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Abstract

In this study, the influences of variations in the gas flow rate and incidence angles of argon cold atmospheric-pressure plasma
jet on the morphology and absorption spectra of silver thin films (60 nm, 80 nm, and 100 nm film thickness) are investigated.
To evaluate the surface morphology, atomic force microscopy (AFM) was employed on the silver thin film surface before
and after plasma processing. To analyze the effect of plasma treatment on the grain size, the one-dimensional AFM surface
profiles of Ag thin films are approximated using a Gaussian function. The absorbance of Ag thin films is measured in wave-
length range of 190-1100 nm utilizing UV—Vis absorption spectrometer. Compared to the gas flow rates 0.5 standard litter
per minute (SLM) and 2 SLM, surface treatment of Ag thin film with gas flow rate of 1 SLM increased the valley depth, the
peak valley height, and the distance between two deepest valleys remarkably. A sequential argon plasma treatment (2-min
plasma treatment perpendicular to surface was followed by 2-min plasma processing with non-perpendicular incidence angle
of 60°) offers considerable improvement in the uniformity of grains and also changes shape of grains, especially the peak
height (about 44 times higher than untreated sample) and area of grains (almost 136 times greater than untreated sample)

which can be applicable for optical sensing technology.

Keywords Non-perpendicular incidence angle of argon cold atmospheric-pressure plasma jet (APPJ) - Gas flow rate -
Absorption spectra - Surface morphology - Analysis of silver grain size - Gaussian function

Introduction

Nanostructured silver particles (Ag NPs) have attracted
much attention in various fields of science and technology
such as in catalysts, medicine, antimicrobial, and organic
pollutants decomposition due to their unique and diverse
properties (their non-hazardous nature and optical char-
acteristics) [1-5]. In contrast to their corresponding bulk
counterparts, metallic nanoparticles can absorb electro-
magnetic radiation, resulting in surface plasmon resonance
(SPR) at the metal—dielectric interface [4]. It is also reported
that the Ag/TiO, thin films are promising nano-materials
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in self-cleaning and antimicrobial technologies because of
their significant antibacterial potential against such micro-
organisms as Gram-negative bacteria Escherichia coli (E.
coli) [6, 7].

With the increasing demand for real-time monitoring of
environmental, gas, food, and health applications, silver and
gold are the preferred materials for the SPR sensor devices
due to the fact that they are chemically stable while pro-
viding good sensitivity to refractive index changes [8—10].
Indeed, silver nanoparticles have significant antimicrobial
activity against living cells, fungi, bacteria, or other micro-
organisms even with low concentrations.

Two main factors, (i) physicochemical characteristics of
nanoparticles and (ii) type of bacteria, play important roles
in antibacterial activities of Ag NPs [11].

