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Metal Nanodot Array via Thin Oil Layer-Assisted Dropwise

Solid-State Dewetting

Hyesun Hwang, Jihye Kim, Seungbae Jeon, Seong-Min Jo, Sungmin Park, Hyosung An,

Michael Kappl, Hans-Jiirgen Butt,* and Sanghyuk Wooh*

Precise control of metal nanodot arrays is crucial for optimizing their plasmonic,
catalytic, and photonic properties. Fabrication methods for homogeneous
nanodots generally rely on complex processes, such as lithography or layer-
by-layer assembly. Recently, nanodot array fabrication via metal deposition, e.g.,
sputtering and thermal evaporation, has received attention due to its simplicity
and scalability. However, structures produced by deposition are often inhomo-
geneous and suffer from size limitations, because metals generally possess high
surface energy in air. In this study, we propose a strategy for fabricating uniform
metal nanodot arrays through thin oil layer-assisted solid-state dewetting. Metals
are deposited by sputtering onto a glass substrate coated with a thin oil layer,
followed by thermal annealing that induces dewetting and the formation of
nanodot. Surfactants incorporated in the oil reduce the surface energy of metals,
thereby suppressing undesired coalescence. Additionally, the size and shape
uniformity of the resulting nanodots are improved and can be controlled by
adjusting deposition thickness and/or oil layer thickness. This simple strategy,
based on surface stabilization using oil/surfactant, effectively overcomes the
limitations of deposition methods. Furthermore, nanodot arrays composed of
various metals, or two or more metals, can be fabricated, providing a versatile

Metal nanodot arrays formed on substrates
are a representative structure for utilizing
nanoscale metals. Depending on the composi-
tion, size, shape, and density of the nanodots,
unique and tunable functionalities can be
achieved.”® Consequently, numerous meth-
odsto produce nanodotarrays have been devel-
oped over the past few decades, including
bottom-up chemical synthesis,”'® template-
assisted  growth,'"'” and  top-down
lithography, > offering control over particle
size, distribution, and composition. Although
these approaches provide high precision and
scalability, they often require multi-step fabri-
cation processes, specialized equipment, or
lithographic patterning. Among the available
techniques, metal deposition methods, by
sputteringor thermal evaporation, have gained
attention due to their material versatility and
compatibility with large-scale production with-
out relying on prepatterned templates.'*°!
In this approach, metal grains initially form

and customizable platform for nanostructure engineering.

1. Introduction

Nanostructured metals have been explored for a wide range of
research and applications in modern science and engineering.*

film-like continuous structures upon deposi-
tion. Subsequent thermal annealing induces
solid-state dewetting, leading to the genera-

tion of isolated metal nanodots.?***
However, until now, metal nanodots produced by deposition-
based methods have typically exhibited irregular shapes
and inhomogeneous sizes.****! Controlling both size and mor-
phology is challenging because metals have high surface
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energies, which promote undesired coalescence and morpholog-  enables the formation of larger nanodots even with thick metal
ical changes of nanodots in air.*®! Moreover, limited deposition  deposition, as the presence of oil and surfactant facilitates solid-
thickness presents an additional challenge. Deposited metals on  state dewetting easily. Moreover, the method supports the fabri-
a solid substrate undergo breakup into discrete nanodots or  cation of bi- or multi-component nanodot arrays via sequential
island-like structures during thermal annealing via solid-state ~ metal deposition. It offers compositional versatility and tunable
dewetting, driven by the minimization of surface energy.’”?®!  optical properties, providing a platform for metal nanodot appli-
In the case of ultrathin metal layers (<5 nm), dewetting occurs  cations in plasmonic, catalysis, and optoelectronics.?*~*

more easily due to the high density of grain boundaries.”*=*" In
principle, the amount of deposited metal serves as a key param-
eter to control nanodot size. However, as the metal thickness
increases, coalescence becomes dominant, resulting in randomly
interconnected domains rather than fragmentation into isolated
nanodots.”’>** Therefore, the nanodot size that can be controlled
by metal deposition is limited.

