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Abstract:

Silver oxide (AgO) thin films were prepared by using a cylindrical direct current reactive magnetron sputtering system
at 107> torr initial pressure on BK7 glass substrate. Samples deposited for 3, 5 and 7 minutes. Surface characterization
of AgO thin films in the nanometer scale can be accurately determined using the atomic force microscopy (AFM) and
X-ray diffraction (XRD). The average roughness (R,¢), maximum peak to valley height (R;) and root mean square (R )
roughness are used to analyze the surface morphology of AgO films. The linear optical absorption data were measured
in the visible-near infrared spectral regions and the nonlinear refractive index (n;) of thin films is evaluated by the moiré
deflectometery technique. The investigation indicates that, increase in AgO thickness leads to reduction in nonlinear
refractive index.

Keywords: Silver oxide thin film; Optical property; Surface morphology; Nonlinear refractive index; Moiré deflectometry

1. Introduction

In recent years the study of new metal oxide nanomaterials
thin films deposited on glass substrates has drawn a lot of
attentions [1, 2] because of their optical response [3], ap-
plications in biomedicine [4] and energy storage [5]. Also,
accurate control of oxide thin film synthesis and processing
is important in a variety of technological applications in-
cluding micro sensors, microelectronics, and catalysis [6—8].
Therefore, they are made from every class of material and
by different processes including sol gel processing, atomic
layer deposition, physical and chemical vapor deposition
techniques to meet such varied needs [9]. Different pa-
rameters of films, such as thickness, grain size, etc. play
a significant role to characterize them in the length scale
from nano to micro. [10]. Being able to probe dynamic pro-
cess of thin film surfaces, the knowledge of the topographic
surface maps at nanometric resolution is essential [11, 12].
The surface roughness of transparent conductive thin films
has a substantial effect on device performance [13]. The
growth of new deposited thin films compounds, such as
semiconductors, allows us to get more nonlinear optical
characteristics of such structures [14]. It is well known that

composited thin films due to their potential applications in
optoelectronics as optical limiters and optical switches are
noticed.

Various techniques have been developed to characterize the
nonlinear refractive index of nano materials. In some con-
text to show the strong nonlinearity response of materials in
nano scales, various laser power density has applied [15-19].
Several studies have revealed nonlinearity of nanoparticles
thin films [20], as well as nanoparticles colloids [21], and
dyes doped liquid crystal [22], by Moiré deflectometry [23]
technique. The basic constituents of a Moiré deflectometer
are a collimated light source and a pair of linear transmis-
sion gratings, preferably of a Gaussian wave profile.

This study focuses on nanostructured silver oxide thin
films. Silver is a one of the most applicable metallic materi-
als. Every interested person can find numerous applications
of these nanoparticles in different types (e.g. colloids, thin
films, etc.) [24]. This nanostructured silver oxide thin film
has been applied successfully as a substrate for Surface En-
hanced Raman Spectroscopy (SERS) to detect of molecular
level [25]. Different shapes of their oxides’ crystal struc-
tures make them suitable for various optical and electrical
applications [26]. Silver oxide nanomaterials have been
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Figure 1. Schematic set-up of the Moire deflectometry technique. L, focusing lens; S, sample; L,, collimating lens; Gy,
first grating; Gy, second grating; L3, Fourier transforming lens; Com, Computer.

reviewed and found to be highly conductive, that makes
them appropriate for battery cell applications [27,28], and
good thermal stability, good conductivity [28-30], making
them suitable for pseudo capacitor applications [31]. The
aim of the present work is to study the effect of various
deposition time on surface morphology, topography and tex-
ture of AgO films by atomic force microscopy. A complete
surface analysis of AgO thin films using parameters such
as the average roughness, total amplitude roughness, root
mean square roughness is made. These are parameters that
allow insight into the surface properties and quality. The
nonlinear refractive index of AgO thin films was measured
by Moiré deflectometry technique and the results presented.

2. Experimental details

2.1 Preparation of samples

AgO thin films were prepared by using a cylindrical direct
current reactive magnetron sputtering system at 10-5 torr
initial pressure on BK7 glass substrate. Pure silver was
used as the target. The working gas was 99.999 % pure
argon. The distance between the target and substrate is kept
at 30 mm. The difference of voltages was about 2 kV, while
discharge current was 30 mA. A uniform magnetic field of
400 Gauss was generated by a solenoid which was parallel
to the axis of cylindrical chamber. Before deposition, BK7
glasses which were selected as substrate were cleaned using
ultrasonic waves in acetone and alcohol, and finally dried
by blowing air. Deposition times are 3, 5 and 7 minutes.
During deposition process, no external heat was provided.
The thickness of samples was carefully determined using
contact measurement technique (Dektak 3 Profilometer).
The thickness of samples deposited for 3 min: S1, 5 min:
S2 and 7 min: S3, were measured 71.5 nm, 75.7 nm and
98.0 nm, respectively.