One of the most important parameters in nano-technology
and thin films is surface and its roughness, since it is the first
interface of material which may interact with other materials
and with environment. As we know, in SPR sensor devices,
usually the metallic sensing layer has a short life span that
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depends on the environment within which the sensor oper-
ates. In harsh environments, the performance of SPR sensor
may decrease when the quality of sensing layer degrades.
Moreover, it is reported that the antibacterial activity of
Ag NPs is size and shape dependent [12, 13]. Therefore,
in recent years, a lot of efforts have been directed into the
modification of surface roughness of thin films, resulting in
the improvement in grain size [14], surface energy [15] and
such properties as wettability (hydrophilic or hydrophobic)
[16, 17], formation of highly reactive chemical species, in
particular reactive oxygen (ROS) [18] and nitrogen species
(RNS) [19] on the metallic thin film surfaces. As a result,
to enhance the stability and durability, sensitivity, and anti-
microbial activity of SPR sensors based on thin films, their
surfaces should be modified by cold plasma (CP) treatment.
Cold plasma treatment is one of the most versatile non-ther-
mal techniques in surface modification [20-25]. Plasma can
be classified as high pressure, atmospheric pressure and low
pressure according to the pressure conditions. Cold atmos-
pheric plasma (CAP) is known as non-thermal because it has
electrons at a hotter temperature than the heavy particles that
are at room temperature. Applications of CAP include: steri-
lization of medical equipment, packaging in the food indus-
try, wound healing, and such dental applications as dental
caries, elimination of biofilms, and bleaching [26, 27].
Two promising technologies for producing cold atmos-
pheric plasmas (CAP), especially in food industries and
medical applications, are dielectric barrier discharge
(DBD) and jet plasma [20-25, 28, 29]. In our early work,
an argon dielectric barrier discharge reactor with atmos-
pheric pressure for material treatment (treatment of alu-
minum, glass (quartz), and silicon) was simulated and
analyzed using COMSOL Multiphysics v5.0 software
[30]. Plasma jet devices consist of two concentric elec-
trodes, where the inner electrode is typically connected to
a radio frequency (RF) power at high frequency resulting
in ionization of the working gas, which exits the nozzle
with a jet-like configuration [31]. Broadly, the configu-
ration and length of plasma plume can be influenced by
the jet design, the electric filed geometry, as well as by
the such experimental conditions as the gas flow rate, the
feed gas composition (noble gases or molecular gases),
the discharge excitation parameters (the applied voltage,
excitation frequency, input power) [32-35]. Most of the
cold atmospheric-pressure plasma jets (APPJs) are work-
ing with a noble gas (Ar, He, etc.) with a small percentage
of such reactive gases as O, or N,, which are classified
into four categories: dielectric-free electrode (DFE) jets,
DBD jets, DBD-like jets, and single electrode (SE) jets
[36]. Since one of the major drawbacks of single APPJs is
the small size of the treated areas, utilization of arrays of
plasma jets has been also proposed to enlarge the treated
area [37]. However, employing arrays of plasma jets still
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needs some considerations to improve their performances
for surface treatment with large area. Indeed, the control of
spatial uniformity of the plasma jet array can require more
effort when dealing with plasma jets. For example, Zehang
et al. [38] studied the effect of O, additive on the improve-
ment in spatial uniformity of one-dimensional helium
plasma jet array. In addition, Wang et al. [39] optimized
such experimental parameters as the ground electrode
position, gas flow rate, and pulse frequency to study the
uniformity of a microsecond pulse-driven argon plasma
jet array. Recently, the relationship between the behaviors
of different arrays of a radial plasma jet with the pres-
ence of various cylindrical targets has been investigated
[40]. Many works have been focused on the enhancement
of photo-catalytic and antibacterial activities of different
nanostructures using atmospheric-pressure DBD systems,
for example: Ag/TiO, nano-composites [41, 42], Au/TiO,
catalyst [43, 44], and Pt/TiO, photo-catalyst [45].
Numerous studies have been focused on the treatment of
polymeric surfaces [21-23], natural organic materials (e.g.,
cellulosic materials such as paper and cotton) [46, 47], and
inorganic materials (e.g., metals) [26, 30, 48—50]. On the
other hand, a few recent studies [51] reported the utilization
of cold plasma jets for the treatment of metallic thin film sur-
faces to improve their SPR metal nanoparticles-based optical
sensing properties which is effective for detection of chemi-
cal and biological targets. Furthermore, Talukder et al. [52]
used oxygen, hydrogen, and nitrogen jet plasmas (molecular
feed gases) to improve electrical and optical property of the
zinc oxide thin films using different types of working gas
(employing both separated and sequential oxygen, hydro-
gen, and nitrogen plasma treatment). In addition, in our early
work, the influence of non-thermal plasma jet (He and Ar)
was studied to improve the antibacterial activity, surface
roughness, and hydrophilic property of Ag thin films [53].
Among the various operational parameters of an APPJ,
the gas flow rate has undoubtedly a key role in the propaga-
tion of the plasma outside the source on the substrate and
affects significantly the shape and length of plasma plume
for surface processing. However, as we know, the other
parameters such as duration of exposure time, type of work-
ing gas as well as nozzle distance to treated sample are the
most factors which have been investigated [21, 23, 52-54].
For instance, R. Zhou studied the effects of different work-
ing gases (N,, He, O, as well as air) and applied voltage on
the photo-catalytic property of TiO, for inactivation of E.
coli cells in aqueous media under various exposure times
(0-5 min) using atmospheric-pressure microplasma array
(29 microplasma jet units) [55]. Furthermore, the studies
on the subject of SPR metal nanoparticles-based optical
sensing focused only for plasma treatment at the low pres-
sure [54, 56]. Indeed, as far as we know, the effects of jet
plasma with different gas flow rates and non-perpendicular
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incidence angles (30° and 60°) for surface modification of
such metallic thin films as silver to enhance its optical sens-
ing activity have not yet been reported.

Therefore, employing cold Ar APPJ with different gas
flow rates (0.5 SLM, 1 SLM, and 2 SLM) and two non-
perpendicular incidence angles (30° and 60°), the main aim
of the present work is to investigate the surface morphol-
ogy and absorbance spectrum of Ag thin films. Thus, the
work is organized as follows: A detailed description of the
experimental tools and analytical software employed in
this research is presented in “Experimental and analytical
details” section. Using atomic force microscopy (AFM), the
influence of different gas flow rates of argon APPJ (0.5 SLM,
1 SLM, and 2 SLM) on the surface morphology of Ag thin
films (60 nm and 80 nm) is studied in “Effects of different
gas flow rates (0.5 SLM, 1 SLM, and 2 SLM) on the surface
morphology of Ag thin films” section as the other opera-
tional parameters of jet are kept constant. UV—-Vis absorp-
tion spectrometer in the wavelength range of 190-1100 nm
was employed in “Influences of different non-perpendicular
jet plasma processing (30° and 60°) on the surface mor-
phology and optical property of Ag thin films” section to
investigate the effect of a sequential plasma treatment [2-min
plasma treatment perpendicular to surface (in “Effects of
different gas flow rates (0.5 SLM, 1 SLM, and 2 SLM) on
the surface morphology of Ag thin films” section) was fol-
lowed by 2-min plasma treatment with non-perpendicular
incidence angle (60°) in this section] and a treatment with
incidence angle of 30° on the absorbance spectrum of Ag
thin films with thicknesses 80 nm and 100 nm, respectively.
Please note that in “Effects of different gas flow rates (0.5
SLM, 1 SLM, and 2 SLM) on the surface morphology of Ag
thin films” and “Influences of different non-perpendicular
jet plasma processing (30° and 60°) on the surface mor-
phology and optical property of Ag thin films” sections, a
Gaussian function is used to approximate the grain size (full
width at half maximum (FWHM), peak height as well as
area of grains) in the one-dimensional (1D) AFM profiles
by XY Extract Graph Digitizer v5.1 and Origin Pro v8.6
software. Finally, conclusion is explained in “Conclusion”
section. Experimental results show that surface treatment of
Ag thin film with gas flow rate 1 SLM increased the valley
depth, the peak valley height, and the distance between two
deepest valleys remarkably compared to the gas flow rates
0.5 SLM and 2 SLM. The results of UV—Vis absorption
spectrometer illustrated that peak of the maximum absorb-
ance of Ag thin film with thickness 80 nm was found to be
red-shifted by 12 nm after sequential Ar plasma treatments
(2-min plasma processing perpendicular to surface was fol-
lowed by 2-min plasma treatment with non-perpendicular
incidence angle of 60°). The achievements also demonstrate
that maximum absorbance peak of Ag thin film with thick-
ness 80 nm increased from 42 to 55% after sequential Ar

