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Abstract

We report here the fabrication of sputter-deposited Au nanoparticles on ITO (Sn-doped indium oxide)-coated glass substrate.
The effect of varying annealing parameters, viz., time and temperature in conjunction with varying thickness parameters
has been thoroughly investigated. Synthesized Au nanoparticles were characterized using a field emission scanning electron
microscope (FE-SEM), Rutherford backscattering (RBS) measurement, X-ray diffraction (XRD), and optical absorbance
spectroscopy. The role of annealing temperature and time duration on the evolution of Au nanoparticles has been discussed
in detail based on optical absorbance spectroscopy. The present study shows that 5 nm thickness Au thin film which was

annealed at 500 °C for 90 min exhibited the strongest surface plasmon resonance (SPR) effect.
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Introduction

Plasmonic metal nanoparticles of noble metals such as Au,
Ag, and Cu are of great interest because of their unique opti-
cal, electrical, and subsequent application in chemical sen-
sors, biosensors, photonic devices, resistive random access
memory (RRAM) and DNA engineering, etc., due to their
unique property of surface plasmon resonance (SPR). How-
ever, the SPR properties of these nanoparticles depend upon
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their size and shape as well as the dielectric constant of the
medium [1]. Altering the shape and size of nanostructures
in the form of nanorings, nanorods, and nanospheres is quite
tricky to get desired SPR properties and requires the use of
various chemical and physical methods [2]. The effect of the
annealing process on the evolution of Au nanorings at the
surface of indium tin oxide (ITO) was reported by Ruffino
et al. [3]. The size of nanoparticles and their distribution
depends upon the environment in which they are grown.
A recent report by Meischein et al. shows the effect on the
size distribution of Ag, Au, and Cu in different ionic liquids
[4]. On a similar note, the role of viscosity of ionic liquids
surface in controlling the size of Au nanoparticles depos-
ited by sputtering has been reported in the literature [5, 6].
In addition to this, the effect of annealing temperature and
the atmosphere was investigated by M. Bechelany and they
observed the transformation of the honeycomb mask of Au
nanoparticles deposited by sputtering into the hexagonal
arrays [7]. Mishra et al. investigated the effect of annealing
temperature and annealing conditions on the formation of
Au nanorings on the quartz substrate. In another report, a
systematic investigation was made on tuning localized sur-
face plasmon resonance (LSPR) properties of Au nanoparti-
cles embedded in the ZnO matrix with varying temperatures
from 200 to 600 °C. The redshift in LSPR was observed with
increasing annealing temperature on account of the agglom-
eration of Au nanoparticles. The process of diffusion of
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small Au nanocrystals during the annealing was responsible
for the growth of Au nanoparticles. In another examination,
the formation of silver nano cups on the surface of quartz
using ultra-thin silver film and their subsequent annealing in
an inert environment was also investigated by Mishra et al.
The atomic force microscopy (AFM) measurements show
the presence of unsymmetric islands in the as-deposited
film, while annealing at 900 °C in Ar environment shows
the evolution of nanocup-type structure. Ostwald ripening
and buckling phenomenons were responsible for their evo-
lution because of the existence of a metastable state during
the process of annealing [8—10]. Pannu et al. demonstrated
the formation of Au nanoparticles on graphene substrate by
the way of varying thin film thickness which was annealed
at 400 °C. The formation of Au nanoparticles with optimum
thickness was responsible for engineering strain in graphene
nanosheets, which in turn alters the semiconducting proper-
ties [11]. The formation of Ag nanorings was illustrated by
Mohapatra et al. The nanorings are formed by the atom beam
co-sputtering method through the self-assembly of Ag nano-
particles embedded in the silica matrix. The study reveals
that the change in ring dimensions is due to a change in
surface diffusivity of Ag nanoparticles in different substrates
that is carbon and silica substrates [12]. Khan et al. adopted
the glancing angle deposition method to develop aligned
nanodots on a rippled silica substrate. Low energy ion beam
irradiation was used to fabricate the rippled silica substrates.
An atomistic simulation was performed on the annealing
and deposition process by using Monte Carlo techniques
to develop aligned nanodots. The study reveals that the rip-
pled silica template/transparent substrate could be of great
interest to obtain aligned metal nanoparticles with narrow
size distribution for application in biosensing [13]. Singhal
et al. reported the formation of Au—Cgy, nanocomposite by
thermal co-evaporation followed by thermal annealing treat-
ment from 150 to 300 °C. Evolution of broad SPR peak was
observed at 250 °C and with the rise in temperature, a blue
shift in SPR peak was realized due to transformation of Cg
fullerene matrix into amorphous carbon [14]. All the reports
discussed above confirm the significant role of annealing

