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Article Info. Abstract

To develop novel optoelectronic devices, controlling and predetermined absorption is necessary. In the current work, the
gold nano-islands were sputtered onto quartz surface substrates using a DC sputtering unit with an optimized chamber.
The effects of the sputtering time (10, 15, and 20 seconds) on the characteristics of the golden layers deposited on quartz

Article history:

Received substrates were studied. Au nanofilms were investigated by XRD (X-ray diffraction), UV-Vis (ultraviolet-visible light)
16 April 2023 diffractometer, and AFM (atomic force microscopy) techniques. The thicknesses of the three films prepared at different

sputtering times (10, 15, and 20 seconds) were calculated using the theoretical deposition formula method. The average
Accepted layer thickness, and hence the size of the golden crystallites, rose from 6.8 to 13.6 nm when the sputtering period was
02 August 2023 increased. The X-ray spectra revealed a very distinctive peak at (111), indicating that the gold single crystal is fully oriented
Publishing along [111] and the gold film has a pure crystalline FCC structure. When deposition times are lengthened, the color of the

resulting films change from blue to green. Nano-films have shown important changes in their surface shape and roughness.
The structural layer of Au's surface is remarkably semi-spherical, giving it a spherolitic and hummock-like appearance.
Analyzing the UV-VIS spectra of the precipitated structures using Tauc's paradigm revealed the optical energy gap (non-
zero Eg in the range of 2.36 to 2.38 eV) that is associated with the nanostructure's semiconducting properties. In addition,
as the sputtering duration increases from 10 to 20 seconds, the wavelengths at which peak values of the surface plasmon
resonance occur shift from 610 to 650 nm, and the widths of the peaks rise. The AFM images of the ultra-thin Au layers
showed smooth surfaces whose roughness decreases from 1.82 to 0.673 nm with increasing sputtering time from 10 to 20
seconds. Solar cells can take advantage of the higher absorption in the blue spectrum region by using a set of depositing
parameters and prescribed thicknesses. In addition, the formation of nano-islands can also be used as nucleation sites (seed
layer) to promote the growth of various nanostructures to obtain a good aspect ratio and improve the performance of
various optoelectronic devices and gas sensors.
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1. Introduction

The many fields and purposes that can be met by nanotechnology contribute to its ever-growing popularity [1-3]. Noble metal nanostructures,
such as those made of Au or Ag, have been actively investigated for decades because of human demand for innovative properties of materials,
in particular because of their stunning qualities in the visible spectrum [4-6]. At present, nanotechnology is a major factor in almost every field
of study [7]. It has been widely adopted in the chemistry, engineering, and technology industries, and is even making its way into the medical
and pharmaceutical fields [8]. This is due to its great stability, low size and density, high surface area-to-volume ratio, and high chemical
reaction efficiency [5]. It was found that the electromagnetic model proposed by Drude in 1894 to explain the optical characteristics of metals
agreed with experimental data from the deposited thin films [9,10]. Not only do nanostructures of noble metals have interesting catalytic and
electrical properties, but they also have unique form-dependent optical qualities that have garnered major technological applications, and this
is especially true for gold nanoparticles due to their plenty [11,12]. Considerably thin metal films have optical characteristics very different
from those of bulk metals, and this difference cannot be explained by changes in the metal's nature [10, 13]. It was Garnett, in 1904, who
proposed that the discontinuity form nature of quite thin films, which can consist of tiny aggregates and very tiny islands, could account for this
variation in optical characteristics [10-14].