plasma treatments, which is in good agreement with the
results obtained from the presented analytical method for
evaluation of grain sizes. The Ar jet plasma treatment with
angle of 60° seems to be more effective in not only improve-
ment in surface morphology but also enhancement of the
absorbance maximum peak.

Experimental and analytical details
Deposition details

Thin films were deposited by magnetron sputtering method
(Hind High Vacuum, H.H.V, 12”MSPT) on glass substrate.
This deposition technique offers such acceptable advan-
tages as high deposition rates, low substrate temperature,
good adhesion of thin film to glass substrate, and finally,
films with good packing density [57]. The base pressure of
vacuum system was around 107 m bar. Circular glass disks
with diameters of 2 cm and 3 cm as well as thickness of
1 mm were used as substrates. A circular flat disk of silver
(Ag) (99.9% purity) with thickness of 3 mm and diameter of
125 mm was employed as target (cathode). Before deposi-
tion, the substrates were carefully cleaned in heated acetone
ultrasonic bath for 2 min. Substrate temperature was moni-
tored during deposition by a digital thermocouple which was
placed on substrate holder (namely 300 K). The distance
between target and substrate was maintained at 12 cm (opti-
mum distance). The coating rate of 1 A/S and Ag thin film
thickness was measured by a vibrating quartz crystal thick-
ness monitor. The Ag thin films with thicknesses of 60 nm,
80 nm, and 100 nm were obtained.

Details of plasma processing for perpendicular APPJ

The applied jet plasma in this work, as shown in Fig. la,
b, is based on a DBD-like jet which consists of a dielectric
tube with one metal ring ground electrode on the outer side
of the tube and with a centered pin electrode as the high-
voltage (HV) electrode. One of the most important advan-
tages of this jet plasma device with such configuration is that
the electric field along the plasma plume is enhanced and
favorable for generating long plasma plumes and more active
plasma chemistry [58]. Moreover, the ground ring electrode
on the outer side of the tube causes the discharge inside the
tube to be enhanced. Indeed, this jet plasma has such advan-
tages as the gas temperature of the plasma remains close to
the room temperature due to the low power density delivered
to the plasma [36]. To avoid oxidation, carbonation or nitra-
tion of the Ag thin film surface with such molecular gases
as O,, air and N,, in this work, argon (Ar) is used as the
working gas. In addition, in our early work [53], Ar plasma
offered an acceptable antibacterial activity for removal of E.
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Fig. 1 a Experimental setup for perpendicular jet plasma treatment and b 3D schematic setup of cold APPJ in Auto CAD v2014

Table 1 Values of operational parameters for the perpendicular jet plasma treatment with variable gas flow rate 0.5 SLM, 1 SLM and 2 SLM

Applied voltage Treatment time Nozzle-to-sample Plasma temperature  D. Cycle (%) Applied frequency  Input power (W)

(KV) (min) distance (cm) °O) (KHz)

10 2 3 25-30 10 6 30

Table 2 Values of operational parameters for the non-perpendicular jet plasma treatment with angles of 30° and 60°

Gas flow rate (SLM) Nozzle-to-sample Plasma temperature  D. Cycle (%) Applied voltage Applied frequency  Input power (W)
distance (cm) °C) (KV) (KHz)

1 3 25-30 10 10 6 30

coli due to remarkable increment in the surface roughness
(RMS) of Ag thin film with thickness of 120 nm (about
9 nm) compared to He plasma. Surface modification by non-
equilibrium plasmas at atmospheric pressure can be accom-
plished by using two different approaches, i.e., the “direct
(touch mode)” and the “remote (non-touch mode)” approach
[29, 59]. The plasma treatment employed in this research is
based on the direct mode, where the substrate is located in
the plasma generation region and is directly exposed to the
plasma plume. In this step, gas flow rate is variable param-
eter of jet plasma device with values of 0.5 SLM, 1 SLM and
2 SLM. However, the other operational parameters are kept
constant and depicted in Table 1.

