
Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full Length Article

Tunable localized surface plasmon resonance by self-assembly of trimetallic
and bimetallic alloy nanoparticles via Ag sublimation from Ag/Au/Pt tri-
layers

Sundar Kunwar, Puran Pandey, Sanchaya Pandit, Mao Sui, Jihoon Lee⁎

Department of Electronic Engineering, College of Electronics and Information, Kwangwoon University, Nowon-gu, Seoul 01897, South Korea

A R T I C L E I N F O

Keywords:
Plasmonics
Nanoparticles
Solid-state dewetting
AgAuPt NPs

A B S T R A C T

In this work, various configurations, size, density and composition of AgAuPt and AuPt alloy NPs are demon-
strated via the solid-state dewetting (SSD) of Ag/Au/Pt tri-layers on the transparent c-plane sapphire (0001) and
the corresponding LSPR characteristics are thoroughly investigated along with the FDTD simulation. The SSD is
adapted to convert the sputtered Ag/Au/Pt tri-layers into the definite alloy NPs based on the diffusion, inter-
diffusion and energy minimization process. The resulting AgAuPt and AuPt NPs demonstrate much stronger
plasmonic characteristics as compared to their counterparts with the tunable LSPR bands in the UV and VIS
regions along with the various plasmon resonance modes such as dipolar (DR), quadrupolar (QR), multipolar
(MR) and higher order (HO). Furthermore, the Ag atom sublimation demonstrates a significant role in the
dewetting process, which significantly alters the size, shape and composition of alloy NPs, giving a rise to the
development of AuPt NPs. In specific, the LSPR response attenuates with the sublimation, however, as the AuPt
NPs in this study are significantly improved in terms of composition and configuration, i.e. shape, size and
spacing, the LSPR responses are much stronger and dynamic as compared to the pure Pt NPs on sapphire in the
previous studies.

1. Introduction

In the last decade, owing to the stimulating photon interaction with
the metallic nanostructures at diverse wavelengths, the nano-plas-
monics has made a great advance in a wide range of practical appli-
cations such as energy [1], electronics [2], catalysis [3], photonics [4],
sensors [5], biomedical [6] and storage devices [7]. The collective os-
cillation, excitation and resonance of electrons at the surface of metallic
nanostructures by the incident photons produce various indispensable
effects such as strong light absorption and scattering, strong electro-
magnetic field, high charge carrier density and hot electron-hole pairs
[1]. For instance, the incorporation of Au nanorods into the Bi2WO3

nanosheets significantly enhanced the NIR light absorption, leading to
the improved photocatalytic performance based on the LSPR of Au
nanorods [8].

The characteristics of plasmonic metallic nanostructures can be
engineered depending on the necessities and demands by the systematic
control of shape, size, crystal structure, exposed facets and density of
plasmonic nanostructures [9–12]. At the same time, the alloy NPs with
two or more metallic elements can provide added flexibility in the LSPR

property control [13–15]. Alloy nanostructures are useful as they can
readily incorporate the advantages of individual NPs and at the same
time can offer novel properties and multi-functionalities [16–18]. For
instance, the Au-Pd bimetallic alloy NPs remarkably improved the
catalytic activity in the visible region as compared to the monometallic
Au NPs because of the plasmon mediated charge distribution from the
Au sites to the Pd sites within the alloy NPs [19]. Generally, the
monometallic Ag and Au NPs have been being widely perused in the
various plasmonic applications due to their strong LSPR responses
whereas the Pt NPs, which however demonstrate weaker LSPR re-
sponse, are commonly utilized in the catalytic applications due to their
strong catalytic response and chemical robustness. Meanwhile, it has
been demonstrated that the formation of bimetallic or trimetallic ma-
terials of Ag, Au and Pt can significantly improve the electrocatalytic,
photocatalytic and physicochemical properties for oxidation-reduction
reactions [20,21]. In this regard, the controlled fabrication, exploration
of growth kinetics and LSPR characteristics of alloy NPs consisting of
Ag, Au and Pt can be of fundamental interests for the realization of
improved performance as well as for understanding of nanostruc-
ture–LSPR relationships, which has not been reported to the date.
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In this paper, various configuration, size and density of AgAuPt and
AuPt alloy NPs are demonstrated on c-plane sapphire (0001) along with
their LSPR properties. The dynamic LSPR properties of these alloy NPs
are characterized within the UV–Vis-NIR regions by the optical char-
acterizations and finite difference time domain (FDTD) simulation.
Specifically, the strong LSPR band in the visible region is commonly
obtained for both AgAuPt and AuPt alloy NPs whose peak wavelength
and bandwidth are varied based on the evolution of surface morphology
and elemental composition of those alloy NPs. The solid-state dewetting
of sputtered Ag/Au/Pt tri-layers is utilized to transform the uniform tri-

layers into the definite alloyed NPs by means of the surface diffusion
and interdiffusion of metallic atoms. The dewetting kinetics of the tri-
layer film is controlled based on the variation of temperature, thickness
and composition, which give rise to the small to large and the irregular
to regular AgAuPt alloy NPs. Furthermore, the concurrent Ag atom
sublimation changes the elemental composition in the AgAuPt NPs and
thus the LSPR response and finally results in the formation of AuPt NPs
at above 700 °C. In specific, the Ag/Au/Pt tri-layer of various thickness
(3.4 nm≤ n≤ 51 nm) are annealed at various temperature, which give
rise to the formation of densely packed tiny to the widely spaced large

