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a b s t r a c t

The modification and control of localized surface plasmon resonance (LSPR) properties of metallic
nanoparticles (NPs) has become a vigorous research focus in various fields due to its wide range of
applicability in various applications, which can be achieved by the control of surface morphology and
elemental composition. In this paper, various configurations and compositions of AgPt and Pt NPs are
demonstrated by the solid state dewetting using an auxiliary Ag layer on sapphire (0001) along with
their strong dynamic LSPR properties. By the systematic control of Ag/Pt bilayer thickness and tem-
perature, the interconnected AgPt nanoclusters at low temperature (<600 �C) and well-isolated pure Pt
NPs at higher temperature (>650 �C) are obtained based on the enhanced diffusion, alloying, surface
energy minimization and Ag sublimation. A strong LSPR response in the UV and VIS region is exhibited
by the AgPt and Pt NPs depending on the alteration of size, shape, uniformity and elemental composi-
tions. In particular, the AgPt NPs show the stronger plasmonic responses and it gradually attenuates with
the sublimation of Ag atoms which results in the development of Pt NPs. In comparison with the pre-
vious study on the pure Pt NPs on sapphire, the Pt NPs in this study are significantly improved in terms of
shape, size and spacing, whose LSPR responses are much stronger and dynamic. The auxiliary diffusion
enhancement by Ag atoms leads to the rapid dewetting of AgPt NPs while the Ag sublimation assists the
evolution of well-developed Pt NPs due to the vacancy creation and removal of material during mass
transport. The tunability of surface morphologies and LSPR properties of AgPt and Pt NPs are system-
atically demonstrated by the methodical control of Ag/Pt bilayer thickness.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Metallic nanoparticles (NPs) are the subject of immense
research interests in the fields of energy, sensor, biomedicine,
catalysis and energy storage applications due to their largely
tunable optical, electronic, magnetic, sensing and catalytical
properties [1e7]. By the appropriate control and design of NPs, one
can modify/optimize the related properties and thus the applica-
bility in the device applications. Meanwhile, the integration of
multiple metallic elements in a single NP can provide additional
opportunity to diversify the applications and tune-abilities of NPs
based on the variation of elemental compositions. In recent years,
the metallic NPs have offered various useful applications due to
their strong interactions with photons, known as the localized
surface plasmon resonance (LSPR) [8e10]. The LSPR is a collective
electron oscillation in the NPs at the resonant frequency, which can
be readily tuned by the control of NP configuration and elemental
composition [11]. The LSPR effect of metallic NPs have been
exploited to enhance the light absorption, catalytic activity and
sensitivity in the photovoltaic cells, photocatalysis and biosensors
respectively [9e12]. For instance, the power conversion efficiency
and short current density of polymer solar cell has been signifi-
cantly enhanced by the strong LSPR effect in the Cu NPs that
exhibited a broad absorption in the UV to NIR wavelength [13].
Despite the numerous advantages of monometallic NPs, the inte-
gration of multiple metallic components in a single NPs have drawn
a further research attention in various fields because of their
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superior properties such as multifunctionality, structural tunability
and elemental heterogeneity. As an example, the plasmon reso-
nance bandwidth of Ag NPs have been readily extended from the
UV to the NIR wavelength by alloying with Au, which resulted in a
significant efficiency improvement in polymer solar cells [14e16].

Among various noble metallic NPs, the Pt NPs generally exhibit
weaker LSPR response, however, they have been considered as a
promising material in catalysis due to its robustness and high cat-
alytic responses [17,18]. Thus, the integration of Pt NPswith a strong
plasmonic material such as Ag can be a useful approach to improve
the performance of related applications. At the same time, the solid
state dewetting (SSD) of pure Pt films on a substrate often yields
irregular and large surface coverage of Pt nanoclusters due to the
low diffusivity and high surface energy of Pt atoms [19,20]. To
enhance the structural and plasmonic properties of Pt NPs, the SSD
of Pt films along with the auxiliary Ag component can be a very
handy approach, which however has not been realized to date.

In this paper, the SSD of Ag/Pt bilayer films has been system-
atically performed to yield various AgPt and Pt NPs on a transparent
c-plane sapphire and their LSPR properties are accordingly revealed
by the optical characterizations along with the finite difference
time domain (FDTD) simulations. The growth mechanism of AgPt
and Pt NPs is proposed as the combinational result of the temper-
ature driven atomic diffusion, alloying, surface energy minimiza-
tion and Ag atom sublimations as illustrated in Fig. 1. By the
systematic control of the annealing temperature, bilayer thickness,
Ag and Pt ratio, various configuration and size of AgPt and Pt NPs
Fig. 1. Fabrication of AgPt and Pt nanoparticles (NPs) on sapphire (0001) by the systema
interdiffusion induced at relatively lower temperature annealing. (c) Formation of AgPt all
limation at high temperature. (e) Local e-field distribution of typical Pt NP. (f) Comparison
are demonstrated. Consequently, the improved surface
morphology, as well as strong LSPR properties of AgPt and Pt NPs,
has been realized in terms of the size, shape and uniformity as well
as the dynamic LSPR responses in the UV-VIS regions.
2. Experimental section