Metallic gold nanoparticles are employed as a catalyst seeds layer to promote the nucleation and produce 1D nanostructures of metal oxides
like ZnO nanostructures. This catalyst seeds layer improves the characteristics of nanostructures utilized in applications such as chemical gas
sensors and solar cells [15-17]. Previous research has revealed that the structure and size of gold nanoparticles affect their thermodynamic
stability [18]. When gold nanoparticles' size is lowered, their melting temperature will drop dramatically [19][20]. However, the melting point
scales with the dimensions of a material as its size drops toward the nanoscale level and approaches the atomic scale [10]. Gold nanofilm layers
are used in a wide variety of modern electronic applications, including microelectronic and nanoelectronic systems (MEMS and NEMS) and
chemical sensors [21-23]. Chemical and physical techniques, such as chemical vapor deposition (CVD), thermal evaporation, physical vapor
deposition (PVD), direct current (DC) sputtering deposition, sol-gel deposition, pulsed laser ablation, and electrochemical precipitation, can all
be used to produce Au nanostructures [24-27].
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Nomenclature & Symbols

Eg Energ Gab AFM Atomic Force Microscopy
t Sputtering Time 0 Bragg's Diffraction Angle
hv Photon Energy o Absorption Coefficient

B Half-Width At Half-Maximum € Strain

1 Dislocation K Material Characteristic

D Crystalline Size RMS Roughness

SPR Surface Plasmon Resonance | Sputtered Current

d Film Thickness \ Applied Voltage

In this work, gold nano-islands were sputtered at various sputtering times (10, 15, 20 seconds) onto quartz substrates using the DC sputtering
technique. It is important to study the change of optical, structural, and morphological properties of sputtered golden layers as a function of
sputtering time and the relationship of this to the different mechanisms of movement of charge carriers. In addition, the study investigates the
formation of these gold nano-islands as they transform from bulk material to nanoscale, and aims to understand the potential of utilizing the
unique features of these nanofilms that could significantly impact the future manufacture of solar cells and enhance many optoelectronic devices.

2. Materials and Method
Soap and water were used to clean quartz substrates (1.5 x 2.5 cm?) before the substrates were sonicated in methanol and acetone for 10 minutes.
After being washed with distilled water, the substrates were blown dry with nitrogen gas. An ion coater (3Targate Plasma Sputtering Coater

MTI Corporation, shown in Fig. 1) was used for the sputtering of gold nanofilm layers on the quartz substrates. DC Ar plasma, 7.5 W of
discharge power, 99.995 % pure gas 10, 15, and 20 seconds of sputtering time: these were the parameters for deposition.

Cathode: DC Voltage l Plasma Sputter Coater

Gold Target
4 e

R Control
Svstem

n
Fig. 1. a. Show the plasma process [28], b. lon Coater sputtering system

The produced Au nanofilms' crystalline structures were examined using an X-ray diffractometer (X'Pert High Score PANalytical 021-44862778,
Philips PW1730) that was set to 40 kV and 30 mA, with Cu Ka radiation (A = 1.54056 °A). UV-VIS spectrophotometer (BEL Engineering UV-
M51 Single Beam Spectrophotometer of the wavelength range 200-1100nm) was used to examine the optical properties. Absorption coefficients
were calculated from optical measurements and plugged into Tauc's equation [24], a(v) = A(hv — Eg)*hv, in which o (the absorption coefficient),
Eq is the (optical band gap) of the substance, x specifies the (type of electron transition), and A (factor relies on the transition eventuality) and
is assumed to remain consistent within the range of the optical frequency. In these nanolayers, indirect transition cannot be eliminated; therefore,
x = 1/2 may be utilized in the equation. Following this, the Eq (Optical band gap width) was determined through linear extrapolation of plots
(ahv)'2 versus photon energy (hv). Atomic force microscopy (AFM AA2000 / SPM) was used to investigate the deposited films' topography
and morphology [29].

3. Results and Discussion

Sputter coating works by using a heavy gas to ionize metal target atoms like gold. Quartz substrates are placed into the coating unit, and then
the ionization gas ejects gold particles from the target, which travel across the plasma and are deposited on the quartz substrates. In a low
vacuum setting, a low voltage sputtering coater technology may deposit metal at rates of up to 1 nm/s (0.02 to 0.15 mbar). The sputtering coater
method employed in this research had a deposition rate of 0.68 nm/s. The parameters for Au sputter deposition are shown in Table 1.