Fig.1 Schematic presentation
of samples prepared by adopt-
ing different thicknesses and
annealing parameters

parameters and the substrate on the plasmonic properties of
metal nanoparticles.

ITO (Sn-doped indium oxide)-coated glass substrates are
most commonly used to prepare thin films for their appli-
cation in resistive random access memory (RRAM), solar
cell electrodes, photoelectrochemical water splitting studies,
etc. [15—17]. The authors have prepared Au nanoparticles by
various routes such as electrodeposition and citrate reduction
method and examined their role in enhancing photoelectro-
chemical response for hydrogen generation for metal oxides
viz. Fe,05 and BiVO,/Fe,0; heterojunction, respectively
[17, 18]. The motivation behind the present investigation
is to get the optimum thickness, and annealing parameters
to derive maximum SPR effect by adopting the sputtering
method to deposit Au nanoparticles on ITO-coated glass
substrates. The parameters so obtained were utilized to pre-
pare thin films of Au/TiO, which were further irradiated
with 500 keV Ar** ion beams for their application in PEC
water splitting for hydrogen generation, and the results have
been reported by the authors [19].

The present work reports the highlights of the effect of
film thickness, annealing temperature, and time on the evo-
lution of Au nanoparticles on ITO-coated glass substrate
deposited by the sputtering method. Various sets of samples
prepared under the present investigation are shown below
in Fig. 1.

The absorbance spectrum of all 27 samples along with
FE-SEM imaging was performed. The thickness of the
sample was confirmed by Rutherford backscattering (RBS)
measurements.

Experimental

Au thin films were deposited under inert conditions using
Q150T S, Quoram Technologies, a high vacuum turbo
pumped sputter coater system available at Inter-University
Accelerator Center, New Delhi. Plasma in the deposition
chamber was created using Ar gas under vacuum conditions
and by increasing time of deposition time from 10 to 50 s to
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deposit three different thicknesses of 2 nm, 5 nm, and 8 nm
on cleaned ITO-coated glass substrates. The as-deposited
thin films were then annealed for the different time dura-
tions (30 min, 60 min, and 90 min) and at each annealing
temperature, viz. 400 °C, 500 °C, and 600 °C in an inert N,
atmosphere.

Thin films so obtained were characterized by FE-SEM
instrument (MIRA II LMH from TESCAN) for surface mor-
phology at IUAC, New Delhi. The chemical analysis of the
samples was carried out using Oxford Instruments energy
dispersive spectrometry (EDS) attached with the AZTEC
program at a working distance of 15 mm, voltage 15 kV, and
X-ray counts up to 90 s, utilizing a facility at the Department
of Chemistry, DEI, Dayalbagh, Agra. The elemental peaks
were resolved with the AUTOID program of the system.
EDS facility is the fitment of a JEOL JSM-7610F PLUS field
emission scanning electron microscope (FESEM).

The samples were also observed in XRD, which was per-
formed with Bruker D8 AAVANCE with Cu Ka radiation
source with 20 scan range of 20-60° with a scan speed of 2 s/
step and step size of 0.05°. UV-visible optical absorbance
spectroscopy was performed by a double-beam UV-visible
spectrometer, UV-1800, Shimadzu, Japan. XRD and opti-
cal absorbance facilities were availed at the Department of
Chemistry, DEI, Dayalbagh, Agra.