In this work, both-side polished 430 mm thick c-plane sapphire
(0001) (iNexus, South Korea) with ±0.1� off-axis were utilized as a
substrate. Firstly, the sapphire substrates were degassed in order to
remove the trapped water vapors, particles and oxides on the
surface. The degassing was performed in a pulsed laser deposition
chamber (PLD) (DaDa TG, South Korea)) at 600 �C for 30min under
1� 10�4 Torr. The degassed sapphire was examined with an atomic
force microscope (AFM) (Park Systems, South Korea) as shown in
Fig. S1, which show the surface height within ±2 nm and roughness
of 0.1 nm.

Then, the cleaned substrate was used for the deposition of
metallic films by sputtering. In this experiment, the Ag/Pt bilayer
design was adapted: i.e. the Ag film was deposited first and then Pt
film was added atop. In total, three different Ag/Pt bilayers con-
figurations were fabricated: i.e. Ag14 nm/Pt3 nm, Ag42 nm/Pt9 nm and
Ag50 nm/Pt25 nm. Both the Ag and Pt films were deposited with the
growth rate of 0.05 nm/s at the ionization current 3mA: i.e. 20
s¼ 1 nm. The purity of metal targets used for deposition was
99.999%. To grow the surface nanostructures, the Ag/Pt bilayer
deposited samples were transferred to the PLD chamber and
tic annealing of Ag/Pt bilayers. (a) Schematic of Ag/Pt bilayer deposition. (b) Atomic
oy NPs at medium temperature. (d) Evolution of well developed Pt NPs after Ag sub-
of extinction of typical AgPt and Pt NPs.
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systematically annealed at the pre-determined temperatures be-
tween 500 and 900 �C. The annealing chamber pressure was about
1� 10�4 Torr before turning on the heating system. The system
temperature was ramped at 4 �C/s to reach the predefined target
temperatures (Ta). After reaching the Ta, the constant dwelling time
of 120 s was allocated for the matured growth of NPs. To finish the
growth process, the heating system was fully turned off and sam-
ples were kept under vacuum until the system temperature
reached to ambient.

The surface morphology of various AgPt and Pt NPs was
captured by an AFM and scanning electron microscope (SEM) (CX-
200, COXEM, South Korea). The AFM was operated under non-
contact mode at an ambient environment and the same batch of
AFM tips were used for scanning in order to minimize tip effects.
The elemental analysis of the AgPt and Pt NPswas performed by the
energy-dispersive x-ray spectroscope (EDS) (Noran System 7,
Thermo Fisher, United States of America). The optical properties
were characterized by the NOST system (Nostoptiks, South Korea),
integrated with ANDOR sr500i spectrograph and deuterium-
halogen lamp. The reflectance and transmittance spectra were
experimentally measured, and the extinction was extracted by: E
% ¼ 100% - (R þ T) %. In addition, the e-field distribution and
extinction spectra of various AgPt and Pt NPs on sapphire were
simulated by using the finite difference time domain (FDTD) solver
(Lumerical, Canada). For the complex refractive index of pure Ag
and Pt, Palik's and Rakic experimental data were followed [21,22].
For AgPt alloy particles, the material constant was averaged form
the pure Ag and Pt based on the atomic % of elements [23,24]. In
specific, the 3D AFM images of typical NP was imported as a
simulation object, which is surrounded by the perfectly matched
layer boundary conditions in x, y, z-directions. The total field
scattered field (TFSF) source between 250 and 1100 nm was used
for the optical excitation. The simulation was performed in air with
the mesh size of 0.1e2 nm and auto shutoff level of 10�6.

3. Result and discussion

Fig. 1 shows the overall growth process of AgPt and Pt NPs on
sapphire (0001) by the systematic annealing of Ag/Pt bilayers under
the vacuum environment. The stepwise evolution of well-defined
and isolated NPs from the continuous Ag/Pt bilayer is illustrated
by schematics in Fig. 1(a) e 1(d). Since the annealing of Ag/Pt
bilayer was performed well below the melting point of both Ag and
Pt, the morphological transformation was expected to occur based
on the solid-state dewetting (SSD) [25]. In the case of monometallic
thin film on a substrate, it generally can be in the unstable or
metastable stage after the deposition and tend to agglomerate into
the particles upon annealing [26]. The SSD of thin films can be
induced by the atomic diffusion and driven by the surface and
interface energy minimization. In the case of metallic bilayers, the
atomic interdiffusion, diffusivity variation, lattice mismatch, sur-
face energies and interface energies may also affect the dewetting
process [27e30]. From the previous report on the dewetting of Ag
and Pt on sapphire, the Ag films showed well-developed NPs even
at ~300 �C while mostly irregular-connected Pt nanoclusters were
resulted up to 900 �C with the similar film thickness and growth
conditions [31]. This is due to the fact that the diffusivity of Ag
atoms is significantly higher than Pt atoms. Furthermore, the sur-
face and interface energy of Ag atoms with the sapphire are rela-
tively lower compared to the Pt atoms [32]. The Ag and Pt atoms are
immiscible in the bulk phase due to the wide miscibility gap and
huge variation in melting points but they canwell intermix to form
an alloy in nanoscale [33].