Fig. 1. Evolution of AgAuPt and AuPt alloy NPs by the dewetting of Ag33nm/Au9nm/Pt9nm tri-layers between 500 and 800 °C for 120 s. (a) – (d) Schematic of the
fabrication of AgAuPt and AuPt alloy NPs. (e) – (h) Atomic force microscope (AFM) side-views of typical nanostructures at specific temperatures. (e-1) – (h-1)
Corresponding line profiles. (i) – (j) Summary plots of RMS roughness (Rq) and surface area ratio (SAR). (k) Summary plots of atomic % of Ag, Au and Pt. (l) – (m)
Energy dispersive x-ray spectroscope (EDS) spectra of AgAuPt and AuPt alloy at 500 and 700 °C.
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AgAuPt (500 °C≤ T≤ 650 °C) and AuPt (700 °C≤ T≤ 800 °C) alloy
NPs.

2. Experimental section

In this study, the double-side polished 430 µm thick c-place sapphire
(0001) wafers with 0.1° off-axis were used to grow various AgAuPt and
AuPt alloy nanostructures. Firstly, the large wafer was cleaved into the
6× 6mm2 square pieces by a mechanical saw. Then, the substrate was
placed on a holder and subjected to a degassing process in a pulse laser
deposition (PLD) chamber. The substrate degassing was performed at
600 °C for 30min under 1×10−4 Torr that ensures the removal of
oxides, particulates, trapped gaseous and water vapors from the sample.
After degassing, the surface morphology and optical characteristics
were examined as shown in Fig. S1. The surface morphology was quite
smooth with the surface step height less than 0.4 nm. From the UV–VIS-
NIR spectra measurement, a uniform response was obtained between
300 and 1100 nm with the average transmittance ~85% and re-
flectance ~13%.

Sequentially, various thickness of Ag, Au and Pt films were de-
posited on a clean sapphire (0001) sample by using a sputtering tech-
nique. The deposition of metal films was performed in a sputtering
chamber under 1×10−1 torr. All metallic films were deposited at the
fixed deposition rate of 0.05 nm/s (20 sec equals to 1 nm) and ioniza-
tion current of 3mA. Four different tri-layer sets were prepared to
realize various shape, size and density of alloy NPs: Ag33nm/Au9nm/
Pt9nm, Ag11nm/Au3nm/Pt3nm, Ag5.5nm/Au1.5nm/Pt1.5nm and Ag2.2nm/
Au0.6nm/Pt0.6nm. Subsequently, systematic annealing of samples was
performed between 500 and 800 °C with the 50 °C interval and 120 s of
annealing duration was equally allocated to each sample after reaching
each target temperature. The overall annealing process was monitored
and controlled by the computer recipe program for the consistency
between samples. (For more details, please refer the sample deposition
and fabrication in the supplementary information)

The surface morphology of as-fabricated alloy NPs was character-
ized by a non-contact mode atomic force microscope (NC-AFM) (XE-70,
Park Systems Corp. South Korea) and scanning electron microscope
(SEM) (CX-200, South Korea). For the elemental characterizations of
the samples, energy dispersive x-ray spectroscopes (EDS) (Noran
System 7, Thermo Fisher, United States and Ultimax, Oxford
Instruments, United Kingdom) were utilized. The spatial resolution of
EDS detector for elemental mapping is about 10 nm, which is integrated
with the ultra-high resolution (0.7 nm) SEM (Regulus 8230, Hitachi,
Japan). The elemental composition of alloy NPs in terms of atomic (at
%) and weight (wt %) percentages were extracted from the EDS spectra
acquired at 2 K magnification with ~ 12mm working distance and
10 kV acceleration voltage. The detection limit of the EDS system was
~0.1 wt%. Optical characterization of as-fabricated trimetallic NPs was
conducted by using a NOST system (Nostoptiks, South Korea), equipped
with an ANDOR sr-500i spectrograph, CCD detector and various optical
components. The electromagnetic (EM) field of as-fabricated NPs on
sapphire was simulated by using a finite-difference time domain
(FDTD) software (Lumerical Solutions, Canada). For simulation, the 3D
AFM surfaces of typical NPs were imported into the structure space to
incorporate the real NP morphologies. The complex refractive index
was taken from the Palik’s model for sapphire and Pt [22]. Similarly, for
Au and Ag, the Rakic and CRC models were referenced respectively
[23,24]. For the bimetallic and trimetallic alloy compositions, the di-
electric constants were averaged from the pure metals based on the
atomic % ratio [25,26]. (For more details, please refer the supple-
mentary information).