The plasma temperature in Tables 1 and 2 is measured by
a digital thermocouple with accuracy of 0.1.

To investigate the effects of Ar cold plasma perpendicular
jet with various gas flow rates (0.5 SLM, 1 SLM, 2 SLM)
on the surface morphology of Ag thin films, atomic force
microscopy with scanning area 5 um X5 um (AFM, Nano-
surf Mobile S) was carried out before and after plasma
processing.

@ Springer

Details of plasma processing for non-perpendicular
APPJ

In this section, two oblique incidence angles, 30° and 60°,
are assumed for jet plasma to examine the influences of
non-perpendicular plasma radiation on the surface mor-
phology and optical property of samples. To adjust the
jet plasma with angles of 30° and 60°, simple schematics
are proposed and depicted in Figs. 2a, b and 3a, b, respec-
tively. The experimental setups are also shown in Figs. 2¢
and 3c. Here, the only variable parameter of jet plasma
device is incidence angle of plasma radiation. All of the
operational parameters are assumed to be constant and are
given in Table 2.

The absorbance of samples were measured in wave-
length range of 190-1100 nm using a UV-Vis spectrom-
eter (Model PerkinElmer Lambda 25) before and after
non-perpendicular plasma jet treatment with gas flow rate
of 1 SLM.

To show the strategies employed for surface processing
of Ag samples (applied approach for the xy-displacement
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Fig.2 Schematic diagram of a,

b adjusting procedure of the jet

plasma for oblique angle of 30°,
¢ experimental setup
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Fig.3 Schematic diagram of a,

b adjusting procedure of the jet (c)
plasma for oblique angle of 60°,

¢ experimental setup

power supply

¥
Nozzle to sample
distance: 3cm

T8 T 0N RN N

-
-

r
-~

?

of the sample holder as the plasma jet is keeping fixed),
four images of surface processing of two samples are pre-
sented in Figs. 4 and 5, respectively, for total treatment
time of 2 min.

Details of analytical method for study of surface
morphology (grain size)

To find the main reason for the appearance of fluctuations
(noise-like) on the maximum absorbance peak of Ag thin
film with thickness 80 nm after non-perpendicular (60°)
plasma jet treatment, an analytical method is employed in
this section. Since it is reported that the size and shape of
nano-particles can affect such optical characteristics of
metallic thin film as absorption spectra [60—62], the grain
size (peak height, area, and FWHM of gains) is measured
and analyzed using XY Extract Graph Digitizer v5.1 and

~i
Sample :Ag thin film (tz=80nm)

Origin Pro v8.6 software. Here, firstly, the 1D AFM pro-
files are digitized using the XY Extract Graph Digitizer
v5.1 software to find the coordinates of the corresponding
grains with great accuracy. These obtained dots are consid-
ered as digitized data. In the following step, the digitized
data of assumed grains are then approximated using the
analytical software, Origin Pro v8.6, with Gaussian amp
function which is defined by Eq. (1) [63]:
—x2

h(x) = hgyexp [m] (1)
where h(x) signifies the peak height of grain, the parameter
w is standard deviation and x is a position of each point in
which peak height is calculated for that point (in um). Please
note that the measured grains are indicated by arrows in 1D
AFM profiles in the corresponding figures in “Analytical
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Fig.4 Images of the treated
areas through xy-displacement
of the Ag thin film (with thick-
ness 80 nm) sample holder
using fixed Ar cold plasma jet
with incidence angle of 60° for
total treatment time of 2 min.
This Ag sample was firstly
treated with perpendicular
incidence angle of Ar cold
plasma jet, and the correspond-
ing results are given in “Effects
of different gas flow rates (0.5
SLM, 1 SLM and 2 SLM) on
the surface morphology of Ag
thin films” section)

Movement sample
holder towards left
side

Movement sample] | Movement sample
holder towards holder towards left

right side side

Fig.5 Images of the treated
areas through xy-displacement
of the Ag thin film (with thick-
ness 80 nm) sample holder
using fixed Ar cold plasma jet
with incidence angle of 30° for
total treatment time of 2 min

Movement sample
holder towards left]
side

Movement sample
holder towards left
side

Movement sample
holder towards right
side

study of Ag grains before and after perpendicular plasma
jet processing under different gas flow rates” and “Analyti-
cal study of Ag grains before and after non-perpendicular
(60°) plasma jet processing” sections. In our previous works
[64—66], this analytical method was used and the outcomes
were very successful.