The schematic in Fig. 1(a) show the deposition of Ag/Pt bilayer,
in which the Ag was deposited first in order to facilitate the
dewetting process since the Ag atoms has a higher diffusivity than
the Pt and possess a less interfacial energy with the sapphire as
discussed. At a lowannealing temperature (Ta), the Ag and Pt atoms
can inter-diffuse through the interface as shown in Fig. 1(b),
resulting in an increased concentration of Ag atoms in the Pt layer
and vice-versa. Eventually, due to the enhanced global diffusion of
atoms, the interface can be completely consumed and homoge-
neously intermixed or alloyed AgPt layer can be formed at an
increased Ta. Depending upon the Ta and thickness of the bilayers,
the extent of interdiffusion of atoms in the adjacent metal layers
and alloy formation can be affected. As a sufficient thermal energy
is provided, the void formation and agglomeration of the AgPt alloy
atoms can give a rise to the formation of AgPt NPs as presented in
Fig. 1(c). Meanwhile, due to the high vapor pressure of Ag, the
sublimation of Ag atoms can also occur simultaneously. This may
result in the more dynamic evolution and unique surface configu-
rations of NPs as compared to the pure metal film dewetting [34].
The Ag sublimation can accelerate the dewetting process much
faster due to the vacancy creation and removal of atoms during the
mass transport. Thus, the Ag atoms essentially accelerates the
overall dewetting process and preferentially sublimate to form the
well-developed and isolated Pt NPs as shown in Fig. 1(d). Mean-
while, due to the structural and elemental transformation of NPs,
the corresponding optical responses was also significantly altered
as the plasmonic mode varies with the configurations and
composition of NPs as shown in Fig. 1(e) and (f). The various surface
morphologies and corresponding optical behaviors of AgPt and Pt
NPs have been thoroughly investigated in the following sections.

Fig. 2 show the detailed analysis on the dewetting characteris-
tics of Ag14 nm/Pt3 nm films by the AFM images, cross-sectional line
profiles, RMS roughness (Rq) and surface area ratio (SAR) plots.
Corresponding elemental analysis of each sample is presented by
the at % of elements (Ag and Pt) and EDS spectra at specific tem-
peratures. In addition, the large-scale AFM images and EDS spectra
are provided in the Supplementary Figs. S2eS3. Initially, at 500 �C,
the irregular-connected AgPt NPs of 100 nm height and 500 nm
widthwere obtained as shown in Fig. 2(a). Alongwith the increased
annealing temperature (Ta), the surface morphology of AgPt alloy
NPs was gradually transformed by the void coalescence and
compact agglomeration of atoms, which resulted in the isolated
AgPt NPs at 550 �C as shown in Fig. 2(b). The average height and
width of NPs were estimated to be ~70 and 300 nm respectively as
shown by the cross-sectional line profile. Similarly, the Rq was
slightly decreased from 19.23 to 18.7 nm as displayed in Fig. 2(g)
due to the height reduction of NPs. However, the SAR was slightly
increased from 11.23 to 14.25% as shown in Fig. 2(h), which can be
due to the formation of a greater number of isolated NPs. The
evolution of isolated NPs from the connected nanoclusters can be
described by the Rayleigh-like instability and interface energy
minimization [27e30]. Generally, with the enhanced agglomera-
tion of atoms at higher temperature, the larger size can be ex-
pected. On the contrary, however, smaller NPs were obtained in this
work, which was due to the corresponding sublimation of Ag atoms
and as well as continues fragmentation of NP clusters.