Table 1. Sputter coater settings for sputtering. (MTI Corporation)
Working pressure (mbar) Base pressure (mbar) Flow rate (sccm) Current (mA) Applied voltage (kV)
15x10-1 0.2x10? 150 4.0 1.0

An ion coater is a plasma sputter coater used to deposit metallic nanostructured layers, like Au or Ag. Different time sputtering (10, 15, and 20
seconds) was used to depose Au nanostructure films successfully using a DC sputtering system (3Targate Plasma Sputtering Cotter MTI
Corporation). Because of its precision and dependability, this method can be utilized to manufacture a large variety of nanostructures and may
be employed in the construction of a wide range of electronic devices, such as gas sensors and solar cells [30-32]. The plasma sputter process
includes three main steps [33] (see Fig. 1):

=  The sputtering chamber must be purged using Ar gas and the pressure must be reduced to 1.5 x 10! mbar to increase the intermolecular
spacing between argon molecules.
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=  The cathode emits electrons when a high voltage of 1 kilovolt (kV) is supplied to it. Electrons, boosted by the electric field, smash
into the argon molecules in the vacuum chamber. As the Ar plasma forms, a purple glare can be seen (Fig. 1-a).

Gold particles are deposited on the substrates after energetic Ar ions gain energy in an electric field and smash into a gold target (Fig. 1-b).
3.1. Dependence of film thickness on sputtering time

The thickness d of the deposited thin films is influenced by many factors, including the type of the target material, applied voltage V, sputtered
current 1, and deposition time t. A close description of the connection between these variables can be observed in the following theoretical
deposition formula [29, 13]:

d = KIVt @
To be more precise, the material characteristic, K, is 0.17 for gold in Ar gas. As sputtering time increases, the amount of gold particles removed

from the target increases. This leads to the expected increase in film thickness, as shown in Fig. 2. These results are consistent with the findings
of the researchers Abdulgader et al. [29].

Thickness(nm)
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Fig. 2. Thickness of gold film vs. Sputtering time (10, 15, and 20 seconds)

Table 2 displays the results of applying the empirical equation (eq. 1) to calculate the thickness of the three films prepared at different sputtering
times. We could not measure the thickness of the deposited films using the SEM test, as the films burned inside the test device due to their very
small thickness.

Table 2. Thicknesses of 3 samples for (10, 15, and 20 seconds) sputtering time
Sputtering Time (s) 10 15 20
Thickness (hm) by Empirical Method 6.8 10.2 13.6

3.2. X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive analytic technique that can disclose crucial details about the lattice structure of a crystalline
substance, such as the dimensions of the unit cell, chemical characteristics, bond angles, and crystallographic structure of both synthetic and
natural substances. The XRD method relies on the idea of constructive interference between X-rays and the specimen, which can only be
achieved with a crystalline specimen. Bragg's law, which describes the interaction responsible for the production of constructive interference
when x-rays are incident on a sample, connects the wavelength of the incident radiations to the diffraction angle and lattice spacing [34][35].
Using an X-ray diffractometer system, we analyzed the crystal structure of Au that had been sprayed onto quartz surfaces (for 20 s sputtering
time). Fig. 3 depicts the diffraction peaks for reflection from the planes (111), (200), and (311) at 20 = 38.184°, 44.392°, and 77.547°. The X-
ray spectra revealed a very distinct peak at (111), indicating that the gold single crystal is fully oriented along [111] and the gold film has a pure
crystalline fcc structure that matches card number 00-004-0784 [36, 37].

To calculate the crystalline size (D nm) of the Au nanostructure, Scherrer's equation was used as follows [38][39]:

0.91
D= BcosO (2)

in which A is the wavelength, 0 is Bragg's diffraction angle, and B is the FWHM (half-width at half maximum). Table 3 displays the outcomes
of an XRD investigation performed on an Au nanostructure.