Indeed, most issues associated with deposition-based nanodot
fabrication originate from the high surface energy of metals.
Alternative strategies by deposition for reducing surface energy
using surfactant-mediated or structure-guided dewetting meth-

2. Results and Discussion

We present a method to generate metal nanodot arrays on flat
substrates through metal deposition followed by thermal anneal-
ing (Figure 1a). Thin metal layers are physically deposited onto
the substrate by sputtering or thermal evaporation, initially form-
ing connected island-like structures. Then, annealing induces
solid-state dewetting, leading to the disconnection of these struc-
tures and the formation of isolated nanodots. This transforma-

(34,35] tion occurs even at temperatures below the melting point of
ods h?we also been explored.™ However, these approaches metals, as the system tends to minimize surface energy due
often involve complex steps or additional substrate architecture. {1 inherently high surface energy of metals, exceeding several
To address these limitations, in this study, we propose a strategy  undred mN m~*.* For example, deposited gold (Au) layers of
to reduce the surface energy of deposited metals that facilitates varying thicknesses on the substrate show mostly connected
solid-state dewetting while suppressing uncontrolled coales-  iqland structures prior to annealing (Figure 1b). Here, polydime-
cence. Here, we introduce a method that utilizes a thin oil layer thylsiloxane (PDMS) grafted hydrophobic glass is selected as the
on the top surface of the substrate. The oil itself lowers the sur-  gybstrate to introduce the oil layer.**** Before applying the oil
face energy of the deposited metals, which helps to promote layer, the 3nm thick Au layer (Au3) deposited on the PDMS
homogeneous size distribution and fabrication of nanodots over grafted glass reveals densely packed, granular structures,
a broader size range. In addition, the oil layer acts as a reservoir  whereas the 12 nm deposited Au (Au12) appears to have a more
medium for surfactants.*® Surfactants embedded in the oil fur-  continuous morphology with interconnected domains. Upon
ther stabilize the metal nanodot surfaces, which improves size  annealing at 250°C for 120min, the Au3 restructures into
uniformity and shape regularity.?”**! Notably, this approach  compact, well-separated nanodot arrays having a spherical shape.
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Figure 1. a) Schematic illustration of generation of metal nanodot array on flat substrate by metal deposition followed by thermal annealing.
b) Morphology of the deposited gold (Au) on the substrate with varying deposition thicknesses (3 nm (Au3), 6 nm (Au6), and 12 nm (Au12)) and
after annealing. Inset images are the corresponding optical appearance of substrates. ¢) UV-vis absorption spectra of as-deposited and annealed
Au. The annealing temperature is 250 °C for 120 min.
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The 6 nm thick Au layer (Au6) forms larger, coarsened nanodots
with increased interparticle spacing after annealing. Even though
the shape and size are different, both Au3 and Au6 annealed
samples exhibit dropwise nanodots. In contrast, the Aul2 fails
to fragment into individual nanodots but instead forms a fully
connected morphology with internal voids. Solid-state dewetting
typically initiates along grain boundaries of the deposited met-
als.?®*% Thinner metal layers provide a higher density of grain
boundaries, thereby promoting the breakup of connected metal
structure into isolated nanodots. Conversely, thicker metal layers
tend to reorganize into more continuous or aggregated structures
during annealing.

Optical properties of plasmonic metal nanostructures, gov-
erned by their localized surface plasmon resonance (LSPR),
are strongly dependent on particle size, spatial distribution,
and interparticle spacing.>*"! A visible color shift from bluish
to goldish hues corresponds to changes in the LSPR of Au, which
are specifically associated with increased nanodot size and
enhanced interparticle coupling.**! Thus, morphological varia-
tions are directly reflected in the optical appearance of the films,
as demonstrated by the color differences observed in the inset
images of Figure 1b. UV-visible (UV-vis) spectroscopy provides
a simple and effective tool to confirm these optical variations
(Figure 1c). All as-deposited metal layers exhibit broad absorp-
tion across the visible spectrum due to their irregular intercon-
nected structures. After thermal annealing, these absorption
bands become narrow, reflecting the transition to more discrete
and uniform nanodot structures. The Au3 (blue line) displays a
plasmonic peak centered at 539 nm with a full width at half maxi-
mum (FWHM) of 60 nm, consistent with the typical optical sig-
nature of ~15nm sized nanodots or nanoparticles.*” The
annealed Au6 shows a broader peak centered at 593 nm with
an FWHM of 105 nm, also indicating the formation of isolated
nanodots after annealing. Here, the increased FWHM and red-
shifted peak center relative to the annealed Au3 suggest a larger
average nanodot size and greater morphological irregularity. In
case of the Aul2, a broad absorption profile is retained even after
annealing, which aligns with its continuous film-like structure
rather than the formation of discrete nanodots.