3. Results and discussion

Fig. 1 shows the evolution of AgAuPt and AuPt alloy nanostructures
by the annealing of Ag33nm/Au9nm/Pt9nm tri-layers between 500 and

800 °C for 120 s. Various evolution stages were observed along with
temperature control: such as void formation, void and grain growth,
nanocluster growth and nanocluster fragmentation. The Ag/Au/Pt tri-
layers were annealed well below the melting point of all three con-
stituent metals. Therefore, the overall transformation of quasi-con-
tinuous Ag/Au/Pt tri-layers into the isolated NPs can occur based on the
solid-state dewetting mechanism [27,28]. Generally, the thin films
deposited in an ambient temperature are metastable or unstable and
will dewet or coalesce into the small particles when sufficient thermal
energy beyond the activation energy of atoms is provided. This process
can be firstly initiated by the atomic diffusion of atoms to the low en-
ergy sites in order to attain the surface energy equilibrium [29]. De-
pending upon the diffusivity of metals, various surface nanostructures
of pure Ag [29], Au [30] and Pt [31] have been previously demon-
strated on sapphire (0001) under various growth conditions. For in-
stance, while Pt films showed minor surface roughness evolution
without the formation of specific nanostructures up to 600 °C, the Ag
and Au films already formed the well-developed semi-spherical NPs at
~400 °C due to the much higher diffusivity of Ag and Au atoms as
compared to the Pt atoms [30–32].

In this study, the Ag, Au and Pt layers were deposited in a sequence
depending upon the high surface diffusivity, low surface energy and
low interaction force with sapphire [33]. In the Ag/Au/Pt configura-
tions as shown in Fig. 1(a), the diffusivity reduces to the top layer di-
rection whereas the surface energy increases. This may facilitate the
overall dewetting process of Ag/Au/Pt tri-layers as the film adhered on
substrate play major role in the growth kinetics [34,35]. The difference
in the lattice constant, interdiffusion coefficient and interfacial energy
with the multi-metallic layers could induce a complex dewetting pro-
cess as compared with the monometallic layer dewetting. Initially,
annealing of the Ag/Au/Pt tri-layers could lead to the interdiffusion of
Ag, Au and Pt atoms into the other layers through the vacancies, grains
boundaries and pinholes [36,37]. Along with the increased temperature
of the system, the interdiffusion between Ag, Au and Pt atoms can be
enhanced, which can increase the intermixed region further [38]. Thus,
finally, each of the Ag, Au, Pt layers can be consumed by the formation
of intermixed or alloyed layers as displayed in Fig. 1(b). Meanwhile,
some asymmetry in the intermixing between the Ag, Au and Pt layer
can be expected due to the difference in the diffusivity of Ag, Au and Pt
atoms. Along with the enhanced surface diffusion and interdiffusion of
different metallic atoms, the nucleation of voids could occur at low
energy sites such as steps and grain boundaries, which initiates the
dewetting process. With the increasing temperature, the diffusing atoms
detach from the substrate allowing the voids to grow larger and forming
rims around the voids [39]. This can result in the evolution of the three-
dimensional nanoclusters as presented in Fig. 1(c) based on the Volmer-
weber growth model owing to the stronger bonding energy between the
metallic atoms than the metal and sapphire atoms [40].

On the other hand, the overall dewetting process and evolution of
surface nanostructures can be affected by the concurrent sublimation of
Ag atoms at increased temperature. This is due to the high vapor
pressure of Ag atoms and the rate of sublimation exponentially in-
creases with temperature, which eventually results in the AuPt alloy
NPs as shown in Fig. 1(d). In this work, the dewetting of Ag33nm/Au9nm/
Pt9nm tri-layer was initiated at 500 °C with the formation of voids more
than 100 nm width as shown by the AFM image in Fig. 1(a). The large-
scale surface morphologies and line profiles are provided in supple-
mentary Figs. S2–S4. It was clearly observed that the void edges were
grown more rapidly forming rims around them as the atomic diffusion
through the edges can be much faster [29]. The corresponding line-
profile of typical void-rim structure in Fig. 1(e-1) shows the rim height
of ~180 nm. When the temperature was increased up to 600 °C, the size
and number of voids were increased due to the coalescence with the
neighboring ones and evolution of new nucleation sites [41,42]. Con-
sequently, the network-like AgAuPt alloy nanoclusters were evolved as
observed in Fig. 1(f). It was also observed that the local width of larger
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nanoclusters varied, forming the neck-like structures, which can be due
to the fluctuation of surface energy distribution. The growth of voids
and nanoclusters at increasing temperature can be driven by the surface
and interface energy minimization.