The microstrain € for the Au film is determined by the formula:

_ PBcoso
g= B8 3)

while the density of dislocation § that indicates a crystal imperfection related to the distortion of the lattice is determined by the equation:

1
5=ﬁ €))
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Fig. 3. The X-ray pattern of a gold film sputtered onto a quartz surface
Table 3. Structural parameters for Au nanostructure layer
(hkl) 20 Beta(rad.) Crystallite (¢) Strainx10* (8) Dislocation d(°A) d(°A)
(deg) size D (hm) (lines?/m*) x10% (1/m?) Exp. Theor.
(111) 38.184 0.0040 34.6 7.9 8.4 2.30 2.36
(200) 44.392 0.0052 26.9 9.2 13.8 1.99 2.04
(311) 77547 0.0047 29.5 2.5 11.4 1.20 1.23

As crystals are regrown close to their surfaces, the lattice parameters swerve from their typical values. This deflection is particularly noteworthy
for nano-crystal structures because of their large surface area to core ratio [40, 41]. It is observed that the produced samples have varying lattice
parameters depending on sputtering time. Specifically, when the deposition period increases, the average layer thickness and size of the gold
crystallites both increase with sputtering time, matching the findings of V. Vorak et al. [42].

3.3. Effect of sample thickness on obtaining accurate and reliable XRD data

The lattice parameters of metallic nanostructures formed as thin nanofilms by a physical deposition technique are not material invariant but
greatly rely on the nanolayer thickness, as shown previously in other work [43, 44]. The dependence shows that the lattice parameter declines
monotonically with layer thickness. Relaxation of internal stress during gold cluster formation explains this phenomenon [45]. Only samples
thicker than 10 nm can have their lattice parameter calculated for thin metal films (here gold) [30]. To find out how a decrease in lattice
parameters affects the density of gold structures, it is necessary to measure the effective thickness and mass of deposited structures and calculate
the effective density by a standard method. The density rises as the layer gets thicker; at around 90 nm, it attains the density of bulk gold. The
increased fraction of free volume in gold nanoclusters is likely to be blamed for the lower density of thinner structures. As has been reported
elsewhere, X-ray diffraction experiments revealed that the lattice parameter decreased monotonically with increasing thickness. Measurements
of the effective weight and thickness of the formed nanostructures show that the density of the deposited Au increases as the structure thickness
increases [30]. At thicknesses of layers greater than 90 nm, the bulk value is attained. As the clusters become larger, the ratio of free volume
decreases while the gold density increases [46]. Previous research has shown that gold layers thicker than 100 nm formed on glass substrates
have a uniform density with a mean value of 19.3 g cm typical of bulk material [30, 40].

3.4. UV-VIS Characteristics

Group 11 of the periodic table is where you'll find gold and the other transition metals. In addition to being resistant to most acids, including
nitric acid and hydrochloric acid, gold is also regarded as a noble metal because of this property [43-45]. Photographs of the nanostructured
gold samples' surfaces after being sputtered for different durations are shown in Fig. 4. Increasing the sputtering time resulted in darker
precipitated samples, and we also observed a little change in color from blue to green; this was probably because the darker color was related
to the thickness of the gold structure, as seen in the photographs. As can be seen from these observations, the gold layer thickens with continued
sputtering, going from 6.8 nm at 10 seconds to 10.2 nm for 15 seconds to 13.6 nm following 20 seconds [42, 45].