As shown above, solid-state dewetting on bare solid substrates
results in the formation of only small nanodots, with limited uni-
formity in size and shape. To fabricate nanodots with various
sizes and more regular shapes, we apply a thin silicone oil layer
onto the substrate, which helps to reduce the surface energy of
the deposited metal. Figure 2a schematically illustrates nanodot
formation within the thin oil layer. In this study, silicone oil is
applied onto the PDMS brush grafted glass by spin-coating. Due
to the interfacial compatibility and chemical similarity between
the PDMS brush and silicone oil, a uniform thin oil layer is suc-
cessfully formed and remains stable throughout the metal depo-
sition process.***%*! In addition, the silicone oil can serve as a
medium to contain a surfactant, 1-octadecanethiol (ODT). To fur-
ther stabilize the metal surface effectively, a thin oil layer contain-
ing ODT is applied to the substrate. Subsequently, metals are
sputtered onto the substrates, followed by thermal annealing.
Figure 2b presents scanning electron microscopy (SEM) images
of the Au6 on three different substrate conditions: PDMS grafted
glass 1) without oil (bare, -b), 2) with only oil (-O), and 3) with oil
containing ODT (-O/ODT). Note that, to remove the oil layer
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prior to SEM imaging, we perform gentle hexane washing, which
does not alter the nanodot morphology, as confirmed by UV-vis
spectroscopy (Figure Sla,b, Supporting Information). Under
more aggressive cleaning conditions, such as ultrasonication,
partial damage is observed when the oil layer is present in the
as-deposited state; however, after annealing, the nanodots
remain stable on the substrate (Figure Slc, Supporting
Information). The top and bottom images represent the as-
deposited and annealed structures, respectively. Here, we pri-
marily use an oil layer with a thickness of ~60 nm. The thickness
of the oil layer is determined by using atomic force microscopy
(AFM) operated in force spectroscopy mode. Force-distance
curves obtained during the tip approach are analyzed to quantify
the oil thickness. As the AFM tip approaches the oil-coated sur-
face, the tip is wetted by the oil. As a result, capillary forces from
the oil cause the cantilever deflection until the tip reaches the
underlying hard substrate. The vertical distance between the ini-
tial deflection and the point of sharp deflection increase, which
indicates substrate contact, is interpreted as the oil layer thick-
ness (Figure S2, Supporting Information).’?*¥ In addition,
250°C is chosen as annealing temperature because a lower
annealing temperature does not induce sufficient thermally
driven solid-state  dewetting (Figure S3, Supporting
Information). Thermally driven solid-state dewetting is governed
by two key thermodynamic factors: the Hiittig temperature (Ty)
and the Tammann temperature (T1).>* The Ty, ~0.3Ty (where
Ty is the bulk melting point), corresponds to the onset of surface
atom mobility, while Tt (=0.5Ty) denotes the temperature at
which bulk atoms become mobile. Therefore, in principle,
annealing above Ty can initiate dewetting accompanied by struc-
tural transformation. For Au (Ty = 1064 °C), Ty and Ty are 128
and 395 °C, respectively. However, as shown in (Figure S3a,
Supporting Information), annealing at 150 °C activates surface
diffusion but does not result in a homogeneous nanodot array.
The Au6-b exhibits filmwise dewetting without structural isola-
tion by annealing. Although a higher annealing temperature
might cause more effective dewetting, 250 °C is chosen to avoid
thermal degradation of silicone oil, which occurs above 300 °C.