Fig. 2(i) shows the summary of elemental composition of Ag and
Pt in terms of atomic (at) % and the corresponding EDS spectra are
provided in Fig. S3. It was observed that the at % of Ag was reduced
from ~90 to 84% between 500 and 550 �C. At the Ta of 600 �C and
above, the at % of Agwas zerowhile the at % of Pt was 100%. This can
be due the exponential increase in the rate of Ag sublimation with
Ta, which caused a complete desorption of Ag atoms above 600 �C.
In addition, the EDS spectra of samples annealed at 500 and 900 �C
clearly showed the sublimation of Ag atoms. Along with the sub-
limation of Ag atoms, the surface morphology of NPs was largely
transformed such as the isolated NPs with the sharp reduction in



Fig. 2. Evolution of AgPt and Pt NPs on sapphire (0001) with the Ag14 nm/Pt3 nm bilayers by annealing between 500 and 900 �C for 120 s. (a)e(d) Schematic illustration of AgPt and Pt
NP evolution. (e)e(j) AFM images (3� 3 mm2) along with the line profiles of AgPt and Pt NPs. (k)e(l) Summary plots of RMS roughness (Rq) and surface area ratio (SAR). (j) Plot of
atomic (at) % of Ag and Pt. (n)e(o) Energy dispersive x-ray spectroscope (EDS) spectra of 500 and 900 �C samples.
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size as shown in Fig. 2(c) - 2(f).
The average size of Pt NPs was found to be 200 nm in width and

50 nm in height. Similarly, the Rq and SAR were sharply decreased
due to the size decrement between 600 and 750 �C. At the higher
Ta, the change of Pt NPs occurred mildly as the average size of NPs
was slightly increased and became more regular. This process can
be driven by the surface energy minimization of NPs and natural
tendency to attain the thermodynamically equilibrium configura-
tions at favorable diffusion. Overall, the Ag atoms in the Ag/Pt
bilayer films largely enhanced the dewetting process and prefer-
entially sublimated from the NP matrix. The Pt NPs in this work are
significantly improved as compared to the pure Pt film dewetting in
terms of the shape, size and spacing [15,31]. In specific, these Pt NPs
possessed larger size, regular configuration and wide spacing as
compared to those obtained with the pure Pt film in the previous
studies.

Fig. 3 shows the optical properties of various AgPt alloy and Pt
NPs fabricated with the Ag14 nm/Pt3 nm bilayers in terms of
extinction, reflectance and transmittance spectra. In addition, the
local e-field profiles and extinction spectra of typical AgPt and Pt
NPs were simulated using the FDTD solutions. In general, the large
AgPt nanoclusters and semi-spherical smaller Pt NPs demonstrated
the distinct optical behaviors. For instance, the extinction spectra
demonstrated a minor peak at UV (~315 nm) and another broad
peak at VIS region (~500 nm) with the large AgPt nanoclusters as
shown by Fig. 3(a). In addition, the normalized extinction of the
AgPt and Pt NPs are presented in Figs. 3(a-1) and 3(a-2) respec-
tively. Since the AgPt nanocluster possessed a wide coverage with



Fig. 3. LSPR properties of various AgPt and Pt NPs with the Ag14 nm/Pt3 nm bilayers. (a)e(c) Extinction, reflectance and transmittance spectra. (a-1) e (a-3) Normalized extinction
spectra. (d) and (f) AFM images of typical AgPt and Pt NPs selected for the finite difference time domain (FDTD) simulation. (d-1) and (f-1) Cross-sectional line profiles. (e) and (g) E-
field profiles in xy-plane. (e�1) and (g-1) E-field profiles in xz-plane.
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the large size over 300 nm, the excitation of UV and VIS peaks can
be assigned to the higher order (HO) and multipolar (MP) reso-
nance respectively [35]. As the annealing temperature (Ta) was
increased between 500 and 550 �C, the LSPR peaks were slightly
decreased likely due to the Ag sublimation as well as the size
reduction of alloy nanoclusters. The corresponding E-filed profile of
AgPt NP (~150 nm diameter and 50 nm height) at 550 �C was
simulated as shown in Fig. 3(d) e 3(e), which generally showed the
strong e-field confinement at the boundary of NPs. Furthermore,
the extinction power spectra are simulated in Fig. S4, which
exhibited a strong dipolar peak at 770 nm. The simulated extinction
maxima was largely red-shifted as compared to the measured
spectra, which could be due to the larger size of the AFM imported
NP. Furthermore, the real sample haswider size distribution of AgPt
NPs and thus the plasmon resonance wavelength can vary with size
and finally overlapped peak will be observed in the measured
spectra. It was also observed that the dipolar resonance was the
most prominent in the visible region with the typical AgPt NP,
which is clearly shown by the e-field vector plot with the vector
directions along the axis. When the smaller size (<150 nm in
diameter) Pt NPs were formed above 600 �C after the complete Ag
sublimation, the LSPR peaks in UV and VIS regions were sharply
altered as shown in Figs. 3(a-2). In fact, the LSPR peaks were
significantly narrower and blue shifted. As the size of Pt NPs was
sharply reduced from the AgPt nanoclusters, the UV and VIS peaks
can be mainly contributed by the quadrupolar (QR) and dipolar
(DR) resonance modes [36]. As the overlapping effect of various
resonance modes can be diminished with the smaller size and
improved uniformity, the resonance peaks may appear sharper at
the resonance wavelengths.

