
the band gap value decreases with increasing film thickness
due to increase in grain size. A similar variation in optical
band gap with film thickness was reported by Matheswaran
et al. [33]. The above results show that the film thickness
and morphology have direct influences on optical trans-
mittance and optical band gap of Ag/NiO films.

deposited on BK7 substrates

12 — NiO

= Ag/NIO: Ag thickness:20 nm
= A@g/NIO: Ag thickness:60 nm
= Ag/NiO: Ag thickness:80 nm
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Conclusions

In this investigation, nanolayers of Ag were deposited on
NiO by DC magnetron sputtering. The effects of Ag layer
deposition time on Ag/NiO film thickness, structure, sur-
face morphology, and optical properties were studied. The
XRD patterns showed that an increase in the Ag film
thickness led to formation of the nanocrystalline mixed
phase of Ag, NiO, and Ag,0 and improvement of the films
crystallinity. The FESEM and AFM images exhibited a
significant change in surface morphology by elevation in
Ag film thickness. The RBS elemental studies confirmed
the existence of Ag, Ni and O in Ag/NiO films. The optical
band gap values of the films decreased from 3.97 to
3.88 eV with increasing the film thickness.
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