2.2 XRD analysis

An X-ray diffractometer (STOE), equipped with a thin film
attachment unit was used to study the crystallinity of the
films. The common method of analyzing materials based on

XRD pattern is using picks of XRDs graph and calculating,
to find out what materials exist in the sample. These calcu-
lations are found in [32]. A simpler and faster method of
analyzing materials based on XRD pattern is using software.
In present work this has been done by “X, Pert” software.
The features of the diffractometer were: focusing size of 1.0
x 10.0 mm, scanning mode of 20, scanning interval of 100°
—800°, scanning speed (20) of 0.1 °/min, and scanning step
(20) of 0.01°.

2.3 AFM analysis of the surface morphology and rough-
ness

The tapping scans were performed with an Atomic force
microscopic (AFM; Park Scientific Instruments, Auto Probe
cp) on an area of 1 um and 1 um, with a scanning speed of
0.3 Hz and a resolution of 512 pixels.

2.4 Optical properties

The VIS-IR optical absorption spectra of AgO thin films
were recorded in the region 400-800 nm by a spectropho-
tometer (UNICO UV-2100).

The Moiré deflectometry technique was applied to measure
the nonlinear refractive index of the nanostructured AgO
thin films. Figure 1 shows a schematic setup for Moiré de-
flectometry. A low level laser beam was focused by lens L;
and is re-collimated by lens L,. For construction the Moiré
fringe patterns, two similar transmission gratings G; and
G, with a pitch of 0.1 mm were used. The distance between
gratings G and G, is important, which it must be one of the
Talbot distances of the used gratings. The Talbot’s distances
are given by Z(t) = tp?/A, where p is the periodicity of
the grating; A is the wavelength of laser beam, and 7 is an
integer. Therefore, the Moiré fringes were observed on a
screen that was attached to the second grating. The Moiré
fringe patterns were projected onto a computerized CCD
camera by lens L3, placed at the back of the second grating
and analyzed with a software. The CCD is equipped with a
variable aperture diaphragm to avoid CCD saturation.

The refractive index, n, which depends on a nonlinear lens
induced by a laser beam with a spatially nonuniform in-
tensity distribution /, due to the nonlinear additive to the
refractive index is written as:

2251-7227[https://dx.doi.org/10.57647/j jtap.2023.1701.04]
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Figure 2. XRD pattern of AgO thin films. (a) is for 3-minute sample; (b) is for 5 and 7-minutes samples.

n(r,z) = no+nal(r,z) = no+ An(r,z) €))

where the linear refractive index is ng, the irradiance of the
laser beam within the sample is I(r,z), and the light-induced
refractive index change is An(r,z). Considering a Gaussian
beam propagation through the sample in the +z direction,

we will have:
2 —2/2
(0 _
I=I1 0|, 020 2
0 ( ) (z)> (2

The beam waist at the focal point (z= 0) is @y, the radial

distance away from the axis is r, and ®(z) is the beam
radius at a distance z from the position of the waist; @(z) =
wol1+22/23)'/2.

Where Zg = 77:(1)8 /A is an expression for the Rayleigh range
of Gaussian beam, and A is the wavelength. The irradiance
of the beam at the focal point is denoted by Iy and in terms
of the input laser power, pi,, Iy = 2pin/ nwg. Thus, for a
Gaussian laser beam propagation through the sample, the
radial dependence of the irradiance, gives rise to a radially
dependent parabolic refractive index change near the beam

Table 1. XRD data of Ag/Ag,O thin films .