Results and discussion

Effects of different gas flow rates (0.5 SLM, 1 SLM,
and 2 SLM) on the surface morphology of Ag thin
films

In this section, surfaces of two Ag thin films with thick-

nesses of 60 nm and 80 nm are treated under conditions
described in “Details of plasma processing for perpendicular
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APPJ” section using Ar jet plasma shown in Fig. 1. To
investigate the influence of various gas flow rates of plasma
processing (0.5 SLM, 1 SLM, and 2 SLM) on the surface
roughness, the roughness values for each sample were cal-
culated from 2-dimensional and 3-dimensional (2D and 3D)
AFM images of each sample (60 nm and 80 nm) and are
illustrated in Figs. 6 and 7, respectively. The surface rough-
ness of the samples was found by calculating the root mean
square (RMS) of AFM data and can be evaluated by the
following formula [53]:

R(1) = <(h(7, ) - h)2>s )

where R(l, t) is root mean square, & is average surface height
and h(?, t) is height of a point respect to a reference surface
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Fig.6 2D and 3D AFM images
of Ag thin film (80 nm) a
untreated, and after Ar plasma
with gas flow rate b 0.5 SLM,
¢ 1 SLM with treatment time
of 2 min

at time ¢ while 7 is the vector of point place. The average
height 4 for a digitized surface is shown as Eq. (3) [53]:

h=((h(7.1)), @)

The peak valley height is the height difference between the
highest and the lowest pixel in the AFM image and defined
as:

S =55 “

where S, is the peak height (the highest pixel in the AFM
image) and S, is the valley depth (the lowest pixel in the
AFM image).

In addition, the distance difference between the two high-
est peaks (S,,;, 5,,2) and the distance difference between the

two lowest valleys (S,;, S,,) in the AFM image are measured
and defined as:

Smm = Sml - Sm2 (5)

va =0y — Sv2 (6)
Figure 6 shows that the grain sizes were decreased after
plasma treatment with gas flow rate of 0.5 SLM; however,
with increasing the gas flow rate to 1 SLM, the grain size
grows remarkably.

As shown in Fig. 7, when the gas flow rate is increased
to 2 SLM, the grain size tends to rise for Ag sample with
thickness of 60 nm. Figure 8 illustrates a column plot of
RMS for samples before and after plasma treatment with
different gas flow rates. As can be seen, the RMS value for
both thicknesses of 60 nm and 80 nm is almost the same.
According to Fig. 8, after plasma processing with three
examined gas flow rates, insignificant variations can be
seen in the RMS plots and the values of RMS are approxi-
mately the same for two treated samples.

To compare the effects of employing these various gas
flow rates on the surface morphology of samples with
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Fig.7 2D and 3D AFM images
of Ag thin film (60 nm) a
untreated, and after Ar plasma
with gas flow rate b 2 SLM with
treatment time of 2 min

Fig.8 RMS measurements for

88.12 -

(b)

the untreated and treated Ag 88.1 -
thin films with different gas 88.08 -
flow rates (0.5 SLM, 1 SLM, —~ 88.06 -
2 SLM) for treatment time of g 88.04 -
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more details, the column plots for Sp, S, Sy, and S, S,,

are presented in Figs. 9 and 10, respectively.

After using gas flow rates of 0.5 SLM and 2 SLM,
insignificant variations can be seen in the value of valley
depths S, as presented in Fig. 9a. However, after plasma
processing with gas flow rate 1 SLM, a different behavior
can be observed for S, in the central and side areas of the
Ag sample with thickness of 80 nm. As shown in Fig. 9a, §,
was increased up to 120 nm (about 2 times deeper than the
untreated sample) in the side area of this sample; however,
a noticeable decrement (almost 60 nm) was obtained for S,

@ Springer

side areas

60nm: after 2sIm _

80nm:after 0.5slm
80nm:after 1slm-
80nm:after 1sIm-
central areas
60nm: untreated

in the central area. Indeed, treatment with gas flow rate of
1 SLM removes the Ag nano-particles from side area and
puts these NPs into the valleys in the central area of the sam-
ple which can be seen in sputtering mechanism (see Figs. 4
and 5c¢). For the central areas of Ag sample with thickness
of 80 nm, the amount of valley depth was so low (about
1.46 nm) which in Fig. 9a cannot be seen clearly.

Figure 9c shows a more significant increment in the value
of peak valley height (S,) from 40 to 140 nm compared to an
increase in the peak height (S,,) from 105 nm up to 150 nm in
Fig. 9b. This can be due to the enhancement of valley depth
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Fig.9 Measurements of a val- (a)
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after plasma treatment with flow rate of 1 SLM (Fig. 9a).
However, increasing gas flow rate to 2 SLM introduced
insignificant changes in the values of S, S, and S,

The distance difference between the two highest peaks
(S,,m) was affected by both plasma treatment of 1 SLM and
2 SLM, as shown in Fig. 10a. From the distance difference
between the two deepest valleys (S,,) view point, Fig. 10b
illustrates that treated sample with gas flow rate of ISLM

increased S, drastically up to 2500 nm which is in agree-
ment with results obtained for both AFM image (Fig. 6¢)
and the peak valley height (Fig. 9a). In fact, plasma expo-
sure with gas flow rate of 1SLM causes further increase in
the distance between the two deepest valleys (S,,) in the
central area of Ag sample by making deeper valleys in the
side areas and filling the valleys in the center.
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Fig. 10 Measurements of a (a)
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As aresult, the Ar jet plasma treatment in gas flow rate
1 SLM seems to be more efficient in increasing the grain
size, especially peak height of Ag NPs, after 2-min plasma
exposure. This can be related to the emergence of radiations
emitted from some energetic species in the plasma radiation
which are excited only at gas flow rate of 1 SLM under the
considered experimental conditions in Table 1. Thus, 1 SLM
can be assumed as critical flow rate of the working gas in
this experiment compared to the other examined gas flow
rates (0.5 SLM and 2 SLM).