For the Pt NPs fabricated between 600 and 900 �C, the trend of
blue shift and narrowing effect was traced with the DR peak as
presented in Fig. 3(a-3). Fig. 3(f) e 3(g) depict the corresponding e-
field distribution of typical Pt NPs, which clearly show the strong e-
field intensity due to the strong dipolar resonance mode. The
simulated e-field of Pt NP also exhibited a sharp reduction in the



Fig. 4. Evolution of AgPt alloy nanoclusters to isolated Pt NPs on sapphire (0001) with the Ag42 nm/Pt9 nm bilayers by annealing between 500 and 900 �C for 120 s. (a)e(f) AFM top-
views (5� 5 mm2). (a-1) e (f-1) Magnified color-coded AFM side-views (1� 1 mm2) along with cross-sectional line-profiles. (g)e(i) Plots of Rq and SAR and at %. (j)e(k) EDS spectra at
500 and 900 �C. (j-1) e (k-1) Corresponding summary of at % and wt % of Ag and Pt. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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LSPR intensity as compared to the AgPt of similar size. It was also
found that the simulated extinction maxima was blue-shifted to
630 nm, which was in trend with the experimental observation
although the peak position was slightly red-shifted from the
measured spectra. In addition, the corresponding reflectance
spectra are presented in Fig. 3(b), which exhibited two strong ab-
sorptions dips at UV and VIS regions for the AgPt NPs due to the HO
and MP resonance modes as discussed. However, with the small
size Pt NPs the absorption dips were removed clearly in Fig. 3(b),
which can be correlated to the enhanced backscattering with the
small sized Pt NPs [37]. It can also be correlated to the major
contribution from the DR in the case of small and uniform Pt NPs.
The average reflectance was decreased at an increased Ta due to the
gradual reduction of surface coverage. Furthermore, the trans-
mittance spectra of AgPt and Pt NPs are presented in Fig. 3(c). With
the AgPt NPs fabricated between 500 and 500 �C, the UV and VIS
region exhibited shoulders. Since the size of AgPt nanoclusters was
large, the absorption dips in the transmittance spectra can be
superimsed by the high forward scattering with the quadrupolar
resonance being more significant than others. However, with the
formation of small and isolated Pt NPs, the absorption dips were
gradually developed in the UV and VIS regions due to the QR and
DR resonance modes as discussed. Based on the reduced surface
coverage by the NPs, the average transmittance was gradually
reduced as a function of Ta. As compared with the previous report
of Pt on sapphire, the LSPR properties of AgPt and Pt NPs were
found to be significantly improved and dynamic, which can be
correlated to the improved size, shape and uniformity by intro-
ducing the Ag component [31].

Fig. 4 shows the evolution of network-like AgPt NPs to the
widely isolated Pt NPs with the Ag42 nm/Pt9 nm bilayers by annealing
between 600 and 900 �C for 120 s. In this set, since the initial
bilayer thickness was increased by three times as compared to the
previous set, the dewetting extent was largely altered. With the
increased bilayer thickness, generally, the rate of dewetting can be
decreased due to the large volume of atoms and thus the resulting
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nanostructures generally possess a larger size with the lower
density [38]. For instance, only small void and grain structures were
obtained at between 500 and 550 �C as observed in Fig. 4(a) e 4(b).
The void size was increased up to 500 nm while the void rims
started to develop due to the faster agglomeration of atoms around
the edges. When the Ta was increased up to 650 �C, the network-
like AgPt nanoclusters were formed as seen in Fig. 4(c). A rapid
surface morphology transformation was observed at this stage,
which can be due to the enhanced agglomeration of alloyed atoms
along with the Ag sublimation. The average height of network-like
AgPt nanoclusters was increased up to 140 nm while the lateral
width was reduced. The Rq and SAR in Fig. 4(g) and (h) also showed
a sharp increase between 500 and 600 �C as the network-like AgPt
nanoclusters were evolved from layered structures. The at % of Ag
and Pt plotted in Fig. 4(i) e 4(k) clearly show the decreasing at % of
Ag between 500 and 650 �C due to the sublimation of Ag atoms.
Specifically, the at % of Ag was decreased from 92.35 to 75.63% as
the network-like AgPt nanoclusters were evolved from the layered
structures.