As shown in the images of the 6 nm deposited Au samples (top
images of Figure 2b), the area covered by Au on the oil-coated sub-
strate (Au6-O) is smaller than that on the bare surface (Au6-b) and
becomes smaller even on the oil with ODT (Au6-O/ODT). After
annealing, the structural differences become more pronounced
(bottom images of Figure 2b). Compared to the Au6-b, the
Au6-O/ODT yields smaller and more spherical nanodots. Mean
local widths, obtained through quantitative shape analysis, are
175+ 5.4nm for Au6-b and 12.3+3.6nm for Au6-O/ODT
(Figure S5, Supporting Information). For more details, see
Supporting Note 2. These structural variations are corroborated
by optical images (inset pictures in Figure 2b) and UV-vis spec-
troscopy, which complement beyond localized structural observa-
tions (Figure 2c,d). While all as-deposited samples display broad
LSPR spectra due to irregular film morphology, a blueshifted peak
observed for the Au6-O/ODT compared to the Au6-b indicates a
smaller mean nanodot size (Figure 2c). After annealing, both spec-
tra exhibit features consistent with nanodot formation. The Au6-
O/ODT shows a peak centered at 562 nm with a FWHM of 92 nm,
while the Au6-b shows a peak centered at 593 nm with a FWHM of
105 nm (Figure 2d). This blueshift with reduced FWHM of the
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Figure 2. a) Schematic illustration of metal nanodot produced by physical deposition on thin silicone oil layer (the top-left) and the stabilization mecha-
nism of surfactant on metal nanodot array (the bottom-left). The stabilized metal nanodot deposited onto thin oil layer at the as-deposited and annealed
state (right). b) Morphology differences of the 6 nm Au (Au6) on three different surfaces: PDMS grafted glass (Au6-b), with silicone oil (viscosity: 100 cSt)
(Au6-0), and with oil containing ODT (Au-O/ODT). Inset images are the corresponding optical image of substrates. UV-vis absorption spectra of (b). c)
As-deposited Aub and d) annealed Au6. e) GISAXS curves of Au6 under different conditions, where the black (as-deposited Au6-b), red (annealed Au6-b),

blue (as-deposited Au6-O/ODT), and green (annealed Au6-O/ODT) curves.

Au6-O/ODT confirms smaller nanodot dimensions and improved
size uniformity, attributed to the stabilizing effect of the ODT-
incorporated oil layer.

For further investigation of nanodot size tuning, we examine
the dewetting behavior of metals with various deposition thick-
nesses, 3, 12, and 20nm, in addition to 6nm (Figure S6,
Supporting Information). The Au3-b and Au6-b produce individ-
ual nanodots via solid-state dewetting, even though their shapes
and sizes are nonuniform. As the deposited metal volume
increases, coalescence becomes more favorable than fragmenta-
tion into isolated nanodot features.**! Consequently, the Au12-b
and Au20-b fail to undergo dewetting into discrete nanodots
upon thermal annealing; instead, they form interconnected
and aggregated domains with small embedded voids. On the
other hand, the substrates coated with the O/ODT layer success-
fully produce nanodot arrays across all tested deposition thick-
nesses. Both SEM images and UV-vis spectra in (Figure S6,
Supporting Information) show that larger nanodots are gener-
ated as the deposition thickness increases. In addition to the
deposition thickness, the oil layer thickness also influences

Small Sci. 2025, 2500311 2500311 (4 of 10)

the size of the nanodots. We find that a thicker O/ODT layer
results in the formation of smaller nanodots with more regular
shapes with more blueshifted UV-vis spectra (Figure S7,
Supporting Information), which is attributed to the extended sta-
bilization time provided by the thicker oil layer before the metal
contacts the underlying solid substrate.

To obtain statistically averaged structural information over a
large sample area, in addition to UV-vis spectroscopy, grazing
incidence small-angle X-ray scattering (GISAXS) measurements
are performed at a constant incident angle of 0.50°. From the 2D
GISAXS patterns (Figure S8, Supporting Information), 1D inten-
sity profiles are extracted by line-scanning along the g,,-direction
at a constant g, value. These profiles are based on the reflection
point in the 2D patterns for each sample and are presented as
lines in Figure 2e: as-deposited Au6-b (black), annealed Au6-b
(red), as-deposited Au6-O/ODT (blue), and annealed Au6-O/
ODT (green). The as-deposited samples, regardless of the pres-
ence of O/ODT, exhibit broad and weak scattering, indicating a
semicontinuous morphology or a poorly defined particle arrange-
ment. Upon annealing, the primary scattering peak (g*) shifts

© 2025 The Author(s). Small Science published by Wiley-VCH GmbH
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toward lower scattering vectors. The interparticle spacing (d) can
be derived from g* values using the Bragg approximation,
d=2x/q** In the absence of oil, g* decreases from 0.0129
t0 0.0039 A~ upon annealing, corresponding to a 232% increase
in d-spacing from 487.8 to 1619.4A (Table S1, Supporting
Information). Similarly, the Au6-O/ODT also exhibits a shift
in g* before and after annealing from 0.0135 to 0.0098 A1,
corresponding to a 37% increase in d-spacing, from 467.2 to
641.8 A. These increases in d-spacing verify successful solid-state
dewetting induced by thermal annealing.

