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Abstract

In this article, gold (Au) thin films were fabricated on glass substrates under vacuum conditions (4.5 X 107% Torr) within
a temperature range of 100-300 K, incrementing in steps of 50 K. Analyses through Field Emission Scanning Electron
Microscopy (FESEM) revealed that at a substrate temperature of 230 K, the films featured spherical clusters of uniform size,
e.g., 11-12 nm, suggesting that the soliton growth mechanism predominates at this temperature. Atomic Force Microscopy
(AFM) further demonstrated that the average surface roughness (Ra) of the Au films varied with the substrate temperature,
ranging from 1.2 to 4.7 nm, with the smoothest film observed at 230 K. X-ray diffraction (XRD) analysis confirmed that all
films exhibited a cubic crystal structure oriented in the (111) plane. Optical analyses indicated that the films produced across
the entire substrate temperature spectrum showed surface plasmon excitation within the 520-600 nm wavelength range. To
excite surface plasmons at longer wavelengths, the Au film fabricated at 230 K was annealed at 773 K under vacuum condi-
tions for an hour, enlarging the grain size to~ 15 nm. Post-annealing, optical measurements revealed a 70-nm shift in the
peak position of the plasmonic resonance to a longer wavelength of 650 nm, showcasing the tunable nature of the plasmonic

effects through thermal processing.
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Introduction

Gold (Au) nanoparticles play a critical role in the excitation
of the surface plasmon resonance (SPR) phenomenon [1-14].
The effectiveness of Au nanoparticles in generating SPR phe-
nomenon within the visible spectrum, e.g., 500—700 nm, has
facilitated their use in cutting-edge technologies, spanning
from biosensors to solar cells, or even photothermal treatment
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of cancer cells [4, 5, 14]. However, a review of the literature
reveals that the synthesis of Au nanoparticles often involves
the use of highly toxic chemical compounds. This presents a
significant concern, especially in therapeutic contexts, where
such toxicity can lead to adverse side effects [14]. Moreo-
ver, an effective realization of the SPR phenomenon metal-
lic nanoparticles must possess a crystal structure comprising
clusters of uniform size [8, 15]. Currently, the fabrication
of metallic and semiconductor films predominantly employs
techniques such as vacuum thermal evaporation, electrodepo-
sition, chemical sputtering, and chemical bath deposition [16,
17]. These methods involve the deposition of materials onto
the surface of heated substrates. However, this process often
results in the formation of films characterized by islets of
varying sizes on the substrate surface [8, 15]. Here, the gaps
between these islets within the crystal structure could lead to
erratic behaviors in the films produced, posing challenges for
achieving consistent and controlled film properties [18-22].

Recently, a groundbreaking approach has emerged for pro-
ducing metallic and semiconductor films, wherein substrates
are cooled to cryogenic temperatures during the deposition
process. Films produced using this innovative cryogenic effect
method have been shown to exhibit qualities akin to those of
single crystals, a notable advancement in material science [8,
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15, 23-26]. This method facilitates film formation through
the soliton growth mechanism, resulting in films composed
of uniformly sized nanoclusters. Given these advancements,
it becomes increasingly evident that employing the cryogenic
effect method to fabricate Au thin films is crucial for achiev-
ing effective SPR phenomenon at visible wavelengths. This
technique promises enhanced precision and uniformity in the
properties of the films, positioning it as a key strategy for
advancing applications in plasmonics and beyond.

Giir et al. discovered that in Au films with a grain size of
12-20 nm created via the thermal evaporation method on a
quartz substrate, the SPR phenomenon occurred at a wave-
length of 520 nm [7]. Their research further indicated that
the plasmonic excitations shifted towards the infrared spec-
trum with increases in grain size and changes in geometric
shape due to temperature effects. This aligns with findings
from multiple studies in the literature that the occurrence of
SPR can vary significantly with the geometry, e.g., spheres
or cylinders, size, and material composition of the metal-
lic nanoparticles [27-32]. In a separate study, Kim et al.
explored how Au nanoparticles influenced the photovoltaic
performance of CdS/CdTe solar cells [4]. By depositing Au
nanoparticles on the CdTe surface in varying proportions,
e.g., control, 0.13%, 0.25%, 0.5%, 1%, and 2%, using the DC
sputtering method, they observed that incorporating 0.5%
Au nanoparticles enhanced the plasmonic excitations at a
520-nm wavelength, positively impacting the photovoltaic
parameters of the device.