The evolution of surface morphology was further studied by the
RMS roughness (Rq) and surface area ratio (SAR) in Fig. 1(i) and (j)
respectively. The Rq quantify the average of surface profile height (yi)

as given by the relation: = ∑ =
R yq n i

n
i

1
1

2 . Whereas the SAR provides
the increment in the 3D surface area of NPs (ANP) with respect to the 2D
geometric area (As) of a substrate as expressed in the equation:

= ×
−SAR 100%A A
A

s NP
s

. Generally, the Rq can be more closely related to
the height modulation and the SAR can be more significantly affected
by the density change while both the size and density can affect as seen
in the equations. Both the Rq and SAR were gradually increased from
~20 nm to 60 nm and 8 to 18% along with the evolution of voids and
connected nanoclusters between 500 and 650 °C indicating the in-
creased height and surface area of the nanoclusters. In addition to the
diffusion induced dewetting process, the Ag atomic sublimation also
concurrently affected the voids growth and nanocluster formation [43].
The elemental ratio of AgAuPt trimetallic NPs was analyzed by the EDS
spectra as shown in Fig. 1(k)–(m). The EDS spectra showed the presence
of O, Al, Au, Pt and Ag peaks in each sample, in which O and Al are
associated with the substrate and the Ag, Au and Pt are associated with
the alloy nanostructures. The at % of Ag, Au and Pt peaks are sum-
marized with respect to temperature in Fig. 1(k), which clearly in-
dicates the significant alteration in the overall at % of elements. In
specific, the Ag at % was gradually reduced between 500 and 650 °C
and became zero at above 700 °C, indicating the complete sublimation
loss of Ag atoms. The EDS spectra in Fig. 1(l) and (m) clearly showed
the Au Mα1, Pt Mα1, Ag Lα1 and Ag Lβ1 peaks at 500 °C while only Au
Mα1 and Pt Mα1 were depicted at 700 °C. In addition, the elemental
distribution of dewetted nanostructures was investigated by the high-
resolution SEM and EDS mapping as displayed in Fig. 2 and Figs. S5–S6.
For the AgAuPt alloy nanoclusters fabricated at 600 °C, the SEM image
and EDS phase maps of Ag, Au and Pt matched well as seen in
Fig. 2(b)–(e). In the nanocluster region, the Ag, Au and Pt elements
were found to be bright and uniform. Furthermore, the elemental line
profile was extracted through the nanocluster as shown in Fig. 2(g)–(h),
which clearly show the uniform distribution of Ag, Au and Pt elements
in the NP clusters. This confirms that the Ag, Au and Pt atoms were
well-intermixed along with the dewetting of the isolated alloy NPs.

Along with the further dewetting and sublimation of Ag atoms, the
surface morphology of alloy nanocluster was drastically transformed at
700 °C as the network-like nanoclusters started to break down into the
isolated NPs as seen in Fig. 1(g), which can be correlated to the Ray-
leigh-like instability of the large irregular nanoclusters [44]. The frag-
mentation of AgAuPt NP clusters continued up to 800 °C while those
isolated already became the spherical from the irregular shape as
shown in Fig. 1(h). The isolated NPs attained spherical shape as guided
by the surface energy minimization and isotropic energy distribution,
which can be ascribed to the process of gaining the equilibrium con-
figuration and becoming thermally stable [45]. The typical spherical
AuPt NPs had an average diameter (AD) and height (AH) of ~500 nm
and 100 nm respectively as shown in Fig. 1(h-1). From the EDS analysis
of the samples annealed above 700 °C, the Ag peaks were not detected,
i.e. equal to the background signal (~180 EDS counts), due to the
complete desorption by the sublimation of Ag atoms. Therefore, the NPs
above 700 °C were the AuPt alloy and the at % of Au and Pt was found
to be consistent as shown in the Fig. 1(k) and S4. To investigate the
elemental distribution of AuPt alloy NPs after the Ag sublimation, a
detailed elemental mapping analysis was performed with the sample
annealed at 800 °C as shown in Fig. 2(i)–(p). As clearly seen in
Fig. 2(j)–(m), the elemental maps of Au and Pt were intense and mat-
ched well with each other while the Ag map was negligible or the same
as the background signal intensity. The background signal can be

detected regardless of the choice of element. Further, the EDS line
profile was extracted through the typical NP as shown in Fig. 2(o)–(p),
which clearly show the high counts for Au and Pt while the Ag count
was the same as the background, i.e. the detection limit of instrument.
This again clearly signifies the complete sublimation of Ag atoms and
formation of AuPt alloy NPs. From the morphological and elemental
analysis of the samples at different temperatures, the overall evolution
of alloy NPs was significantly affected by the atomic sublimation of Ag
atoms along with the dewetting [44].