More quantitative parameters related to morphology are
obtained through image analysis of the annealed nanodots.
Figure 3 presents a detailed shape analysis of thermally dewetted
Au nanodots. Several shape descriptors—including area, perim-
eter, aspect ratio, and circularity— are employed to characterize
the geometric features of individual nanodots (Figure 3a). The
morphology maps derived from SEM images are shown in
Figure 3b. The grayscale image depicts the raw distribution of
nanodots, where white regions represent Au and black regions
indicate the background. The accompanying color-coded maps
display the nanodots according to their size and shape metrics.
The color scale ranges in Figure 3b display the minimum and
maximum values of each data to visualize the contrast of each
nanodots (Figure 3c). Then, using color-coded maps, statistical
histograms fitted with Gaussian distribution curves are gener-
ated to quantify the variation of nanodot shape populations
(Figure 3d). The most prominent change is a reduction in pro-
jected area. The average nanodot area decreases from ~679
4561 nm ™2 for Au6-b to 236 & 429 nm ™ for Au6-O/ODT, sug-
gesting that the surface of Au nanodots is effectively stabilized by
the O/ODT layer. In parallel, the perimeter of the nanodots
decreases from 113 & 51 to 74 + 33 nm. The difference in both
the average values and the standard deviations indicates that the
view that interfacial confinement restricts lateral growth, espe-
cially in the environment of the O/ODT. In addition, the aspect
ratios, 1.35 & 0.24 for the Au6-b and 1.24 + 0.15 for the Au6-O/
ODT, while the circularity increases from 0.90+0.06 to
0.92 + 0.06, showing that the nanodots become more isotropic
and closer to a circular shape under O/ODT-assisted conditions.
These shape descriptors—aspect ratio and circularity—quantify
the degree of anisotropy in nanodots and their deviation from
symmetric configurations. A lower aspect ratio and higher circu-
larity suggest that the nanodots undergo shape evolution toward
more energetically favorable, spherical forms. This trend aligns
with the fundamental behavior of metal nanostructures during
thermal annealing, where surface energy minimization drives
morphological transformation into more symmetric geometries.
The O/ODT interfacial layer provides a low-energy environment
and simultaneously suppresses uncontrolled coalescence. Thus,
the numerical differences in shape descriptors collectively high-
light the role of the O/ODT layer in guiding isotropic nanodot
formation driven by thermal dewetting.[**)