Sample Phase Peak Position (hkl) Crystal System Ref. Code
(20)(degree)
S1 AgO 31.95 (1,1,1) Cubic [00-043-1038]
S1 Ag 44.57 (2,0,0) Cubic [00-087-0718]
S1 Ag 64.72 (2,2,0) Cubic [00-087-0598]
S1 Ag 77.59 (3,1,1) Cubic [00-087-0718]
S2 AgO 30.59 (1,1,0) Monoclinic [01-080-1269]
S2 AgO 34.33 (0,0,2) Monoclinic [00-074-1750]
S2 AgO 39.67 (2,0,2) Monoclinic [00-074-1750]
S2 Agr0 65.62 (3,1,1) Cubic [00-076-1393]
S3 AgO 30.78 (1,1,0) Monoclinic [01-080-1269]
S3 AgO 34.16 (0,0,2) Monoclinic [00-074-1750]
S3 AgO 39.38 (2,0,2) Monoclinic [00-074-1750]
S3 Agr0 65.57 (3,1,1) Cubic [00-076-1393]

2251-7227[https://dx.doi.org/10.57647/j jtap.2023.1701.04]
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Figure 3. Surface morphology of thin films by AFM
analysis.

axis. That is:

@\,
An=mly| ——~ 0°(2) 3
n=nb| S5y )¢ 3)

Then, using the transmission phase function of a positive
thin lens [33], as a result, the lowest nonlinear refractive in-
dex for the nonlinear medium of thickness d, can be written

as:
0 ( ffwé)a ‘ @

N2 min 2\ 2 dpinZ(Z)

where o, is minimum angle of rotation and f; is focal
length of second lens. Moving the sample along the propa-
gation path led to variations of the effective focal length of
the sample that can be measured from the amount of fringes
rotation angle.

3. Results and discussion

3.1 XRD analysis of AgO thin films

Depending on the time of deposition and the amount of
oxygen in the chamber, the whole or some amounts of the
deposited silver may change to silver oxide. The more
time is devoted to deposit, the chance of silver oxide to be
deposited would be more. This fact can be observed in XRD
patterns of thin films, deposited in various time durations.
3-min deposited sample contain both silver and silver oxide,
while 5-min and 7- min deposited samples contain only
silver oxide (Fig. 2). X-ray diffraction of the silver oxide
films treated in oxygen plasma at different times showed

Granmayeh et. al

Table 2. The roughness of AgO thin films by AFM analysis.

Sample Thickness Roughness Parameters (nm)
(nm) R; Ryms Ravg
S1 71.5 23.7 2.65 2.13
S2 75.7 354 3.37 2.52
S3 98.0 52.1 8.11 6.54

three major broad X-ray diffraction peaks at 260= 31.95,
44.57 and 77.59 respectively, for sample 1. The strong
diffraction peaks at 20= 31.95 related to Bragg reflections
of AgO according to JCPDS [00-043-1038]. For sample 2
and 3, there are four major X-ray diffraction peaks at 26=
30.59, 34.33, 39.67 and 65.62 respectively and the strong
peak at 20=39.67 is related to monoclinic AgO according
to JCPDS [00-074-1750] (Table.1).

3.2 AFM analysis of the surface morphology and rough-
ness

An influential quantitatively measurement of the nanos-
tructured surface roughness is Atomic Force Microscopy
analysis. By AFM analysis of samples S1, S2 and S3 the
roughness (Table. 2) and surface morphology (Fig. 3)
were measured. The AFM operating mode was Contact
mode. The main parameters of AFM analysis is the parame-
ters which give information about many physical properties
of film surface including morphology, surface texture and
roughness values.

The total amplitude roughness (R;) is the maximum peak
height to valley depth of the surface profile. The mean
surface roughness (R, ) is the absolute arithmetic average
relative to the base sampling length. It is effective parameter
is applied to determine compliance of equipment with vari-
ous industry standards. Root mean square (RMS) roughness
(Ryms) is the square root of the distribution of surface height
recorded within the evaluation length. It shows the standard
deviation of the profile heights. It is remarkable that R,
is more sensitive than average surface roughness. Theses
numerical parameters are important to describe and classify
surface of the same type.

AFM analysis of the surface morphology and roughness of
AgO thin film, S1, with 3-minute deposition time, presented
very low roughness of nanometer in the order Ry,e=2.13
nm, and The results obtained from the UV-VIS spectroscopy
in Figure 5, show that samples have plasmonic absorption
peaks at visible region. R,,,,s=2.65 nm.

For samples S2 which was coated by 5-minute deposition
time, AFM surface analysis showed an increase in rough-
ness to Ryye=2.52 nm, and R,;,;,,= 3.37 nm. In the case
of sample S3 fabricated by 7- minute deposition time, the
AFM analysis revealed higher roughness of R,,,= 6.54 nm
and R,,;,5= 8.11 nm.

Based on parameters obtained from samples, the roughness
increases with the amount of AgO in the coating that AFM
analysis showed this results. The overall roughness of the
surface, R; is increased by increasing the thickness of thin

2251-7227[https://dx.doi.org/10.57647/j.jtap.2023.1701.04]
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Figure 4. Absorption spectrum of AgO thin films (from VIS to NIR).

films.