Fig. 3 presents the optical properties of various AgAuPt and AuPt
NPs fabricated with the Ag33nm/Au9nm/Pt9nm tri-layers on sapphire
(0001). Apparently, the optical properties of these alloy NPs were
greatly affected by the evolution of surface morphologies and elemental
compositions. The extinction, reflectance and transmittance spectra and
corresponding normalized spectra are presented to show the various
LSPR characteristics of AgAuPt and AuPt alloy NPs. In addition, the
local e-field distributions on the typical alloy NPs were probed by the
finite difference time domain (FDTD) simulation. To begin with, the
optical spectra exhibited a two-grouped response and thus were divided
into the two sections depending upon the elemental composition of the
alloy NPs: i.e. the AgAuPt NPs below 650 °C in Fig. 3(a)−(c) and AuPt
NPs above 700 °C in Fig. 3(a-1)–(c-1). In the case of the large AgAuPt
nanoclusters, two pronounced LSPR bands were exhibited: one in the
UV and the other in the VIS region as displayed in Fig. 3(a). The LSPR
band can be assigned to the multipolar resonance (MR) mode in the VIS
and higher order (HO) resonance mode in UV region respectively [46]
as the average size of these nanoclusters was larger than 400 nm. The
LSPR peaks were very strong with the large AgAuPt alloy nanoclusters
at 500 °C and then gradually attenuated and broadened at increased
temperature as shown in the normalized plot in Fig. 3(a-2). The re-
duction of LSPR intensity can be correlated to the sublimation of Ag
atoms and overall size reduction of the AgAuPt alloy nanoclusters [47].
The e-field distributions of typical AgAuPt alloy NP at 470 nm corre-
sponding to the MR mode is shown in Fig. 3(d)–(e). As the NPs was
randomly structured, the e-field enhancement was much stronger at the
sharp boundaries as clearly seen from the e-field profiles in the xy-
plane. In the case of AuPt NPs above 700 °C, the LSPR intensity was
further attenuated and broadened as shown in Fig. 3(a-1) and (a-3).
Furthermore, the local e-field enhancement at the resonance wave-
length in the VIS region also exhibited the reduced intensity as shown
in Fig. 3(f)–(g). As the shape of NPs and transformed towards the
spherical with the slight reduction in size, the UV and VIS were blue
shifted to 320 and 460 nm. At the same time, the VIS resonance peaks
were generally broadened as shown in Fig. 3(a-4) as the AgAuPt na-
noclusters were evolved into the AuPt NPs after Ag sublimation.

In addition, Fig. 3(b) and (b-1) present the reflectance spectra of the
AgAuPt and AuPt alloy NPs, which generally exhibited a narrow dip in
the UV region at ~300 nm, a wide dip in the VIS region at the similar
wavelength of extinction peaks. The dips in the reflectance spectra can
be correlated to the absorption of light due to the various LSPR effect as
discussed [46]. The reflectance dips were weakened and broadened
with temperature, which can be correlated to the Ag sublimation at
higher temperature. Furthermore, as the average size of AgAuPt alloy
nanoclusters was decreased, the backscattering can be enhanced
whereas the absorption can be decreased [48]. With the formation of
AuPt NPs, the reflectance dips in the UV and VIS region were minorly
reduced as displayed in Fig. 3(b-1) between 700 and 800 °C, which
denotes the weaker LSPR with the AuPt NPs than the AgAuPt NPs. In
the case of transmittance spectra in Fig. 3(c) and (c-1), both the AgAuPt
and AuPt did not show obvious peak or dip formation. This can be
caused by the high forward scattering of the large size NPs [49].

Fig. 4 shows the fabrication of medium size and moderate areal
density of AgAuPt and AuPt alloy NPs with the Ag11nm/Au3nm/Pt3nm tri-
layers between 500 and 800 °C for 120 s. The large-scale AFM images
and corresponding line profiles are provided in Fig. S7. In this set, the
overall film thickness (17 nm) was reduced by three times from the
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previous set and thus the resulting NPs were smaller, denser and more
regular as seen in the AFM images. The dewetting degree directly de-
pends on the initial film thickness and thus the resulting shape, size and
density of NPs can vary largely even under the similar growth condition
[50]. Generally, thinner films produce densely packed smaller NPs
because of the rapid void nucleation, growth fragmentation of na-
noclusters [51]. Furthermore, in the case of thinner Ag/Au/Pt tri-layers,
the completion of interdiffusion between layers can be faster with the
thinner individual layer. Therefore, by reducing the individual thick-
ness of films the overall dewetting process was significantly enhanced,
which resulted in the formation of isolated and spherical AgAuPt NPs
even at lower annealing temperature. For instance, the irregular
AgAuPt NPs of AD~ 250 nm and AH~ 70 nm were obtained even at
500 °C as seen in Fig. 4(a) and (a-1). These irregular NPs were gradually
isolated and became more regular up to 600 °C along with the enhanced
surface diffusion of atoms. The Rq and SAR were also mildly increased
in this temperature range as the evolution of irregular to spherical
AgAuPt NPs occurred.

Along with the enhanced agglomeration of atoms, the NP size is
expected to increase, however, due to the simultaneous Ag sublimation
the average size was not increased much. At the same time, the shape
transformation of NPs was found to occur more rapidly due to the en-
hanced dewetting and Ag sublimation with temperature. The elemental
analysis of these samples confirmed the accelerated sublimation of Ag