Currently, gold (Au) and silver (Ag) nanoparticles,
which are integral to the development of electronic devices
leveraging plasmonic effects and in the photothermal ther-
apy of cancer cells, are predominantly synthesized through
thermal production methods [33, 34]. Yet, films formed on
heated substrates tend to exhibit crystal structures com-
posed of variably sized islands. Studies in the literature
highlighted the importance of achieving a crystal structure
made up of uniformly sized nanoclusters to facilitate an
effective Surface Plasmon Resonance phenomenon. This
uniformity is critical for optimizing the plasmonic exci-
tations, which is essential for enhancing the efficiency
and effectiveness of plasmonic devices and therapeutic
applications [35-39].

In this article, Au nanoparticles were fabricated on
glass substrates, with the substrate temperature varied in
increments of 50 K across a range from 100 to 300 K.
The produced samples were subjected to comprehensive
analyses using field emission scanning electron micros-
copy (FESEM), atomic force microscopy (AFM), X-ray
diffraction (XRD), and various optical analysis tech-
niques. FESEM imaging revealed that the soliton growth
mechanism was predominant at a substrate temperature of
230 K. Subsequently, the Au layer deposited at this opti-
mal temperature, which demonstrated strong plasmonic
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excitations at a wavelength of 580 nm, was annealed in
a vacuum at 773 K for one hour. This post-deposition
treatment resulted in an increase in grain size from 11 to
15 nm, and a noticeable shift in the plasmonic resonances
to longer wavelengths, specifically around 70 nm longer,
achieving a peak at 650 nm.

Materials and Methods
Cryogenic Temperature Method

In this study, a specialized apparatus, depicted in Fig. 1A,
was utilized for the cryogenic effect method, with
Fig. 1B-D detailing the steps involved in the production
of Au nanoparticles using this setup. The apparatus is
designed with two principal sections, e.g., a cooling section
and a quartz reactor chamber where saturated vapor condi-
tions are maintained. Upon achieving a vacuum pressure of
4.5x107° Torr, the glass substrates positioned within the
sample holder were cooled via liquid nitrogen, with tem-
perature monitoring conducted through a thermocouple.
Once the substrate temperature reached the desired level,
the Au was evaporated to create a saturated vapor atmos-
phere within the reactor part of the setup, as illustrated
in Fig. 1B. The interaction between the saturated vapor
and the cooled substrate was facilitated through an adjust-
able window, as shown in Fig. 1C. High-purity metallic Au
material (99.999% purity, Sigma-Aldrich®) was employed
to deposit thin films (Fig. 1D).

Au nanoparticle layers were then formed on the glass
substrates for a duration of 25 s, adjusting the sub-
strate temperature in 50 K increments within a range of
100-300 K. Analysis of the FESEM images from the fab-
ricated films revealed that the anticipated soliton growth
mechanism, characteristic of the cryogenic effect method,
occurred in the temperature range of 250-200 K. To deter-
mine the temperature at which the strongest plasmonic
excitation occurred, the film fabrication was refined to
10 K increments, identifying 230 K as the optimal sub-
strate temperature for high SPR activity. To explore the
SPR phenomenon at various wavelengths, the Au nanopar-
ticles produced at a substrate temperature of 230 K were
subsequently annealed at 773 K for one hour in a vacuum.
This treatment led to an increase in grain size, and a shift
of the SPR event to longer wavelengths, demonstrating the
impact of post-deposition thermal processing on the optical
properties of the films.

Calibration of the Cryogenic Temperature Method

In this paper, the results of Au nanoparticles such as
structural behavior, surface morphology, roughness, and
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Fig. 1 A Schematic illustration of the instrumentation to realize the cryogenic effects, and B-D the film production stages in the cryogenic tem-

perature method

optical properties were comprehensively examined by
a series of advanced analytical techniques. XRD analy-
sis was conducted using a Panalytical Empyrean model
instrument equipped with CuKa radiation (A=1.5408 A)
to delineate the crystalline structure of the nanoparticles.
The surface morphology was scrutinized with a ZEISS
GEMINI 500 model FESEM, providing detailed images of
the nanoparticles’ exterior. To quantify the surface rough-
ness of the samples, a VEECO MULTIMODE 8 AFM
was employed, allowing for nanoscale resolution meas-
urements of the surface topography. Optical properties,

specifically transmittance (%T), were assessed using a
SpectraMax M5 spectrophotometer over the wavelength
range of 400-800 nm at ambient temperature, offering
insights into the spectral behavior of the Au nanoparticles.
Photoluminescence (PL) measurements were performed at
an exciting wavelength of 300 nm using SpectraMax M5
spectrophotometer between 325 and 850 nm at room tem-
perature. This holistic approach to characterization ensures
a thorough understanding of the nanoparticles’ properties,
crucial for optimizing their application in various techno-
logical and biomedical fields.