The areal concentration of Au in the sample was deter-
mined by RBS experimental technique where a 2-MeV He
ion beam from a 1.7-MV Pelletron accelerator was used to
record the Rutherford backscattering spectrum. A silicon
surface barrier detector having a resolution of 20 keV was
used for finding backscattered He ions at an angle of 165°
from the beam direction with a solid angle of 1 msr. The
SIMNRA software, which is a Microsoft Windows program,
is utilized to simulate and analyze the backscattering spectra.
RBS measurements were performed using tandem accelera-
tor facilities available at Inter University Accelerator Center,
New Delhi.

Results and Discussion
Microscopic Imaging and EDS Measurements

The particle size distribution of all the samples was deter-
mined from FE-SEM images. The ImageJ software was used
to get the average particle size of particles. A typical FE-
SEM image of plane/pristine ITO glass substrate is given
below in Fig. 2.

Figures 3, 4, and 5(a—i) show the FESEM image for various
annealing time and temperature. It is shown for all three dif-
ferent thicknesses. The inset of FE-SEM micrographs shows
the particle size distribution.

=00

Fig.2 FE-SEM micrograph of plane ITO substrate

In the case of a 2-nm-thick Au film, the average particle
size lies in the range of 24-34 nm. From the particle size
distribution shown in Fig. 6, with an increase in time and
temperature for annealing, the particle size tends to increase.
A similar trend of increase in particle size with a rise in
temperature rise on SiO, substrate was reported by Kwon
et al., which is showing an increasing trend [5].

As can be seen in Figs. 4 and 5, for 5- and 8-nm thick-
nesses at the lowest annealing temperature of 400 °C, dewet-
ting was observed. An increase in annealing time for 5-nm-
thick Au film at 500 °C led to an increase in particle size
from 77 to 83 nm. At 600 °C, 78 to 94 nm increase in parti-
cle size was observed by increasing annealing time. When
the duration was raised to 90 min, particle fragmentation
was observed, indicating that high temperature and time for
annealing are responsible for the dissolution of particles at
the surface.

At the highest thickness, i.e., 8 nm taken in the present
study, dewetting was observed at the lowest temperature of
400 °C. On increasing annealing temperature to 500 °C, the
particle size of 171 and 170 nm was obtained at 60- and
90-min annealing time, while for 30 min annealing time
average particle size was 256 nm, showing agglomeration of
Au nanoparticles. On further increasing annealing tempera-
ture up to 600 °C, particle dissolution was observed showing
a reduction in particle size.

EDS measurements of pure ITO glass and Au thin film
of 5 nm thickness (500 °C, 90 min) and 8 nm thickness
(400 °C, 30 min) were also performed as shown below in
Fig. 7. Pure ITO substrate shows the peak of In, O, and Sn
while the peak of Au is clearly visible in Au deposited and
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Fig. 3 (a-i) FE-SEM micrographs of 2-nm-thick Au film annealed for different time durations at varied annealing temperatures

annealed on ITO glass substrate. The EDS spectrum shows
5.4 wt% of Au in 5 nm thickness film and 9.6 wt% of Au in
8-nm-thickness film.

Optical Measurements
To confirm the effect of annealing on sputter-deposited

nanoparticles, the absorbance spectra of plane ITO sheet
and as-deposited films were recorded and are presented in

@ Springer

Fig. 8. It is clearly visible from the figure that the absorb-
ance spectra of as-deposited Au thin films match well with
the plane ITO, which confirms the absence of nanoparticle
formation that was responsible for the SPR peak.

Figure 9a—c shows absorbance spectra for 2-nm-thick film.
The broad absorbance is visible on account of the variable size
of particles up to 500 °C. At a high temperature of 600 °C,
maximum absorbance was attained at 90 min annealing time
which shows direct relation with increasing particle size.
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Fig. 4 (a-i) FE-SEM micrographs of 5-nm-thick Au film annealed for different time durations at varied annealing temperatures

In the case of 5-nm-thick films, absorbance at low
temperature does not show SPR due to dewetting of films
(Fig. 9d). At 500 and 600 °C, maximum intensity SPR
peaks are visible at 90 and 60 min annealing time, respec-
tively, and the SPR peak intensity shows direct depend-
ency on the particle size of nanoparticles so formed
(Fig. 9e, 1).