Nanodot arrays formed via solid-state dewetting can also be
achieved with other metals, such as silver (Ag) and copper
(Cu). For example, Ag nanodots are created by Ag deposition fol-
lowed by annealing at 250°C (Figure S9, Supporting
Information). Unlike the Aul2-b, even the Agl2-b undergoes
dewetting and produces isolated nanodots after annealing; the
nanodots exhibit a mean local width ~36 nm, even though the
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size is larger than those formed on Ag12-O/ODT. These different
dewetting behavior between Au and Ag may be caused by the
lower Ty (=97 °C) of Ag than Au (=128 °C). Therefore, on the
O/ODT-coated substrate, nanodots with a mean local width of
~9nm are formed from 12 nm thick Ag films upon annealing,
confirmed by SEM imaging and UV-vis absorption spectra.
Moreover, sequential metal deposition allows for the genera-
tion of bimetallic nanodots, such as Ag—Au alloy nanodots. To
fabricate the Ag—Au nanodots, Ag is first deposited onto the sub-
strate, followed by Au deposition (Figure 4a). Subsequent ther-
mal annealing successfully leads to the formation of alloy
nanodots. Figure 4b shows the Ag-Au bimetallic structures
formed with 6 nm deposition for each metal. Consistent with
the tendency observed in single-metal systems, the sequentially
deposited bimetallic structures exhibit a well-defined nanodot
array with a narrow size distribution, particularly on the O/
ODT-coated substrate. The structural differences before and after
annealing are verified by UV-vis spectra (Figure 4c,d). Before
annealing, the LSPR peak of Ag6Au6-O/ODT appears at a longer
wavelength region compared to those of both Ag6-O/ODT and
Au6-O/ODT. Interestingly, after thermal annealing, this spec-
trum shifts to a shorter wavelength, centered at 527 nm, which
lies between the peaks of Ag6-O/ODT and Au6-O/ODT. This
combined LSPR signal of the two metals, rather than individual
resonances, suggests the formation of an alloy."*® Energy-
dispersive X-ray spectroscopy (EDS) mapping acquired via
SEM reveals that the Ag and Au signals are colocalized within
the same nanodot (Figure 4e). In addition, X-ray diffraction
(XRD) patterns demonstrate structural changes in Ag, Au, and
Ag-Au single and bimetallic nanodots induced by thermal
annealing (Figure 4f). In the as-deposited metal, no distinct dif-
fraction peak corresponding to Ag is observed, probably due to
the small amount of Ag on the substrate and/or its inherent poly-
crystallinity resulting from sputtering.***”! For Au, broad and
weak peaks corresponding to the (111) and (200) orientations
are detected. After annealing, both Ag and Au exhibit sharper
diffraction peaks with increased intensity, indicating enhanced
nanodot growth and improved crystallinity. In case of Ag-Au,
the (111) plane peak appears at nearly the same position as those
of pure Ag and Au (38.1°-38.2°). The (200) plane peak of Ag—Au
is observed at ~44.3°, which lies between the corresponding
peaks of pure Ag and Au, confirming the formation of alloy nano-
dots. Importantly, since the PDMS polymer brush can be applied
to a variety of substrate materials through surface functionaliza-
tion, this strategy is not limited to glass alone.[**) When com.-
bined with the formation of mono- and bimetallic nanodots
via controlled deposition on diverse substrates, this system
can be more effectively extended to applications, such as plas-
monic, catalytic, and multifunctional nanodevice platforms.[*=%%
In addition to the formation of nanodot arrays on substrates,
we also demonstrate a method for preparing colloidal nanopar-
ticles by detaching nanodots from the substrate. As we discussed
in (Figure S7, Supporting Information), smaller nanodots are
generated when using a thicker oil layer. When the oil thickness
exceeds ~100 nm, the deposited Au can be readily detached from
the substrate. It is expected that the Au nanodots become fully
stabilized by ODT due to enough time before reaching the sub-
strate through the thick O/ODT layer. The detachment process is
schematically illustrated in Figure 5a. To release the as-prepared
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color-coded nanodots based on the defined variations in (a).

nanodot shape populations with Gaussian distribution curves. The values in the plot indicate the average values.
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¢) Minimum (Min.) and maximum (Max.) value of color scales in (b). d) The variation of

© 2025 The Author(s). Small Science published by Wiley-VCH GmbH

95UBD17 SUOWILLOD SAIRID 3|qedljdde au) A peusenoB ae sapiLe YO ‘8SN JO S3|N 40y Aleiqi8UlUO AS]1M UO (SUONIPUOD-PUR-SULBY WD A IM Afed) U1 |UO//SANL) SUONIPUOD PUe SIS | 811 39S *[G202/0T/ST] Uo Akeiqiauliuo AS|IMm * Inoss ‘AiseAiun Buy-Bunyd - Ariqi Buy-Bunyd Ag TTE00S202 9SWS/Z00T OT/I0p/W00 A3 1M Afeuq Ui |uo//SAnNY Woj papeojumoq ‘0 ‘9v0r8892


http://www.advancedsciencenews.com
http://www.small-science-journal.com

small
ANANGED: e

www.advancedsciencenews.com www.small-science-journal.com

(C)oss

Ag-Au sequential deposition

)

(=)
w
S

se—Au \Ag * o _ Annealing Ag-Au alloy

(=4
N
33

Absorption (a.u.
o
N
o

| — As-deposite
- As-deposited Ag6AUl
— As-deposited Au6

200 500 600 700 800
Wavelength (nm)

©
o
o

‘As-deposited . e ia B As-déposited 0.35
5 ¢ 100 Fa X - J
Ag6Au6-h ‘ : Ag6AUB

0.15F

Absorption (a.u.)
o
[
o

—— Annealed Ag6
0.10 } = Annealed Ag6Au6
—— Annealed Au6
0'05 " i n "
Annealed e X b i 1 400 500 600 700 800
Ag6Au6-b : 0% £ 5 100NNl o b Blo g Wavelength (nm)

P s 3
s
)
A
00)

N
e Annealgd Ag-Au
A As-deposited Ag-Au

Annealed Au

(\m o As-deposited Au
A Annealed Ag
As-deposited Ag

25 nm 30 40 50 60 70 80
206 (degrees)

Intensity (a.u.)