Fig.2 XRD plots of the sam-
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Results

Figure 2 (green) displays the XRD patterns of Au nanopar-
ticles fabricated at a substrate temperature of 230 K and
subsequently annealed at 773 K, together with the XRD
plots for Au nanoparticles produced at substrate temper-
atures of 230 K (blue), 150 K (red), and 100 K (black),
respectively, each processed for 25 s. The XRD spectra
across these samples reveal reflections from the same crys-
tallographic planes: (111), (200), (220), and (311), indica-
tive of a uniform cubic crystal structure across the different
substrate temperatures, as confirmed through comparison
with the Joint Committee on Powder Diffraction Standards
(JCPDS) database-file 01-075-6560. However, a detailed
examination of the XRD spectra uncovers a notable trend,
e.g., the intensity of crystallization exhibits a decrease
in relation to the substrate temperature. This observation
suggests that lower substrate temperatures may impact
the crystalline quality or density of the Au nanoparticles,
potentially influencing their properties and effectiveness in
applications requiring precise crystal structures, e.g., in the

enhancement of plasmonic excitations or the fabrication of
high-precision electronic devices.

Figure 3 shows the FESEM images of Au nanoparticles
synthesized at various substrate temperatures (300 K, 230 K,
100 K) and subsequently annealed at 773 K on glass sub-
strates. FESEM images reveal a significant variation in the
surface morphology of the films in relation to the substrate
temperature, highlighting the impact of temperature on
the growth mechanisms and resulting film structures. For
the film produced at a substrate temperature of 300 K, the
FESEM image displays a crystal structure comprising grains
of varying sizes, ranging from 5 to 30 nm. This heterogene-
ity in grain size is indicative of the islet growth mechanism
predominating at this temperature, where nanoparticles form
discrete “islets” before coalescing, leading to a wide dis-
tribution in grain sizes. Conversely, the films fabricated at
a substrate temperature of 230 K display a more uniform
and homogenous surface morphology, with the nanopar-
ticles approximately equal in size, e.g., around 11-12 nm,
and spherical in shape. This consistency in particle size
and shape suggests that the soliton growth mechanism is

Fig. 3 FESEM images of Au films produced at A 300 K, B 230 K, C 100 K, and D the sample annealed at 773 K
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Table 1 Parameters calculated Substrate Degree ) d(A) a(A) B() Dmm) Strain(e) Dislocation

frf)m X-ray diffraction patterns temperature x 102 density (8)

of Au films produced on glass at (K) (x10" m~2)

different substrate temperatures

for25s 773K 385 2336 4046 056  14.681  2.360 46.397
300 38.4 2341 4.054 045 18.345 1.889 29.714
250 38.3 2347  4.065 048 18.340 1.889 29.730
230 38.2 2353 4.076 0.52 16.297 2.126 37.652
200 38.2 2353 4.076 0.73 11.283 3.071 78.551
150 38.1 2359 4.086 0.95 8.625 4.017 134.426
100 379 2.371 4.107 1.02 8.141 4.256 150.884

operative at 230 K, enabling a more orderly and compact
packing of nanoparticles, which in turn reduces the void
distribution on the surface. This tight packing is associated
with a higher density of the film, which tends to increase as
the substrate temperature decreases further from this opti-
mal point. These observations underline the essential role
of substrate temperature in determining the growth mecha-
nism, surface morphology, and structural properties of Au
nanoparticle films, with significant implications for their
optical properties, electronic applications, and potential use
in nanotechnology and materials science.

The analysis of the XRD data yielded key structural
parameters for the Au thin films, including the distance
between planes (d), lattice parameter (a), particle size (D),
strain (&), and dislocation density (6), which are summarized
in Table 1. FESEM images revealed that as the substrate
temperature approached 100 K, both islet and soliton growth
mechanisms occurred concurrently during the film forma-
tion process. This dual mechanism led to the emergence of
grains of varying sizes within the crystal structures of the
films, imparting an amorphous characteristic to the struc-
ture. A notable observation from the XRD data is the vari-
ation in strain values within the crystal structures of the Au
thin films, which increased significantly from 1.889x 1072
to 4.256x 1072 as the substrate temperature was lowered
from 300 to 100 K. This variation underscores the fact that
by carefully adjusting the deposition temperature, it is pos-
sible to tune the strain values within the films. Such tun-
ability is critical for optimizing the physical properties of the
films for specific applications, as indicated in the literature
[41, 42]. The ability to control strain values is particularly
relevant for tailoring the optical and electronic properties of
thin films, which can enhance their performance in a wide
range of technological applications, including but not limited
to, electronics, optics, and materials science.