A drastic change in the surface morphology was observed at
750 �Cwhen the large number of isolated small NPs were formed as
shown in Fig. 4(d). The breakdown of connected nanoclusters into
the isolated ones can be due to the reduction of surface energy and
Rayleigh-like instability as discussed [39]. In addition, due to the
Fig. 5. LSPR properties of AgPt alloy and Pt NPs fabricated with the Ag42 nm/Pt9 nm bilayer
extinction spectra. (d) AFM images of the typical Pt NP at 900 �C. (d-1) Cross-sectional line
extensive sublimation of Ag atoms between 650 and 750 �C, the
average size of NPs was sharply decreased. At the Ta above 750 �C,
the Ag atoms were completely sublimated as indicated by the at %
plot in Fig. 4(i). Thus, the NPs fabricated at higher Ta (>750 �C) were
of pure Pt, which is also clearly suggested by the EDS spectra in
Fig. 4(i) e 4(k). Higher temperature was necessary for the complete
Ag atom sublimation due to 3x increased amount as comparedwith
the previous set. It was also found that the irregular configuration
of Pt NPs was gradually transformed into the spherical shape and
the uniformity was largely improved between 750 and 900 �C as
displayed in Fig. 4(e) e 4(f). The average diameter and height of Pt
NPs were 130 nm in height and 400 nm in diameter althoughminor
increment in NPs size was observed above 800 �C. Similarly, the Rq
and SAR were gradually reduced up to 750 �C and then mildly
increased along with the size improvement of NPs. As compared to
the previous set, the Pt NPs were found to be widely spaced and
larger in size due to the increased bilayer thickness.

Fig. 5 shows the optical properties of AgPt and Pt NPs fabricated
with the Ag42 nm/Pt9 nm bilayers. Generally, the NPs in this set were
larger and widely spaced with the different elemental composition
of AgPt and Pt as compared to the previous set, which exhibited the
discrete optical behaviors. As seen in the extinction spectra in
Fig. 5(a), the AgPt nanostructures between 500 and 650 �C
demonstrated the absorption peaks at UV and VIS region due to the
s. (a)e(c) Extinction, reflectance and transmittance spectra. (a-1) e (a-3) Normalized
profile. (e) E-field profile in xy-plane. (f) E-field vector plot.
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higher order (HO) and multi-polar (MP) resonance modes respec-
tively [40]. As compared to the previous set, the absorption in-
tensity was found to be much enhanced, which could be due to the
larger size of nanostructures and high Ag content. With the gradual
evolution of the interconnected AgPt nanoclusters and Ag subli-
mation, the intensity of LSPR peaks was gradually reduced as
clearly evidenced by the attenuated intensity of HO and MP peaks
in Figs. 5(a-1). With the formation of pure Pt NPs above 700 �C, the
HO (~355 nm) and MP (~445 nm) resonance peaks were further
attenuated as shown in Figs. 5(a-2), indicating the less plasmonic
response with the pure Pt NPs than the AgPt nanoclusters [37].
Specifically, the MP resonance peak was sharply decreased and
flattened with the isolated Pt NPs as displayed by the magnified
spectra in Figs. 5(a-3).

The local e-field distribution of typical Pt NP is simulated as
shown in Fig. 5(d) e 5(f), which showed a strong e-field confine-
ment at the NP/sapphire interface with the formation of lobes on
both sides of NPs. With the typical Pt NP, the e-field was found to be
Fig. 6. Evolution of self-assembled AgPt and Pt nanostructures with the Ag50 nm/Pt25 nm bilay
e (f-1) Magnified color-coded AFM side-views (1� 1 mm2) along with cross-sectional line-pro
(k-1) Summary of at % and wt % of Ag and Pt. (For interpretation of the references to color
stronger in the VIS wavelength due to the stronger MP resonance in
the VIS region. The simulated extinction power spectra in Fig. S4
also exhibited a shoulder in the UV-VIS region with the
maximum at ~450 nm. As shown in Fig. 5(f), the e-field vectors
clearly demonstrated the multiple directions along the NP geom-
etry likely due to the excitation of MP resonance modes. The cor-
responding reflectance spectra of AgPt alloy and Pt NPs is presented
in Fig. 5(b). Based on the two different type of NPs, i.e. AgPt and Pt
NPs, the reflectance spectra also demonstrated distinctive plas-
monic responses. In particular, the AgPt nanostructures exhibited
the absorption dips at UV and VIS regions, which corresponds to the
HO and MP resonance modes as discussed. The absorption by the
AgPt nanostructures was gradually reduced along with the subli-
mation of Ag atoms as well as reduced surface coverage at the
increased Ta. Consequently, with the formation of isolated Pt NPs,
very minor absorption dips were observed at HO and MP mode,
which can be likely due to the weaker plasmonic responses of Pt
NPs as well as the increased backscattering along with the reduced
er annealed between 500 and 900 �C for 120 s. (a)e(f) AFM top-views (3� 3 mm2). (a-1)
files. (g)e(i) Plots of Rq and SAR and at %. (j)e(k) EDS spectra at 500 and 900 �C. (j-1) e
in this figure legend, the reader is referred to the Web version of this article.)