Likewise for 8-nm-thick film, dewetting was promi-
nent at a low annealing temperature of 400 °C. At high

temperatures, particle size shows harmony with the calcu-
lated average particle size. The shift in SPR peak toward
higher wavelength was observed due to the bigger-sized Au
nanoparticles, and in addition to this, reduced absorbance
is a result of prevalent light scattering by larger size Au
particles.

From the UV-vis spectroscopy, it is clear that for 2- and
8-nm-thick Au thin films, no clear signature of SPR is as such
visible. Thus, for 5-nm-thick Au film (annealed at 500 and
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Fig.5 (a-i) FE-SEM micrographs of 8-nm-thick Au film annealed for different time durations at varied annealing temperatures

600 °C) was taken to see the dependence of surface plasmon
resonance peak position on average particle size (Fig. 10).
For 5-nm-thick Au film annealed at 400 °C, film dewetting
was prominent. At 500 °C, with an increase in annealing
time, particle size increases, and SPR peak is shifting toward
higher wavelength, i.e., redshift is visible. On increasing
annealing temperature to 600 °C, the redshift in SPR peak
is observed up to 60 min annealing time, but for 90 min
annealing, particle size reduces from 94 (60 min annealing)
to 86 nm on account of particle dissolution, which results in

@ Springer

a shift of SPR peak from 633 to 629 nm. This can also be
inferred that high annealing temperature does not influence
SPR peak position at large with increasing annealing time.

RBS Measurements

The RBS spectra of three thicknesses of Au films on ITO-
coated glass are shown in Fig. 11, and all RBS peaks related
to Au, Sn, In, Si, and O have been assigned. The area under
the RBS peak reveals the areal concentration of a particular
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Fig.6 Average particle size distribution of a 2-nm-, b 5-nm-, and ¢ 8-nm-thick films recorded at varying annealing parameters

element. With an increase in the thickness of Au from 2 to
8 nm, the area under the Au RBS peak is increased, and this
confirms that the area concentration of Au has been increased,
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Fig.7 EDS spectrum of a ITO substrate, b Au thin film of 5 nm, and
¢ 8 nm thickness

as also suggested by an experiment. The areal concentration of
the element is calculated using the formula given below [20]:

_ Ysina

do
NPEQ

N,

c

where N, is an areal concentration for Au element in the
RBS spectra, Np is the number of incidents of He ions, Q
(=1 msr) is the solid angle subtended by the detector, a
(=90°) is the angle between beam direction and the sample
surface, and (do/0Q) is the differential Rutherford backscat-
tering cross-section. The areal concentration of Au on the
ITO-coated glass substrate is calculated and mentioned in
Table 1. The recorded spectrum is shown in Fig. 11 confirms
the presence of Au at channel no. 1800.

In literature, the RBS studies reported by the Kumar
et al. reveal diffusion of Ag atoms in glass as a result of
post-annealing that leads to a decrease in peak height of
Ag [21, 22], while in the present study, as such, no change
in peak intensity can be seen as an effect of post-annealing.
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Fig.8 Absorbance spectra of plane ITO along with as-deposited thin
films
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Fig.9 Absorbance spectra of Au thin films. a—¢ 2 nm Au thin films
annealed at 400 °C, 500 °C, and 600 °C for different time durations;
d—f 5 nm Au thin films annealed at 400 °C, 500 °C, and 600 °C for

X-ray Diffraction Studies

To study the effect of thermal treatment on Au thin films and,
correspondingly, on ITO substrate, 5-nm-thick Au film was
selected for XRD measurements (see Fig. 12). The selected
thin films were annealed for 60-min duration at 400 °C,
500 °C, and 600 °C. The XRD patterns do not show any
impurity peaks except for the peaks of Au (JCPDS card no.
04-0784) and ITO (JCPDS card no. 44-1087), which confirms
that annealing at high temperatures does not affect the crystal-
linity of Au as well as ITO substrate. Moreover, ITO is stable
up to 600 °C [23, 24]. In the case of Au, it can be seen that with
a temperature rise, Au peak intensity is increasing on account
of an increase in particle size. The findings match the average
particle size obtained from FESEM analysis. Kumar et al. also
reported an increase in peak intensity of Ag nanoparticles with
an increase in annealing temperature [21].