Figure 4. a) Schematic diagram of the sequential deposition and thermal annealing of Ag—Au. b) Structure of deposited Ag6Au6 (first layer: Ag, second
layer: Au) on different surfaces. Inset images are the corresponding optical image of substrates. UV—vis absorption spectra. c) as-deposited Agé, Ag6Au6,
and Aub6. d) annealed Ag6, Ag6Au6, and Au6 on the O/ODT substrate. e) SEM based EDS mapping of thermally dewetted Ag6Au6-O/ODT nanodot.
f) XRD pattern of as-deposited and annealed Ag, Au, and AgAu on the O/ODT surfaces.

(a) Annealed Dispersed

As-deposited Toluene
Annealing \ Sonication

for2h for 15 min ‘!

-y -y
) (« e

Heating plate Ultrasonication After ultrasonication dimn

TN s .

. }: % 0.30
5

’ : % 0.25

0.20
Figure 5. a) Schematic illustration of collection of AuNPs from the O/ODT-coated substrates. b) Picture of the substrate with Au deposited on the O/
ODT surface (=100 nm) before and after sonication. TEM images of AuNPs collected on ~100 nm oil layer substrate c) before annealing and d) after
annealing. e) UV-vis absorption spectra of Au6 on oil layer of ~100 nm substrate and AuNPs dispersion.

(

L

nication

—— As-deposited Au6-subitrate
0.15F — Aunps dispersion by as*deposi
010F— Annealed Au6-substrate
—— AuNPs dispersion by anneale

400 500 600 700 800
Wavelength (nm)

Annealing As—depositiong
Absorption (a.u.)

0.05

Small Sci. 2025, 2500311 2500311 (7 of 10) © 2025 The Author(s). Small Science published by Wiley-VCH GmbH

95UBD17 SUOWILLOD SAIRID 3|qedljdde au) A peusenoB ae sapiLe YO ‘8SN JO S3|N 40y Aleiqi8UlUO AS]1M UO (SUONIPUOD-PUR-SULBY WD A IM Afed) U1 |UO//SANL) SUONIPUOD PUe SIS | 811 39S *[G202/0T/ST] Uo Akeiqiauliuo AS|IMm * Inoss ‘AiseAiun Buy-Bunyd - Ariqi Buy-Bunyd Ag TTE00S202 9SWS/Z00T OT/I0p/W00 A3 1M Afeuq Ui |uo//SAnNY Woj papeojumoq ‘0 ‘9v0r8892


http://www.advancedsciencenews.com
http://www.small-science-journal.com

ADVANCED
SCIENCE NEWS

small
science

www.advancedsciencenews.com

Au nanodots, the Au deposited O/ODT-coated substrate is
immersed in toluene, which dissolves silicone oil, followed by
ultrasonication. As a result, Au nanodots are released into tolu-
ene as colloidal Au nanoparticles (AuNPs), accompanied by the
O/ODT (Figure 5b). The right picture in Figure 5a shows the
AuNP dispersion obtained by detaching of the annealed Au6-
O/ODT from the substrate. Even the as-deposited Au6-O/
ODT, which exhibits a semicontinuous and irregular morphol-
ogy, can be detached, as confirmed by transmission electron
microscopy (TEM) (Figure 5c). In contrast, spherical AuNPs
are obtained from the annealed Au6-O/ODT, as shown in
Figure 5d. The UV-vis spectrum of AuNP dispersion is nearly
the same as that of the Au6-O/ODT nanodot array on the sub-
strate, with a minor shift of ~9 nm attributed to differences in
the surrounding medium (Figure 5e)./>*® This result demon-
strates that the AuNPs are dispersed into the solvent without sig-
nificant changes in shape and size. In fact, nanodots formed on a
~160 nm thick O/ODT layer can be detached even without soni-
cation, suggesting that the Au nanodots are not strongly bound to
the substrate under these conditions (Figure S12, Supporting
Information). However, this also implies that nanodots formed
within oil layers thicker than ~160 nm are unsuitable for fixed-
array applications, thereby defining a practical upper limit for the
oil layer thickness.