UV/Vis optical spectra of ultrathin Au nanofilms are structure-dependent [46-48]. Depending on the medium, surface structure, particle size,
and form, the localized absorption characteristic of Au films can change significantly [49]. The optical absorption spectra of a gold nanostructure
layer sputtering onto quartz substrate surfaces for 10, 15, and 20 seconds are shown in Fig. 5 using data from UV-VIS spectrophotometer
examinations. The absorbance of the gold nanocrystalline films rises as the sputtering duration increases, as shown in the graph (and hence,
with increasing thickness). The spectrum measurements show a minimum absorption at roughly 500 nm, shifting slightly to red as the nanofilms
became thicker [30].
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Fig. 4. Samples photographed of quartz with gold structures at various times
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Fig. 5. Absorption changes in the Au nanofilms as a function of wavelength (nm)

At the interface of dielectric/metal, free electrons interact with light, resulting in the formation of surface plasmons (SPs). Under particular
conditions, the excitation of the SPs results from the oscillation of the free electrons at the metallic surface in resonance with the incident light
wave and will either be propagated along the interface or confined to the metallic particles [50]. It has been shown that particle shape, size, and
environment all affect the position and width of the SPR resonant peak [4,51,52]. The absorption peak moves to longer wavelengths with
increasing sputtering duration, likely due to the interlinked and mutually interactive structure of gold nanoparticles, which may be accountable
for this observation. According to experimental reports, with an increase in the nominal thickness of the film, the wavelength of the plasmon
resonance shifts to red [53, 54]. Many researchers have correlated this redshift to variations in the aspect ratio, or dimensions, of the nano-
islands [4, 55]. A high absorbance value for the sputtered structure is indicative of a discrete gold islands formation. It is well known that as the
size of a spherical gold nanoparticle grows, the wavelength of the single peak attributable to the localized plasmon shifts to the longer side
(redshifts) and extends in width as the particle size grows [8]. Higher absorption was observed at longer wavelengths, which may be due to the
effect of surface plasmon resonance [56]. Inhomogeneous and discontinuous layers composed of nanometer-sized metallic clusters that are 6.8
to 13.6 nm thick reveal the absorption in the visible region. This phenomenon is attributed to the SPR in the metallic islands, where the surface
plasmon peak is shifted from 610 to 650 nm at 10 and 20 seconds of sputtering time, respectively. It is common knowledge that the optical
absorbance of gold nano-island films is a function of the density of the gold islands [57]. As the density of the islands rises, the absorption band
caused by the particles' bounded plasma resonance shifts to longer wavelengths. With increasing cluster size (film thickness), the absorption
band broadens due to a more even distribution of particle sizes, and a redshift also occurs with increasing cluster size [30]. In any case, two
unique peaks appear whenever gold nanoparticles are sputtered onto a quartz substrate. The position and width of each of these peaks are
influenced by the sputtering duration, which is compatible with Priyabrata Pattnaik's research work [29]. The optical technique known as surface
plasmon resonance (SPR) is used to study the refractive index of adsorbing metal layers' surfaces. An extremely small amount of absorbed light
energy at an extremely narrow angle might decrease the reflected light through interactions with non-specific electrons in the metallic layer
(plasmonic). The SPR technology is based on the notion that photons can be transformed into surface plasmons by exciting the plasmons on
the surface of a metal nanofilm using light of a specific wavelength (the wavelength being determined by the adsorbent's refractive index). Two
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absorption peaks are observed for the two deposited gold nanofilms due to plasmonic transformations and innerband interactions (10 and 15-
second sputtering time). The long-wavelength area is where the plasmonic peaks reside (redshift) [30, 42]. UV-Vis spectra were analyzed using
the famous Tauc's model and measuring the optical band gap (Eg) of sputtered specimens for different sputtering times. Fig. 6 graphically
displays this correlation. Sputtered structures with a sputtering time of less than 20 seconds show a non-zero optical energy gap (see Figure).
To properly comprehend the behavior of ultra-thin metal nanostructures (< 20 nm), it is necessary to consider both the quantum-size and surface-
size effects. This quantum-size effect in small structures leads to a non-zero optical energy gap (Eg) and the semiconducting behavior of the
gold nanostructure. A non-zero band gap indicates semi-conducting properties of the sputtered gold nanostructures. The valence band and the
conduction band overlap in the metal block (gold block), while in semiconductors there is a forbidden band gap that separates the valence band
and the conduction band. The presence of a non-zero band gap in the sputtered gold structures indicates that these structures possess
semiconductor properties [24]. This effect has been observed here. The influence of quantum confinement is especially noticeable in the blue
part of the spectrum, in which peaks with low nanoparticle dimensions may be observed in Fig. 5, where the system of quasi-static or the zone
of intrinsic volume is famous. When compared to prior investigations on the subject of gold nano-islands precipitating via thermal evaporation,
redshift's findings were consistent [38].
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Fig. 6. Variation in optical energy gap (eV) as a function of gold nanostructure sputtering time(s)
3.5. AFM Characteristics