@ Springer

0.2+ T T T T T T T T
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

different time durations; g—i 8 nm Au thin films annealed at 400 °C,
500 °C, and 600 °C for different time durations at varied annealing
temperatures

A Mechanism for the Growth of Nanoparticles

The process of thermal annealing affects the optical prop-
erties of noble metal particles. Cu nanoparticles deposited
on phosphate glass, borosilicate glass, and natural pla-
gioclase mineral crystal have been investigated regarding
the role of thermal annealing on SPR evolution in-depth
in past reports by various authors [25-27]. Likewise, the
effect of thermal annealing in silver nanocrystals in soda-
lime glass, and Au nanoparticles in sodium zinc borate
glass have been studied in detail by Kumar et al. [21, 22,
28, 29].

From the reports discussed above, this can be said that
role of thermal annealing is well established in affecting
the SPR properties of Cu, Ag, and Au nanoparticles. In
the present study, the optical absorbance spectra of as-
deposited Au thin films of 2 nm, 5 nm, and 8 nm thickness
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Fig. 10 SPR peak versus average particle size distribution plot for
5-nm-thick Au film annealed at 500 and 600 °C

was matching with the ITO substrate except there is an
increase in peak intensity with increasing thickness of Au
film (see Fig. 8). During the process of thermal annealing,
there starts a process of formation of nanoparticles and this
is clearly visible from the evolution of SPR peaks in opti-
cal absorbance spectra provided in Fig. 9. Though for the
lowest thickness of 2 nm Au film, particles of 24-34 nm

40004 ——2nm
——5nm
1—8nm

Yield (a.u.)

200 400 600 800 1000 1200 1400 1600 1800 2000

Backscattered Energy (keV)

Fig. 11 RBS spectrum of Au thin films

Table 1 Thickness of Au thin films by SIMNRA simulation

Film identity Areal concentration Film thickness
2 nm, 500 °C, 60 min 17 % 10" atoms/cm? 2.8 nm

5 nm, 500 °C, 90 min 41x 10" atoms/cm? 6.9 nm

8 nm, 400 °C, 30 min 63 x 10'3 atoms/cm? 10.6 nm

T 600°C

* 3
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Fig.12 XRD plots of 5 nm Au thin film annealed for 60 min at
400 °C, 500 °C, and 600 °C

size are present. In the case of 5-nm- and 8-nm-thick Au
film, initially, a low temperature of 400 °C does not facili-
tate nanoparticle formation even for a longer duration of
annealing, and film dewetting was noticed. But, as the
temperature rises to 500 °C and 600 °C, the formation of
nanoparticles is visible and has been discussed in detail in
the “Microscopic Imaging and EDS Measurements” and
“Optical Measurements” sections. During the process of
annealing, particle growth is observed by the agglomera-
tion process up to a limited annealing duration by a process
of Ostwald ripening, and then the dissolution of the particle
is seen as a consequence of low binding energy of surface
atoms [2, 8]. The growth of nanoparticles under thermal
annealing is well described by Oswald ripening and the
equations governing the process. The details of the process
and equations have been well described in the literature
[30]. In the current investigation, ITO substrate does affect
the formation of nanoparticles, yet thermal annealing does
not ensue implantation of Au nanoparticles in ITO, which
has been confirmed through RBS and XRD studies.

Conclusion

The investigation on annealing of Au thin films with dif-
ferent thicknesses for different time durations revealed that
5 nm thickness annealed at 500 °C temperature for 90 min
duration offers the best SPR effect. Besides this, it was also
observed that dewetting of films occurs at low annealing
temperature while increased temperature and annealing time
leads to particle fragmentation. The study aimed to obtain
suitable conditions to use these nanoparticles as visible-light
sensitizers.
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