Analytical study of Ag grains before and after perpendicular
plasma jet processing under different gas flow rates

To investigate how grain size and surface morphology of Ag
thin films are affected by the perpendicular plasma exposure,
1D AFM profiles of samples were analyzed and measured by
XY Extract Graph Digitizer v5.1 and Origin Pro v8.6 soft-
ware in this section. Using the analytical method described
in “Details of analytical method for study of surface mor-
phology (grain size)” section, the grains specified by arrows
in the 1D AFM profiles of untreated and treated Ag samples
(Fig. 11) were measured and the corresponding results for
height, area, and FWHM of grains are shown, respectively,
in Fig. 13a—c. The errors reported by the Origin Pro soft-
ware which are involved with the approximation are shown
as error bars in Fig. 13. Please note that the approximated
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grains obtained from XY Extract Graph Digitizer and Origin
Pro software for the untreated and treated Ag thin films are
also displayed in Fig. 12.

Indeed, to analyze clearly the results obtained from
XY Extract Graph Digitizer and Origin Pro software (see
Fig. 12) for evaluation of peak height, FWHM, and area
of grains specified in Fig. 11, the corresponding values are
plotted in Fig. 13.

As can be seen in Figs. 12 and 13, no significant changes
in the height, area, and full width at half maximum of grains
with gas flow rate of 0.5 SLM (the lowest flow of working
gas) were detected in the treated sample. However, with fur-
ther increasing of gas flow rate to 1 SLM and 2 SLM, the
peak height of Ag grains enhanced up to 22.78 nm (almost
7 times higher than the untreated sample) and 20.28 nm
(about 20 times higher than the untreated sample), respec-
tively. In addition, as shown in Fig. 13b, the area of specified
grains increased up to 4.57 nm for gas flow rate of 1 SLM
(approximately 18 times wider than the untreated sample)
and up to 3.51 nm for gas flow rate of 2 SLM (almost 29
times wider than the untreated sample). From the FWHM
point of view, the value of 0.24 um was obtained for gas
flow rate of 1 SLM (3.5 times greater than the untreated
sample), and with further increasing flow rate to 2 SLM, as
presented in Fig. 12, the FWHM was enhanced (0.14) about
2 times greater than the untreated sample. As a consequence,
Ar plasma exposure with flow rates of 1 SLM and 2 SLM
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Fig. 11 1D AFM profiles of
Ag samples with thickness of
80 nm a untreated, treated with
gas flow rate of b 0.5 SLM, ¢

1 SLM, and with thickness of

3.16nm

(b)

7.86nm
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seems to be more efficient in the enhancement of height
and area of grains compared to flow of 0.5 SLM. Also, gas
flow rate of 1 SLM plays an important role in the increment
of FWHM in treated Ag sample with thickness of 80 nm;
however, height and area of grains in the treated sample
with thickness of 60 nm were affected remarkably by gas
flow rate of 2 SLM. Moreover, the values of peak height and
area of grains obtained from 1D AFM profiles in this section
using XY Extract Graph Digitizer v5.1 and Origin Pro v8.6
software are in good agreement with the results of 2D and
3D AFM images achieved by Nanosurf Mobile S software
and shown in Figs. 6 and 7, respectively.

Influences of different non-perpendicular jet plasma
processing (30° and 60°) on the surface morphology
and optical property of Ag thin films

In this step, the influence of plasma exposure of Ar jet
plasma with angles of 30° and 60° on the surface morphol-
ogy and optical property of Ag samples with thicknesses
of 80 nm and 100 nm are investigated under conditions

23.9nm

-19.5nm

Spm Opm X* Spm

Line fit

(e)

| Measured

Opm X* Spm

described in “Details of plasma processing for non-per-
pendicular APPJ” section and Table 2. The purpose of
employing non-perpendicular incidence angles of APPJ
in this section was to show the relationship between inci-
dence angle of plasma exposure and surface morphology,
resulting in variation in the absorption spectra.

Please note that the employed Ag sample with thick-
ness of 80 nm in this section was treated by Ar jet plasma
perpendicular to surface for 2 min in the previous step
(“Effects of different gas flow rates (0.5 SLM, 1 SLM,
and 2 SLM) on the surface morphology of Ag thin films”
section). In addition, the gas flow rate was assumed to
be 1 SLM, which in the earlier section was found to be
more effective on the surface morphology. Four images of
plasma processing of Ag sample with thickness 80 nm are
presented in Fig. 14. The 2D and 3D AFM images of Ag
sample for the (a) untreated, treated with (b) perpendicular
jet plasma and (c) with plasma exposure of 60° are shown
in Fig. 15.