The grain size distribution of the films produced at vary-
ing substrate temperatures, along with the sample annealed
at 773 K, are depicted in Fig. 4A-D. Additionally, calcula-
tions for particle size and void density derived from FESEM
images using the ImageJ software are presented in Table 2.

These results reveal a distinct pattern where both grain
size, e.g., ranging from 13.399 nm to 7.825 nm, and void
density, e.g., 38.963 to 28.589%, decrease as the substrate
temperature nears 230 K. This trend suggests an optimal
condition for film formation at around 230 K, characterized
by relatively uniform and compact grains with minimal void
spaces. Interestingly, as the substrate temperature decreases
towards 100 K, there is an observed increase in void den-
sity to 35.610%. This phenomenon indicates a divergence
from the optimal compactness and uniformity achieved
near 230 K, likely due to the concurrent presence of islet
and soliton growth mechanisms, as previously discussed.
This results in a less uniform distribution of grain sizes and
an increase in void spaces within the film structure. These
findings align with research conducted by Nevruzoglu et al.
and Belyaev et al., reporting similar trends in grain size and
void density with changes in substrate temperature [8, 40].
Such insights contribute significantly to the understanding
of how substrate temperature influences the morphological
and structural characteristics of Au thin films, offering valu-
able guidelines for the controlled synthesis of materials with
desired properties for various applications in nanotechnol-
ogy and materials science.

Figure SA-D present 3-dimensional AFM images for Au
films synthesized at various substrate temperatures, e.g.,
300 K, 230 K, and 100 K), and those annealed at 773 K.
These images and graphs provide a visual and quantitative
analysis of the surface characteristics and roughness varia-
tions across the different substrate temperatures. Figure 6
further encapsulates the relationship between the substrate
temperature and the average surface roughness (Ra) of
the produced films, illustrating this dynamic graphically.
This visualization clearly shows that the Ra value exhib-
its a nearly linear decrease as the substrate temperature
is increased from 100 to 230 K, indicating smoother film
surfaces at higher substrate temperatures within this range.
Surprisingly, beyond 230 K, the Ra value begins to rise
again, suggesting an increase in surface roughness. This
trend underscores the significant impact of substrate tem-
perature on the morphology of Au films, where a moderate
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Fig.4 Grain size distributions of the produced films at A 300 K, B 230 K, C 100 K, and D the sample annealed at 773 K

temperature (around 230 K) seems to facilitate the formation
of smoother films. Conversely, temperatures either below or
above this optimal point lead to increased roughness, likely
due to changes in the growth mechanisms and grain structure
of the films. The optimal temperature range for achieving
minimal surface roughness, as observed, plays a crucial role
in applications where surface smoothness is critical, such as
in optical devices and sensors, where roughness can affect
performance characteristics like reflectivity and sensitivity.

Figure 7A, B demonstrates the optical transmittance
and absorbance spectra for Au films fabricated at substrate
temperatures of 300 K (black), 230 K (green), and 100 K
(red), as well as for the film produced at 230 K and sub-
sequently annealed at 773 K in vacuum (blue). Analysis
of these spectra reveals that the strongest plasmonic exci-
tation, e.g., the plasmonic mode supporting the narrowest
resonance, occurs at a wavelength of ~580 nm when the
substrate temperature is at 230 K. This observation aligns
with existing research indicating that both the particle size

@ Springer

and the specific wavelength at which SPR phenomenon
manifest could be finely tuned [7, 9]. Giir et al. discovered
that plasmonic excitations in Au films with a grain size

Table 2 Particle size and void density values of the produced films
depending on the substrate temperature

Substrate Particle size (nm) Void density (%)
temperature (K)