3.3 Optical properties

For determination the linear characteristics of AgO thin
films We used the UV-VIS spectroscopy. Fig. 4 shows the
absorption spectrum of the samples with different thick-
nesses. The spectra were symmetrical.

One of the purpose of this study is to calculate the nonlinear
refractive index of silver thin films. Figure 5 shows the
experimental setup of Moiré deflectometry was applied to
measure the nonlinear refractive index of AgO thin films.
To avoid the thermal effect a low level He—Ne laser (A=
632.8 nm, 15 mW) is expanded and collimated. Two Ronchi
gratings, G and Gy, with the same pitch d= 0.1 mm are
placed in the 7= 4th. The Talbot’s distance is Z;_4) ~ 64
mm. After the second grating, a convex lens is placed, and
it is followed by a diaphragm. The diaphragm is placed at a
focal plane of the convex lens to select the first diffraction
order. The fringes pattern is monitored by a CCD camera,
which is transferred and analyzed in a computer.

Moiré deflectometry is a high precision technique for mea-
suring optical nonlinear response of materials. The accuracy
of this technique is determined by the minimum rotation

angle (0yi,) that can be measured. Figure 6 shows the rota-
tion angle of Moiré fringes along z direction for the AgO
thin film with a thickness of 71.5 nm on BK7 substrate.
Rotation of moiré fringe patterns which has been recorded
along Laser beam propagation (z direction), near the focus
point is shown in Fig. 7.

Based on deflection mapping of Moiré fringes patterns the
distribution of the nonlinear refractive index of sample was
calculated. As increasing of thickness, increasing or de-
creasing the nonlinear refractive index of samples depends
on sample properties [34]. This experiment was applied
for the samples with thickness of 71.5 nm, 75.7 nm and
98.0 nm. Results are represented in Table 3. We performed
as the thickness increased the nonlinear refractive index of

AgO thin films decreased. The nonlinear refraction index
was measured to be of the order of 107> cm?>W~! and the
change in refractive index was of the order of 1073, AgO
thin film of 98.0 nm thickness, indicates low nonlinear re-
fraction response, as with an increase in the deposition time,
Ag nanoparticles are placed so close to each other that there
is little void between them.

Figure 5. Experimental setup of Moiré deflectometry: 1, He—Ne laser; 2, mirror; 3, spatial filter; 4 and 5 lens; 6, sample; 7,

lens; 8 and 9 grating; 10, lens; 11, diaphragm; 12, CCD.

2251-7227[https://dx.doi.org/10.57647/j.jtap.2023.1701.04]
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4. Conclusion

Atomic force microscopy (AFM) was applied to detect
surface morphologies of AgO thin films prepared on glass
substrates by DC reactive magnetron sputtering method.
The thickness of samples deposited for 3 min, 5 min and
7 min, were measured 71.5 nm, 75.7 nm and 98.0 nm,
Atomic force microscopy (AFM) was applied to detect
surface morphologies of AgO thin films prepared on glass
substrates by DC reactive magnetron sputtering method.
The thickness of samples deposited for 3 min, 5 min
and 7 min, were measured 71.5 nm, 75.7 nm and 98.0
nm, respectively. AFM analysis of samples showed, the
roughness increases with the amount of AgO in the coating.

AN

Z==3
Figure 7. The Moiré fringes patterns of the silver thin film
with the thickness of 71.5 nm was recorded at z= -5 mm, z=
0 and z= +5 mm respectively.

Granmayeh et. al

Table 3. Results for nonlinear refractive index of AgO thin
films estimated by Moire deflectometry experiment.

Sample Thickness nonlinear refractive index (n,)
(nm) cm?wW!
S1 71.5 4.90x1073
S2 75.7 4.75%107
S3 98.0 3.22x107

The chemical composition of the deposited AgO thin films
was determined by XRD analysis and the results showed
that the samples were amorphous. The optical absorbance
spectrum in the visible-near IR region was observed. The
effect of thin film thickness on nonlinear optical properties
of AgO nanostructure thin films was studied. By moiré
deflectometry technique the nonlinear refractive index, ny,
of silver oxide thin films were measured. This technique
is a laser-based, high resolution technique. A low level
laser to avoid thermal effects was applied. The nonlinear
refractive index was measured to be of the order of 1073
cm? WL, As the thickness increased, the linear refractive
index of the transparent AgO films decreased.
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