It can be seen from Fig. 15 that in comparison with
Fig. 6, the grain size grows approximately with the same
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Fig. 12 Approximated grains
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uniformity on the surface after the plasma treatment with
incidence angle of 60°. Indeed, jet plasma with non-per-
pendicular direction seems to play an important role in
the improvement in surface morphology, resulting in the
reduction in not only valley depth but also peak height
(see Fig. 15b, c). Based on this finding, the RMS of Ag
sample as shown in Fig. 16 was increased in comparison
with the treated sample with perpendicular jet plasma.
However, this increment is not so significant. With
respect to Fig. 17c, it can be concluded that jet plasma
with incidence angle of 60° increased the value of peak
valley height (S,) up to 176 nm which is almost 26 nm
greater than the perpendicular plasma exposure. Indeed,
as shown in Fig. 17a, b, the increment of the valley depth
(almost 20 nm) and the noticeable enhancement of peak
height (about 46 nm) led to a surface with more value of
Sy. This can be related to the fact that plasma radiation
with incidence angle of 60° makes the grains in Ag sample
(Fig. 15¢) with more uniformity compared to the grains
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in the perpendicular treated sample (Fig. 15b). Also, this
plasma exposure removes the Ag NPs and puts these NPs
into the valleys; hence, not only the highest peaks but also
the lowest valleys in Fig. 15b were disappeared. Moreover,
shape of grains changed from round to plate-like as the
non-perpendicular treatment was employed. Therefore,
surface processing with incidence angle of 60° promotes
an improvement in surface morphology.

From Fig. 18a, b, it is seen that after jet treatment with
angle of 60°, the distance difference between not only the
two highest peaks (S,,,,) but also the two lowest pixels (val-
leys) (S,,) was reduced about 3 nm and 470 nm, respectively,
which are in agreement with the results obtained for AFM
images in Fig. 15c as well as in Fig. 17. It can be due to the
fact that plasma exposure with angle of 60° decreased height
of the highest grains and put these Ag NPs into the lowest
valleys in their surroundings. This led to a surface of Ag thin
film with more uniformity than the surface treated only with
perpendicular jet plasma.
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To show the influences of Ar jet plasma treatment with
incidence angle of 60° on the whole surface morphology of
Ag thin film, 3D AFM images of the treated sample with
three different windows are illustrated in Fig. 19.

To investigate how optical properties of Ag thin films are
affected by the plasma exposure, Ag samples with thick-
nesses of 80 nm and 100 nm were treated, respectively, for
2 min and 1.5 min using non-perpendicular incidence angles
of Ar jet plasma (30° and 60°). The treatment time for Ag

sample with thickness of 100 nm was decreased to 1.5 min
because of the appearance of variations in the color of Ag
coating of sample as the surface processing with angle of
30° was carried out.

Figure 20a and b illustrates the absorbance as a func-
tion of wavelength (190-1100 nm) for Ag thin films with
thicknesses of 80 nm and 100 nm, respectively. As shown in
Fig. 20a, UV—Vis absorption spectrometer illustrates that the
maximum absorbance peak of Ag thin film with thickness
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Fig. 14 Images of surface
processing of Ag thin film with
thickness of 80 nm for total
treatment time of 2 min under
plasma exposure with incidence
angle of 60°

Ag sample: tg= S0nm

80 nm was found to be red-shifted by 12 nm after sequential
Ar plasma treatments (2-min plasma processing perpendicu-
lar to surface was followed by 2-min plasma treatment with
non-perpendicular incidence angle of 60°). In addition, jet
plasma treatment with angle of 60° enhanced the value of
absorbance from 42 to 55% (without considering the fluctua-
tions). This observed increment in the peak of absorbance
maximum is due to the fact that plasma exposure with angle
of 60° led to the improvement in surface morphology by
making more uniformity in the distribution of Ag grains,
and increasing the grain sizes, as shown in Figs. 15¢ and
17a, b. The emergence of fluctuations on the plot of treated
Ag sample with plasma exposure of 60° can be related to
the reduction in distance difference between not only the
two highest peaks (S,,,,) but also the two lowest valleys (S,,)
after surface processing, as shown in Fig. 18. Moreover,
the employed Ar gas cylinder for plasma jet consists of 1.5
PPM H,0, leading to small steam bubbles on the surface of
treated Ag thin film which may result in the presence of such
fluctuations on the absorbance plots after plasma treatments.

No further significant variations in the absorption spectra
of Ag sample with thickness of 100 nm were detected after
plasma treatment with incidence angle of 30°, as presented
in Fig. 20b. This finding may be explained by the fact that
sample with higher film thickness cannot express acceptable
peak of the absorbance maximum (reflectance minimum)
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[67]. To show how grain sizes and absorption spectra are
influenced by plasma processing with angle of 60°, the cor-
responding grains in the 1D AFM profiles of Ag sample with
thickness of 80 nm were analyzed and measured using XY
Extract Graph Digitizer v5.1 and Origin Pro v8.6 software
in the following section.