atoms between 500 and 650 °C as shown in Fig. 4(g)–(i). Since the
overall thickness of Ag/Au/Pt layers was decreased from the previous
set, the dewetting and Ag atom sublimation occurred rapidly. Thus,
much more isolated and semi-spherical AuPt NPs were formed at
650 °C, which occurred at a lower temperature from the previous set.
Further increase in temperature resulted in the fragmentation of large
NPs due to the Rayleigh-like instability and surface free energy mini-
mization as discussed [45]. For instance, the NPs were widely isolated
and relatively smaller at 700 °C as shown in Fig. 4(c). When the tem-
perature was increased up to 800 °C, the areal density was gradually
reduced whereas the vertical size tended to be increased. This can be
correlated to the coalescence growth of the NPs as the smaller NPs can
be merged to the larger ones in order to reach the lower chemical po-
tential. In particular, the AH of NPs was between 48 and 52 nm whereas
the AD was ~200 nm. Furthermore, the Rq and SAR also showed a mild
increase with temperature as the size of NPs was minorly increased. The
uniformity of NPs was also improved along with the enhanced dewet-
ting at higher temperature as denoted by the reduced size of the Fourier
filter transform (FFT) patterns. The elemental analysis of high tem-
perature samples as shown in Fig. 4(g), (i) and S8 clearly demonstrate
the evolution AuPt alloy NPs due to the Ag sublimation.

Fig. 5 presents the optical properties of medium-sized AgAuPt and
AuPt alloy NPs fabricated with the Ag11nm/Au3nm/Pt3nm tri-layers. The
alloy NPs in this set had AD of 200–250 nm and AH of 50–70 nm. As

Fig. 2. Elemental analysis of the AgAuPt and AuPt alloy NPs fabricated with the Ag33nm/Au9nm/Pt9nm tri-layers at 600 and 800 °C for 120 s. (a) – (b) SEM images of
the AgAuPt alloy nanoclusters at 600 °C. (c) – (f) Elemental maps of Ag, Au, Pt and Al. (g) – (h) SEM image and corresponding EDS line profile of AgAuPt alloy
nanoclusters. (i) – (j) SEM images of AuPt alloy NPs at 800 °C. (k) – (n) Elemental maps of AuPt alloy NPs. The Ag map equlivalent to the background intensity clearly
indicates the sublimation of Ag atoms from alloy NPs. (o) – (p) Typical AuPt alloy NP and the EDS line profile. The elemental map and line profile of Ag at 800 °C are
within the detection limit of instrument indicating the absence of Ag atoms in the AuPt alloy NPs.
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compared to the previous set, these NPs were much smaller and denser,
which induced the distinct LSPR responses as presented by the optical
spectra. From the extinction spectra in Fig. 5(a) and (a-1), the AgAuPt
NPs showed the LSPR peaks in the UV and VIS regions corresponding to
the HR and MR modes [46]. The LSPR absorption peaks with the
AgAuPt alloy NPs at 500 and 600 °C were found to be weaker than the
large AgAuPt nanoclusters in the previous set, which can be correlated
to the size of NPs and Ag content. However, interestingly between 500
and 600 °C, the LSPR intensity was similar although the Ag was sub-
limated with temperature [47]. This can be caused by the simultaneous
effect of mild increment in NP size in Fig. 4(a)–(b) and the Ag sub-
limation within this temperature range.

In the case of AuPt alloy NPs above 650 °C, the broad peak in the VIS
and minor peak in the UV region were observed. The MR resonance in
the VIS region was slightly enhanced with temperature as shown in

Fig. 5(a-2), which can be due to the minor size increment of the AuPt
alloy NPs. Meanwhile, along with the improved uniformity of the AuPt
alloy NPs at higher temperature, the MR band became slightly narrower
as shown in Fig. 5(a-3). The e-field profiles of the typical AuPt alloy NPs
are presented in Figs. 5(d)–(f) and S9, which showed the strong lobe on
both sides of NPs, indicating the localized e-fields at ~300 and 490 nm
corresponding to the HO and MR modes respectively. The e-field at VIS
was slightly stronger than the one at UV, which agreed well with the
experimental result. In the case of reflectance spectra, the AgAuPt NPs
showed a UV dip at ~300 nm and a VIS dip at ~480 nm up to 600 °C as
shown in Fig. 5(b) and (b-1). Although the overall size of NPs was in-
creased, the absorption dips were slightly decreased with temperature
as shown in Fig. 5(b-1), which can be correlated to the Ag sublimation
from the NPs. With the formation of slightly smaller AuPt NPs above
650 °C, the reflectance dips were further attenuated, which can be due

Fig. 3. Optical characteristics of various AgAuPt and AuPt alloy NPs on sapphire (0001) fabricated with the Ag33nm/Au9nm/Pt9nm tri-layers. (a) – (c) and (a-1) – (c-1)
Extinction, reflectance and transmittance spectra of the AgAuPt and AuPt alloy nanostructures respectively. (a-2) – (a-4) Normalized extinction spectra. (d) and (f)
AFM images of the typical alloy NPs chosen for the finite difference time domain (FDTD) simulations. (e) and (g) E-field intensity maps in x-y plane (top-view) of
AgAuPt and AuPt NPs at a different wavelength as labeled.

S. Kunwar, et al. Applied Surface Science 504 (2020) 144545

6



to the increased backscattering and reduced absorption with the smaller
size and Ag sublimation [48].