The topography of the film's surface can be studied with great detail using an atomic force microscope (AFM). Using an air-operated AFM, the
surface morphology and roughness of Au films created by DC sputtering on quartz substrates were analyzed. Fig. 7 shows images captured by
an atomic force microscope which reveal the surface morphology of the gold layer after 10, 15, and 20 seconds of sputtering (Figs. 7-a, b, and
c, respectively). Fig. 7 shows that the surface configuration of the as-sputtered nanostructures does not rely noticeably on the sputter times. The
structural layer of the Au surface is remarkably semi-spherical, giving it a spherolytic and hummock-like appearance. The layered growth stage
is related to the monotonic decline of surface roughness (in the range 1.82-0.673 nm) with deposition time, and it was found that the diameter
of the nanoparticles is about (58.84 to 49.77 nm) nm on average. When comparing the average particle size obtained from AFM images to the
crystallite sizes obtained from the X-ray pattern for gold films, there is a high level of consistency in the growing mode (see Table 4). The stage
of layer growth is related to the monotonic decline in surface roughness with deposition time. During the earliest stages of metal film forming,
the layer is formed from isolated islands. After that, during subsequent deposition, linkages are formed between clusters, and the resulting layers
are uniform and homogeneous. A thicker layer has grown during the sputtering process as seen by a decrease in the surface roughness of the
substrates.

Table 4. Measurements of AFM test for DC-sputtered Au nanofilms, including their mean particle size, roughness, and root-mean-squared

roughness
Sputtering . Average Average Diameter
Sample No. Time(s) AU Thickness (nm) Roughness(nm) RMS Roughness(hm) (nm)
S1 10 6.8 1.82 2.49 58.84
S2 15 10.2 1.18 1.52 57.16
S3 20 13.6 0.673 1.03 49.77
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4. Conclusion

DC-sputtering was used to deposit Au nanostructures on quartz substrates for 10, 15, and 20 seconds, and then their characteristics were
investigated and studied with UV-Vis, X-ray, and AFM tests. The thicknesses of the three films prepared at different sputtering times were
calculated using the empirical formula. A change from blue to green was observed as the sputtering time and the thickness of the gold nanofilms
increased, indicating a change in the prepared samples' nanostructure. A non-zero energy gap of gold nanostructure was found by analyzing
their UV-Vis spectra using Tauc's model, in which a non-zero band gap indicates semi-conducting properties of the gold-sputtered
nanostructures. Results from AFM tests revealed that the surface configuration of the as-sputtered nanostructures does not rely noticeably on
the sputter times, where the layered growth stage is related to the monotonic decline of surface roughness with deposition time. Sputtered Au
films on quartz substrates revealed a monotonic decline in surface roughness, root-mean-square surface roughness, and grain size as sputtering
time was increased. The results revealed that 10 s was the best sputtering time, with the highest roughness and RMS. Gold nanostructures may
be evenly and homogeneously distributed on the quartz substrate surface if the experiment is conducted under these conditions. Since the optical
properties are dependent on the layer thickness, these ultra-thin films may be used as photocatalyst seed layers in optoelectronic applications.
Given that the gold nanoparticles are energetic and productive heat carriers and that the optical properties can be tuned by using various substrate
materials like TiOz, these features could have significant impacts on the development of future solid-state solar cells and chemical gas sensors.
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