Fig. 7. Elemental mapping of the AgPt and Pt nanoparticles fabricated with the Ag50 nm/Pt25 nm bilayer annealed at 500 and 900 �C for 120 s. (a)e(b) SEM images of AgPt nano-
clusters. (c)e(e) Elemental phase mapping of Al, Pt and Ag. (f) Line profile through the nanocluster region as indicated in (b). (g)e(h) SEM images of Pt NPs. (i)e(k) Corresponding
elemental phase mapping. (l) EDS line profile through Pt NP in (h).
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size. In addition, the transmittance spectra in Fig. 5(c) generally
demonstrated the flat response in the entire range of wavelength.
The wavelength corresponding to the HO and MP resonance mode
also did not show the absorption dips, which can be likely due to
the pronounced forward scattering of larger NPs. Since the particle
size was generally larger than 300 nm in average, the LSPR can be
mainly dominated by the quadrupolar resonance and thus high
forward scattering can be expected [37].

Fig. 6 presents the evolution of medium size self-assembled
AgPt nanoclusters and Pt NPs from the Ag50 nm/Pt25 nm bilayer
films by the systematic control of Ta. In this set, the ratio of Ag to Pt
was decreased to 2 : 1 as compared to the previous 5.4 : 1 and the Pt
thickness was increased. Obviously, the dewetting behavior was
varied as compared with the previous sets and thus the different
configuration and structure of AgPt and Pt NPs were obtained.
Along with the enhanced diffusion and alloying of Ag and Pt atoms
at increased Ta, the grain-void to the well-developed hexagonal
nanocrystal were fabricated in this set. In specific, annealing be-
tween 500 and 550 �C resulted in the evolution of voids and
granular structures as displayed in Fig. 6(a) and (b). In fact, these
voids were significantly smaller in size but greater in number than
the previous set. From the cross-sectional line profiles, the average
surface height was between 50 and 100 nm as shown in Figs. 6(a-1)
and 6(b-1). Due to the variation in the ratio of Ag and Pt atoms, the
surface nanostructures were evolved distinctly. For instance, the
initial stage of dewetting formed grains and many cracks in this set
while only few voids were observed in the previous set. In addition,
the Rq and SAR also showed increasing values with the evolution of
void and grain between 500 and 550 �C as shown in Fig. 6(g) and
(h). To examine the elemental distribution after annealing, the
sample annealed 550 �C was further analyzed with high resolution
elemental mapping in Fig. 7(a)e 7(f). As seen in Fig. 1(a)e 1(d), the
elemental maps of Ag and Pt reveals that the Ag and Pt atoms were
intermixed along with the dewetting of nanoclusters. In addition,
the EDS line profile through nanocluster in Fig. 7(b) clearly show
the homogeneous distribution of Ag and Pt. This clearly indicates
that the elements are well intermixed in the nanoclusters, which
can be further improved at higher temperature.
Along with increased Ta, the Ag sublimation was found to be

much quicker as shown in Fig. 6(i). For instance, the at % of Ag was
decreased from 80.19 to 58.88% when the temperature increased
from 500 to 500 �C. At higher Ta, similarly, the at % of Ag was zero
indicating complete sublimation. Despite the thicker Ag layer in
this set (50 nm as compared to 14 nm), the Ag sublimation occurred
much faster likely due to the evolution of large number of voids on
the film. When the temperature was increased to 600 �C, the con-
nected Pt NPs were resulted as observed in Fig. 6(c). These NPs had
an average height and diameter of ~100 and 500 nm respectively.
As the Ta was increased between 750 and 800 �C, the isolated Pt
NPs were resulted by the fragmentation of large Pt nanoclusters as
shown in Fig. 6(d) and (e). In high temperature regime, the Pt NPs
gradually became semi-spherical and more isolated in order to
attain the low energy configuration. Finally, the hexagonal shape of
Pt NPs was obtained at 900 �C as shown in Fig. 6(f). The elemental
phase maps and EDS line profiles in Fig. 7(g) e 7(l) clearly
demonstrated that the NPs only contain Pt atoms. From the Ag
phase maps, line profiles and at %, it was confirmed that the Ag
atomswere completely sublimated, resulting in thewell-structured
Pt NPs. The average height and diameter of Pt NPs in this temper-
ature rangewere ~100 nm and 300 nm respectively. The Rq showed
minor enhancement up to 850 �C as the NPs were agglomerated
more compactly, which resulted in the vertical height increment. In
terms of SAR, it was decreased between 650 and 800 �C as the size
and density of NPs was reduced but slightly increased above 850 �C
with minor size increment. Overall, these Pt NPs were much denser
and slightly smaller than those obtained in the previous sets with
the much thicker Pt layer. Thus, it can be stated that the Ag thick-
ness as well as overall Ag/Pt bilayer thickness can be varied to
realized various size and shape of Pt NPs.