From the transmittance spectra of AgAuPt NPs in Fig. 5(c) and (c-1),
it showed the shoulder formations at the wavelengths where the ex-
tinction peaks were observed. This can be likely due to the forward
scattering with the larger AuAgPt NPs. When the relatively smaller

AuPt NPs were formed the forward scattering was sharply reduced and
obvious absorption dips were observed as shown in Fig. 5(c-2) [49]. By
comparing with the large AuPt NPs from the previous set, the forward
scattering effect was sharply decreased in this set due to the relatively
smaller size of NPs. It also was observed that the visible region dips
became gradually narrower as shown in Fig. 5(c-1) as the AuPt NPs

Fig. 4. Fabrication of isolated medium size AgAuPt and AuPt alloy NPs by the dewetting of Ag11nm/Au3nm/Pt3nm tri-layers based on annealing between 500 and
800 °C for 120 s. (a) – (d) AFM top-views (3×3 μm2) of the alloy NPs. Insets show the Fourier filter transform (FFT) pattern of corresponding AFM images. (a-1) – (d-
1) AFM side-views showing the typical alloy NPs at different temperatures. (a-2) – (d-2) Corresponding line profiles across the typical alloy nanostructures. (e) – (g)
Summary plots of the Rq, SAR and atomic (at) % of Ag, Au and Pt. (h) – (i) EDS spectra of AgAuPt and AuPt alloy NPs fabricated at 500 and 650 °C.
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became more uniform at the higher temperature.
Fig. 6 shows the much smaller and denser AgAuPt and AuPt alloy

NPs fabricated with the Ag5.5nm/Au1.5nm/Pt1.5nm tri-layers under the
identical growth condition as in the previous sets. The initial tri-layer
thickness was now further reduced (8.5 nm) to realize much smaller
and denser AgAuPt alloy NPs. As discussed, the dewetting extent was
further accelerated with the thinner tri-layer films and resulted in the
highly dense and definite NPs even at low temperatures. Small size and
high areal density of NPs can be the result of rapid void perturbation
and growth in the thin tri-layer films owing to the high surface diffusion
and interdiffusion [51]. Furthermore, due to the lack of atoms diffusing
around, the small NPs could become isolated and stable. Thus, the
smaller size, semispherical configurations and larger areal density of
alloy NPs were achieved in this set. As shown in Fig. 6(a) and (a-1), the

tiny spherical AgAuPt NPs with the AH of ~ 9 nm and AD of ~ 46 nm
were obtained at 500 °C. With the increasing temperature up to 600 °C,
the NP’s size was slightly reduced and the spacing between NPs was
increased as observed in Fig. 6(b) and (b-1). The Rq and SAR also
showed a decreasing trend as the NPs became smaller as shown in
Fig. 6(e) and (f) respectively. The size reduction of NPs can be caused
by the Ag sublimation as in the previous cases, which was confirmed by
the EDS measurement. The at % plots in Fig. 6(g) confirmed the sig-
nificant Ag sublimation happened between 500 and 600 °C such that
less than 3% of Ag atoms % were detected at 600 °C and only Au and Pt
were detected at higher temperature. As shown in Fig. 6(c) and (d), the
average size of the NPs remained somewhat similar with the AD
of ~ 40 nm and AH of ~ 9 nm at higher temperature. In addition, the Rq
and SAR values also remained similar. Meanwhile, the NPs attained

Fig. 5. Optical properties of the medium-sized AgAuPt and AuPt alloy NPs fabricated with the Ag11nm/Au3nm/Pt3nm tri-layer films. (a) – (c) Extinction, reflectance
and transmittance spectra. (a-1) – (a-3) Normalized extinction spectra. (b-1) Normalized reflectance spectra. (c-1) – (c-2) Normalized transmittance spectra. (d) AFM
image of the typical AuPt alloy NP selected for the FDTD analysis. (e) – (f) E-field intensity maps in x-y plane (top-view) at different wavelength as labelled.
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much rounder shape with the improved uniformity due to the enhanced
diffusivity of atoms with thinner films. By comparing with the previous
set, the AD was reduced by four times while the AH was decreased by
ten times. The detail morphological and elemental characterization of
this set is provided in supplementary information in Figs. S10–S11.
Furthermore, the very small AgAuPt and AuPt alloy NPs were fabri-
cated with the Ag2.2nm/Au0.6nm/Pt0.6nm trilayer between 500 and 800 °C
as shown in Figs. S13–S16, which didn’t show much variation in the
size and shape of NPs due to the rapid dewetting, Ag sublimation and
formation of stable configurations. Generally, the tiny alloy NPs were
less than 20 nm in diameter and 5 nm in height.