Analytical study of Ag grains
before and after non-perpendicular (60°) plasma jet
processing

Since it is reported that the size and shape of nano-particles
can affect absorption spectra [60—62], the peak height, area,
and FWHM of gains in the treated Ag sample with thickness
of 80 nm were analyzed and measured by XY Extract Graph
Digitizer v5.1 and Origin Pro v8.6 software and the results
are shown in Figs. 21 and 22, respectively. Also, the errors
reported by the Origin Pro software which are involved with
the approximation are shown as error bars in Fig. 22.
From Fig. 22, it can be concluded that after plasma
treatment with incidence angle of 60°, the height,
area, and FWHM of grains increased remarkably up to
133.88 nm (about 44 times higher than untreated sample),
68.22 nm (about 136 times greater than untreated sam-
ple), and 0.7 um (almost 10 times wider than untreated
sample), respectively. Compared to the treated sample
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Fig. 15 2D and 3D AFM
images of Ag thin film (80 nm)
a untreated, and after b perpen-
dicular Ar jet plasma ¢ Ar jet
plasma with incidence angle

of 60° with treatment time of

2 min and for gas flow rate of

1 SLM
Fig. 16 RMS measurements 88.12 -
for the untreated and treated 88.1

Ag thin films with different
incidence angles, 60° and 90°
for gas flow rate of 1 SLM and
treatment time of 2 min
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only with incidence angle of 60°, the initial values of
height (22.78 nm), area (4.6 nm), and FWHM (0.25 um)
enhanced, respectively, almost 7, 18, and 3 times greater
than the treated surface with jet plasma angle of 90°. Fur-
thermore, perpendicular plasma exposure to the surface
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increased the height and area of grains approximately 7
and 18 times greater than the untreated sample. However,
for FWHM, the same increment can be seen after perpen-
dicular treatment. As a result, a sequential jet plasma treat-
ment (1SLM treatment with angle of 90° was followed by

@ Springer
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processing with the same gas flow rate and angle of 60°)  Conclusion

seems to be more effective in enhancing the grain size,

especially the height and area of grains. In this study, Ag thin films were treated with different gas
flow rates (0.5 SLM, 1 SLM, and 2 SLM) using perpen-
dicular Ar jet plasma as well as with non-perpendicular
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Fig. 18 Measurements of a (a)
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Fig. 19 3D AFM images of Ag thin film (80 nm) treated with Ar plasma jet with incidence angle of 60° and treatment time of 2 min for different

AFM windows a 3 pumX3 pm, b 5 um X5 um, ¢ 9 um X9 ym

incidence angle of jet plasma (30° and 60°) and gas flow
rate of 1 SLM at atmospheric pressure. The surface mor-
phology and optical property of the untreated and treated
Ag samples were characterized using AFM and spec-
trophotometer. To investigate the influences of plasma
exposure with different gas flow rates and various inci-
dence angles on the surface morphology, the grains were

analyzed and approximated using a Gaussian function
by XY Extract Graph Digitizer v5.1 and Origin Pro v8.6
software. The analytical results obtained by XY Extract
Graph Digitizer and Origin Pro software for grain sizes
are in good agreement with the experimental evalua-
tions achieved for surface morphology utilizing Nanosurf
Mobile S software. The AFM studies of Ag thin films on
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Fig.20 Variations of absorb-
ance (ABS) power of Ag thin
films (80 nm and 100 nm) for 6
different angles of jet plasma
exposure a 60°: treatment time
of 2 min and b 30°: treatment
time of 1.5 min
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glass show that both jet plasma treatments (different gas
flow rates or non-perpendicular plasma exposure) result
in no or little variations of the RMS measurements of the
treated Ag samples. However, peak height, valley depth,
distance difference between the two deepest valleys and
highest peaks were increased remarkably after treatment
with gas flow rate of 1 SLM. Thus, the Ar jet plasma treat-
ment in gas flow rate of 1 SLM seems to be more efficient
in increasing the grain size, especially peak height of Ag
NPs, after 2-min plasma exposure. This can be related to
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the emergence of radiations emitted from some energetic
species in the plasma radiation which can be detected only
at the flow rate of 1 SLM. Therefore, this gas flow rate
can be assumed as critical gas flow rate of Ar jet plasma
employed in this experiment. In addition, the findings of
UV-Vis absorption spectrometer show that the position of
maximum absorbance peak of Ag thin film with thickness
80 nm was found to be red-shifted by 12 nm and increased
from 42 to 55% after sequential Ar plasma treatments,
which is in good agreement with the results obtained
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from the presented analytical method for evaluation of
grain sizes. The Ar jet plasma treatment with angle of 60°
seems to be more effective in not only improvement in
surface morphology but also enhancement of the absorb-
ance maximum peak. This led to both the uniformity in
distribution of Ag NPs and the enhancement of grain size
(especially in the height and area of grains), resulting in
the improvement in optical property of Ag sample, which
can be useful in optical sensing applications. As a result,
a sequential jet plasma treatment (1 SLM treatment with
angle of 90° was followed by processing with the same gas
flow rate and angle of 60°) seems to be more effective in
enhancing the grain size, resulting in the improvement in
surface morphology.
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