773 K 15.037+£4.597 29.560
300 13.399 +3.408 38.963
250 11.927 +3.005 35.896
240 11.520+£2.727 32.641
230 11.120+3.390 28.589
220 9.358+2.249 28.756
210 9.077+2.803 28.987
200 8.514+2.685 29.091
150 8.023+2.453 30.093
100 7.825+1.909 35.610
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Fig.5 Three-dimensional AFM images of the samples produced at A 300 K, B 230 K, C 100 K substrate temperature, and D the sample

annealed at 773 K

of 12-20 nm, created via the thermal evaporation method
on quartz substrates, occurred at a wavelength of 520 nm
[7]. This finding emphasizes how grain size significantly
influences the SPR wavelength. Additionally, they noted
that an increase in grain size, triggered by the annealing
temperature, along with changes in the geometric shape of
the particles, caused the SPR event to shift toward the infra-
red spectrum. This shift underscores the impact of physical
changes within the nanoparticle structure on the plasmonic
properties. Kim et al. explored how doping CdS/CdTe solar
cells with Au nanoparticles affects the cells’ photovoltaic
parameters [8]. By introducing Au nanoparticles onto the
CdTe surface at varying concentrations (control, 0.13%,
0.25%, 0.5%, 1%, and 2%) through a chemical method, they
observed that the SPR phenomenon occurred at 520 nm
within the device doped with 0.5% Au nanoparticles. This
result further demonstrates the tunability of SPR based on

nanoparticle concentration, offering potential enhancements
in solar cell efficiency through strategic nanoparticle incor-
poration. These findings collectively highlight the delicate
interplay between nanoparticle size, concentration, and the
resulting SPR characteristics, offering valuable insights for
optimizing plasmonic and photovoltaic applications through
precise material engineering.

Figure 8 presents FESEM images and PL spectra of the
Au thin films prepared at substrate temperatures of 230 K,
210 K, and 100 K. Analysis of the PL spectra revealed that
all samples exhibited a broad emission around 530 nm. This
emission was found to be narrower and more intense for
the Au thin film prepared at 230 K (Fig. 8D), attributed
to its more uniform and homogeneous surface morphology
and grain size distribution (Fig. 8A). The emission range
of 500-590 nm for Au, correlating to electronic transitions
between the sp band just below the Fermi level and the first
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Fig.6 Average surface roughness 6
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previously [43—47]. The PL spectrum of the Au thin film
prepared at 210 K (Fig. 8E) showed distinct emissions
around 375 nm, 530 nm, and 750 nm, resulting from the
formation of Au nanoparticles of varying sizes (Fig. 8B).
Despite the different grain size distribution, the surface
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Fig.7 A Optical transmittance and B absorbance spectra of Au samples produced at 300 K (black), 230 K (green), 100 K (red), and annealed at
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Conclusion

In this study, the fabrication of Au nanoparticles on glass
substrates was explored over a range of substrate tempera-
tures from 100 to 300 K, increasing in 50 K steps. X-ray
diffraction (XRD) analyses demonstrated that all films,
regardless of substrate temperature, developed without any
foreign phases, exhibiting a pure cubic structure with a
preferential orientation in the (111) direction. This uni-
formity in crystal structure across a broad temperature
spectrum underscores the effectiveness of the growth pro-
cess. Variations were observed in grain size, lattice param-
eter, and dislocation density, with grain sizes spanning
from 18.345 nm to 8.141 nm, lattice parameters ranging
from 4.054 to 4.107 A, and dislocation densities adjust-
ing between 2.9x 10" and 15.0 x 10'> m~2. These find-
ings illustrate the substrate temperature's influence on the
nanoparticles' microstructural characteristics.

FESEM images highlighted the spherical and uniformly
sized clusters of the Au film produced at 230 K, indicating
the soliton growth mechanism’s activation at this specific
temperature. AFM images further supported this, showing
a decrease in the average surface roughness (Ra) value up
to 230 K, after which it increased again. It was shown that
the strongest plasmonic excitation was observed at 580 nm,
uniquely prominent in the film produced at 230 K. This
temperature was pivotal, not only for structural integrity
but also for optical properties. Post-annealing of the film
at 230 K substrate temperature in a vacuum at 773 K for an
hour led to an increase in grain size from 11 to 15 nm, and
a notable shift in the SPR event to longer wavelengths by
70 nm, achieving a peak at 650 nm. The PL spectra analy-
sis revealed that all samples exhibited a broad emission
centered around 530 nm. Notably, the emission for the Au
thin film prepared at a substrate temperature of 230 K was
characterized as narrower and more intense. This enhanced
emission quality was attributed to the film's homogeneous
surface morphology and even distribution of grain size. Our
study concludes that it is feasible to produce metallic Au-
based nanoparticles on cooled substrates, circumventing the
need for toxic chemicals typically employed in nanoparticle
synthesis. In conclusion, this methodological advancement
opens avenues for safer and environmentally friendly pro-
duction of nanoparticles, with significant implications for
their application in various technological fields.
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