Fig. 7 presents the corresponding LSPR characteristics of very small
and highly dense AgAuPt and AuPt alloy NPs. As compared to the
previous results, the optical spectra showed clear distinctions due to the
small size and high density of alloy NPs. The optical spectra were again
divided based on the alloy composition of NPs: i.e. for AgAuPt and AuPt
alloy NPs. In specific, the AgAuPt alloy NPs showed a strong peak in the

VIS and a weaker peak in the UV region as displayed in Fig. 7(a). Since
the size of alloy NPs was very small (less than50 nm) and mostly
spherical in shape, the extinction peaks can be generated due to the
dipolar (DR) and quadrupolar (QR) resonance modes in the VIS and UV
regions [46]. The LSPR peaks of AgAuPt NPs were gradually attenuated
and blue shifted at increased temperature as shown in Fig. 7(a-1),
which can be correlated to the Ag sublimation as well as the size re-
duction. In the case of AuPt NPs, they exhibited the DR and QR bands in
the VIS and UV regions respectively as shown in Fig. 7(a-2). It was also
found that the DR band was slightly blue shifted as compared to the
AgAuPt alloy NPs due to the smaller size of AuPt NPs [47]. The LSPR
peaks of AuPt NPs was reduced between 650 and 750 °C along with the
Ag sublimation and mild size reduction. The overall shift of DR peak
was traced in Fig. 7(a-3), which showed a blue shift from 550 to 480 nm
between 500 and 800 °C.

The e-field distribution of typical AuPt NP at 320 and 480 nm cor-
responding to the QR and DR respectively are presented in Fig. 7(d)–(f)

Fig. 6. Evolution of the tiny and dense AgAuPt and AuPt alloy NPs with Ag5.5nm/Au1.5nm/Pt1.5nm tri-layer annealed between 500 and 800 °C for 120 s. (a) – (d) AFM
side-views (200× 200 nm2) of the alloy NPs. (a-1) – (d-1) Corresponding line profiles across the typical alloy NPs. (e) – (g) Summary plots of Rq, SAR and at % of Ag,
Au and Pt. (h) – (i) EDS spectra of AgAuPt and AuPt alloy NPs fabricated at 500 and 650 °C. Insets show the corresponding at. % of Ag, Au and Pt.

S. Kunwar, et al. Applied Surface Science 504 (2020) 144545

9



and Fig. S12. The overall intensity of e-field was decreased from the
previous set likely due to the small size of NPs. However, the e-field was
strongly confined at the boundary since the NPs were much uniform.
The reflectance spectra of AgAuPt NPs in Fig. 7(b) revealed dips at
~300 and ~500 nm, which corresponds to the absorption dips due to
the QR and DR modes. When the size of NPs became smaller at in-
creased temperature, the absorption dips were reduced due to the in-
creased backscattering along with the size reduction of NPs as well as
the Ag sublimation [48]. In the case of AuPt NPs, they generally ex-
hibited a flat behavior as the backscattering effect became more sig-
nificant with the smaller size. Thus, the absorption dips were not clearly
observed in the reflectance spectra. Furthermore, the transmittance
spectra of AgAuPt and AuPt alloy NPs showed absorption dips in the UV

and VIS region as shown in Fig. 7(c) and (c-3). The absorption dips were
stronger with the AgAuPt NPs than the AuPt NPs due to the much en-
hanced LSPR response with the Ag content. Since the average size of
NPs were reduced with temperature, the VIS transmittance dip showed
a clear blue shift from 590 to 450 nm as shown in Fig. 7(c-3). In contrast
to the previous large AgAuPt and AuPt NPs, the forward scattering ef-
fect was not observed in this case due to the small size of NPs.

4. Conclusions

In summary, the trimetallic AgAuPt and bimetallic AuPt alloy NPs of
distinctive shape, size and density exhibiting tunable LSPR bands have
been successfully demonstrated on the transparent c-plane sapphire

Fig. 7. LSPR properties of the tiny and dense AgAuPt and AuPt alloy NPs fabricated with the Ag5.5nm/Au1.5nm/Pt1.5nm tri-layers. (a) – (c) Extinction, reflectance and
transmittance spectra of the alloy nanostructures. (a-1) – (a-3) Normalized extinction spectra. (c-1) – (c-3) Normalized transmittance spectra. (d) AFM image of the
typical AuPt alloy NP chosen for the FDTD simulation. (e) – (f) E-field intensity maps in x-y plane (top-view) at different wavelength as labeled.
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(0001). Various surface configurations of alloy NPs were demonstrated
by controlling the dewetting kinetics with the annealing temperature
(500 °C≤ T≤ 800 °C) and Ag/Au/Pt tri-layer thickness
(8.5 nm≤ n≤ 51 nm). Besides the annealing temperature and thick-
ness of Ag/Au/Pt tri-layer films, the Ag sublimation also showed a great
impact on the surface morphology and optical response of the alloy
NPs. In specific, the Ag/Au/Pt tri-layers produced AgAuPt alloy NPs
below 650 °C whereas the AuPt alloy NPs were resulted at higher
temperature due to the Ag sublimation. The size and areal density of the
AgAuPt and AuPt were tuned by the variation of initial thickness such
that larger size and reduced areal density of alloy NPs were realized
with the thicker tri-layers. From the optical analysis of these alloy NPs,
the strong LSPR peaks in the UV and VIS regions were revealed. In
specific, the AgAuPt alloy NPs had relatively stronger peaks while the
AuPt NPs showed broader and weaker LSPR bands. Depending upon the
evolution of size, uniformity, structure and elemental compositions of
the alloy NPs, the excitation of various LSPR modes such as dipolar,
quadrupolar, multipolar and higher order modes were observed in
specific wavelength.
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