3. Conclusion

In this study, we propose a strategy for fabricating metal nanodot
arrays on a solid substrate via thin oil layer-assisted solid-state
dewetting. By depositing metals onto a silicone oil-coated sur-
face, followed by thermal annealing, continuous film-like struc-
tures are transformed into isolated nanodot arrays. The addition
of surfactants dissolved in the oil enables effective surface stabi-
lization of the metal, thereby promoting solid-state dewetting and
resulting in improved size and shape uniformity of the nanodots.
We investigate the effects of deposition thickness, oil layer thick-
ness, and annealing temperature on dewetting behavior to
achieve nanodots with tunable dimensions and morphologies.
Furthermore, this method is readily extendable to bi- or multi-
metallic systems, producing alloy nanodots. This approach offers
a simple, scalable, and lithography-free route to construct nano-
dot arrays with tailored geometries and tunable functionalities.
The ability to produce well-defined nanodots with various com-
positions and states establishes a versatile platform for the design
of metal nanodot arrays for applications in plasmonics, catalysis,
photonics, and colloidal nanoparticle synthesis.

4. Experimental Section

Preparation of PDMS Grafted Glass & Thin Silicone Oil Coated Glass:
PDMS grafted surface is prepared on a slide glass by following the litera-
ture.**** The slide glass is sequentially washed with ethanol and acetone
by ultrasonication for 10 min, respectively. Then, the washed glass is
cleaned by oxygen plasma treatment (PDC-002, Harrick, America) for
5 min. Subsequently, silicone oil (trimethylsiloxy-terminated PDMS, vis-
cosity: 100 cSt, MW = 5,970, Gelest Inc.) is applied to the substrate
and heated at 100 °C for 48 h to graft a PDMS brush layer on the glass.
Following the grafting reaction, residual oil is removed using toluene and
tetrahydrofuran. To prepare thin silicone oil-coated surfaces, the PDMS
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grafted glass is coated with silicone oil through spin-coating at
4000 rpm for 60 s.

Oil Thickness Measurements: To fabricate oil-coated substrates with
varying thicknesses, silicone oil (viscosity: 100 cSt) is diluted in hexane
to prepare solutions with concentrations of 0.1, 1, 2.5, and 5wt%.
These solutions are applied to the substrate to control the oil layer thick-
ness. The resulting oil film thicknesses are characterized by using force
spectroscopy in contact mode with an atomic force microscope (AFM)
(JPK NanoWizard 4, Bruker, America). Prior to each measurement, the
deflection sensitivity of the cantilever is calibrated by acquiring force—
distance curves. For each sample, a grid of 5 x 5 force—distance measure-
ments is recorded over the 100 pm x 100 um area, with the scan speed set
to 1ums~'. 10 samples are analyzed for each oil concentration to obtain
average thickness values. The measured oil layer thicknesses are
11.2+3.8, 61.9+2.7, 99.4+11.3, and 162+ 7.3nm for 0.1, 1, 2.5,
and 5 wt% solutions, respectively. Additionally, 1 wt% of 1-octadecanethiol
(relative to the amount of silicone oil) is incorporated into the solutions as
a surfactant.

Metal Deposition and Annealing: As-deposited metals are prepared via
sputtering deposition (MCS 010, BAL-TEC, Germany) onto the PDMS
grafted glass, either bare or coated with oil or oil/ODT layers. During
sputtering, the vacuum pressure is maintained at 2 x 1072 mbar, and
the temperature is kept at 25 °C. The metal thickness is measured using
the controller (QSG 070, BAL-TEC, Germany). After deposition, the metal
deposited substrates are placed on a heating plate and annealed at 250 °C
under inert conditions.

Characterization of Metal Nanodot Array: During the annealing process,
the plasmonic peak shifts of the annealed metals are monitored using
ultraviolet-visible spectroscopy (UV-vis) (V-770, JASCO, Japan). The sur-
face morphologies are characterized by SEM (SIGMA 300, Carl Zeiss,
Germany) and AFM. AFM imaging is performed using a cantilever with
a resonance frequency of 300kHz and a nominal spring constant of
26 Nm™'. Furthermore, GISAXS is conducted using a Xenocs Xeuss
3.0 equipped with a 2D charge-coupled device (CCD) detector (Eiger2
R, Dectris) under vacuum conditions. The incident X-ray wavelength is
4 =1.54 A. The detector is positioned at a distance of 1.1 m from the sam-
ple to collect 2D GISAXS patterns with an exposure time of 1200s.

Characterization of Synthesized Metal Nanoparticles: For the deposited
Au on substrates with oil layers over ~100 nm, AuNPs can be detached
by immersing the samples in toluene. The resulting NP dispersions are
dropped onto copper grids and characterized by TEM (JEM-F200,
JEOL, Japan).
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the author.
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