Fig. 8 shows the optical analysis of AgPt and Pt NPs fabricated
with the Ag50 nm/Pt25 nm bilayer films. In comparison with the
previous sets, the nanostructures were denser and larger in size in
this set and thus resulted in a distinct LSPR response. Fig. 8(a)
shows the extinction spectra of AgPt and Pt NPs, which exhibited



Fig. 8. (a)e(c) Extinction, reflectance and transmittacne spectra of various AgPt alloy and Pt NPs on fabricated with the Ag50 nm/Pt25 nm films. (a-1) e (a-3) Normalized extinction.
(b-1) e (b-2) Normalized reflectance. (c-1) Normalized transmittance. (d) AFM image of the typical Pt NP at 900 �C. (d-1) Cross-sectional line profile. (e) E-field profile in xy-plane.
(f) E-field vector plot.
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the strong HO resonance peak at ~ 315 nm and MP resonance peak
at ~ 460 nm. Similar to the previous cases, the resonance peak in-
tensity was reduced along with the decreased average size of NPs
and Ag sublimation at increased Ta as depicted in Figs. 8(a-1).
Furthermore, the LSPR properties were sharply changed for AgPt
nanocluster and Pt NPs as shown in Figs. 8(a-1) and 8(a-2). For
instance, although both the HO and MP resonance peaks were
observed in all samples, the LSPR intensity with Pt NPs was
decreased as compared to AgPt nanostructures. As compared to the
pure Pt NPs in the previous sets, the large and much denser Pt NPs
in this set exhibited stronger LSPR responses in the UV and VIS
regions. Within the temperature range 600 and 900 �C, the LSPR
intensity was slightly enhanced as shown in Figs. 8(a-2) as the size
and uniformity of NPs was mildly increased. It was also observed
that the LSPR peaks were broadened with the pure Pt NPs as
compared to that of AgPt nanoclusters as shown in Figs. 8(a-3),
which indicates the weaker LSPR response with Pt NPs [41].

The corresponding reflectance spectra of the larger AgPt and Pt
NPs are shown in Fig. 8(b)e8(b-2). Generally, two strong absorption
dips were observed with the AgPt and Pt NPs due to the HO andMP
resonance in the UV and VIS regions respectively [40]. For the Pt
NPs between 600 and 900 �C, the absorption was sharply attenu-
ated as compared to the AgPt NPs at lower Ta. In the case of
transmittance spectra in Fig. 8(c) and (c-1), the AgPt nanostructures
showed almost flat spectral shape, which can be due to the pro-
nounced forward scattering by the large nanostructures [37].
However, the Pt NPs exhibited the dip and shoulder in the UV and
VIS region as shown in Figs. 8(c-1), which can be due to the vari-
ation in the contribution of multiple resonance modes. In specific,
with the connected and irregular Pt NPs between 600 and 750 �C,
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the broad absorption dip was observed and that of isolated and
uniform Pt NPs showed two absorption dips. This could be likely
due to the splitting of resonance modes on the Pt NPs surface
depending upon the shape and uniformity. On the other hand, the
shoulder was still persistent in the VIS region as can be expected
with large size Pt NPs due to the high forward scattering. The e-field
distribution on the typical hexagonal Pt NPs is simulated in Fig. 8(d)
e 8(f), which clearly shows the strong field confinement at the
sharp boundary. The corresponding extinction power spectrum is
included in Fig. S14 in which the extinction shoulder with peak at
~470 nm can be clearly observed. Further, the e-field vector plot in
Fig. 8(f) demonstrated the multiple directions along with the
symmetry of Pt NPs due to the excitation ofMP resonance in the VIS
region.

4. Conclusion

In summary, a noble approach of utilizing various Ag/Pt bilayer
designs have been successfully demonstrated on sapphire (0001)
for the fabrication of AgPt and Pt NPs. The Ag/Pt bilayer configu-
ration significantly accelerated the SSD degree and produced the
AgPt nanoclusters at lower annealing temperature and well-
defined Pt NPs at higher temperature. The Ag14 nm/Pt3 nm and
Ag42 nm/Pt9 nm bilayers yield the connected AgPt alloy and widely
spaced round Pt NPs. The thicker Ag film the Ag50 nm/Pt25 nm bi-
layers markedly enhanced the dewetting and much denser yet
larger Pt NPs were formed at the identical annealing temperature
regime. The evolution of AgPt bimetallic and pure Pt NPs was dis-
cussed based on the inter-mixing, alloying, enhanced diffusion and
sublimation of Ag atoms. The AgPt and Pt NPs of various size and
configurations exhibited tunable LSPR responses in the UV and VIS
wavelength. The AgPt nanoclusters at lower annealing temperature
generally showed stronger LSPR responses due to high LSPR activity
of Ag and it was gradually reduced along with the Ag sublimation.
Meanwhile, the LSPR response of Pt NPs in this study was still
stronger in comparison with the previous Pt NPs formed with the
pure Pt films due to well defined configuration and larger size.
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