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ABSTRACT: Metal alloy nanostructures represent a promising platform for next-
generation nanophotonic devices, surpassing the limitations of pure metals by
offering additional “buttons” for tailoring their optical properties by compositional
variations. While alloyed nanoparticles hold great potential, their scalability and
underexplored optical behavior still limit their application. Here, we establish a
systematic approach to quantifying the unique optical behavior of the AgAuPd
ternary system while providing a direct comparison with its pure constituent metals.
Computationally, we analyze their electronic structure and uncover the transition of Pd d states to Pd/Ag hybridized s states in the
bulk form, explaining the similar optical properties observed between Pd and AgAuPd. Experimentally, we fabricate pure metal and
fully alloyed nanoparticles through solid-state dewetting, a scalable method. During the process, we trace the optical transition in the
systems from the initial thin film stage to the final nanoparticle stage with in situ ellipsometry. We reveal the interplay between
optical properties influenced by chemical interdiffusion and localized surface plasmon resonance arising from morphological changes
with ex situ surface characterizations. Additionally, we analytically implement a metallic layer derived from the ternary system in a
trilayer device, resulting in a single-time and irreversible color filter, to demonstrate an application encompassing a lithography-free
and cost-effective route for nanophotonic devices.
KEYWORDS: Ag, Au, Pd, solid-state dewetting, nanoparticles, color filters, in situ ellipsometry, metasurfaces

■ INTRODUCTION
Compared to their bulk counterparts, metal nanostructures
exhibit superior optical performances attributed to their
localized surface plasmon resonance (LSPR), arising from
the confinement of the collective electric charge oscillations at
the boundaries of the subwavelength structures.1,2 Their
tailorable geometric features have inspired the scientific
community to explore the optical responses resulting from
various geometries, sizes, and distributions.3,4 Nevertheless, the
predefined optical properties of pure metals continue to pose
significant constraints for spectrum engineering, hindering the
fulfillment of emergent needs in on-demand applications.
Consequently, alloying two or more metallic elements present
an effective pathway to modulate these functional properties,
transcending the intrinsic limitations of individual constitu-
ents.5−7 This engineered flexibility in dielectric functions
promotes the utilization of alloyed metal nanostructures across
a wide range of applications, such as electrocatalysts,8,9

plasmon-enhanced catalysis,10,11 photovoltaics,12,13 chemical
sensing,14−17 and bioimaging18 with improved functional-
ities.19−22

Traditionally, the fabrication of novel metal nanostructures
has heavily relied on e-beam lithography (EBL). However, the
high cost and limited efficiencies have impeded scalability and
commercialization. Later, as one of the promising high-
throughput nanofabrication methods, solid-state dewetting
(SSD) emerged to make nanoparticles (NPs) from thin films

at appropriate annealing temperatures below their melting
points. The SSD mechanism involves the introduction of
thermal energy to the system, causing the materials in the
initial continuous film far from their equilibrium state to
agglomerate and develop into final nanostructures to minimize
the total free energy through surface diffusion.23 Temperature
variations induce morphological changes in both monometallic
and alloy systems, initiating an optical transition from light
interference between metallic thin films to LSPR behavior
excited by the final nanostructures.24 Contrary to the high
order and periodicity of the NPs created by conventional
lithography processes, the nanostructures fabricated via SSD
can be highly disordered in geometry and spatial distribution,
offering pronounced strengths such as angle and polarization
insensitivity, which are favorable for display applications.25,26

Moreover, this lithography-free and single-step fabrication of
metal NPs has been leveraged to realize practical applications,
including structural color filters,27 thermophotovoltaic with
higher stability,28,29 antifogging glasses,30 and plasmon
sensors.31,32 While the majority of the field focuses on the
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distinctive optical behaviors of metal NPs formed via SSD,
limited attention has been given to the real-time changes in
optical properties,33,34 especially for alloy systems.
In this work, we present a framework for tuning the optical

properties of metal NPs through nanostructuring and alloying,
both offered by SSD. The ternary alloy system AgAuPd,
recognized as a miscible solid solution,35 is chosen for its
superior performance in the field of catalysis36 and chemical
sensing,37 compared to its elemental and binary counterparts.
However, although its pure constituents have been extensively
studied for nanophotonic applications, the optical behavior of
the ternary alloy remains under-investigated. Starting with
band structure calculations, we successfully identify the origins
of characteristic optical properties in the AgAuPd bulk
material, predominant in the infrared (IR) range. Subse-
quently, through a combination of in situ ellipsometry and ex
situ surface characterizations, we experimentally demonstrate
the real-time optical transitions as a direct consequence of both
morphological and chemical composition changes traversing
from the nanoscale thin film and ultimate NP stage, achieved
through a scalable SSD process. Finally, the exceptional optical
responses of the ternary alloy are showcased as the key for a
one-time, irreversible color filter utilizing a lithography-free,
cost-effective method.

■ RESULTS AND DISCUSSION
Electronic Structure of Bulk AgAuPd Alloy. Starting

from understanding the origins of optical transitions within the
bulk alloy, we employ density functional theory (DFT)
calculations to first analyze its electronic structure. Our system
comprises 27 atoms, with equal proportions of Ag, Au, and Pd,
distributed in a 3 × 3 × 3 fcc supercell (see Figure S1 and
Table S1) following the special quasi-random structure (SQS)
methodology.38 The system is fully relaxed before the band
structure calculations (see Experimental Section for complete
details of the calculations). Figure 1 shows the band structure

of the Ag0.33Au0.33Pd0.33 alloy unfolded onto an irreducible fcc
cell. Notably, minimal smearing of the band is observed for
states above the Fermi energy level (EF) around X, indicating
that the electron bands of the disordered alloy largely retain
the characteristics of a pure metal bulk system. Conversely, a
smeared band of d character is evident from −5.0 eV up to EF,
signifying strong hybridization of d orbitals for each
constituent.

To quantify the character of each band present in the
dispersion relation, we compare the electronic band structures
of the pure metals with those of the Ag0.33Au0.33Pd0.33 alloy,
projected onto each metal, see Figure 2. As previously
reported, both Ag and Au display optical transitions in the
visible and ultraviolet range at 3.65 and 2.1 eV, respec-
tively.39,40 However, bulk Pd presents a strong absorption
contribution from the mid-infrared region due to the proximity
of the d orbitals (E − EFermi < 0) to the Fermi level, evidenced
by the interband transitions marked with the black arrows at
the X point in Figure 2a−c.39 For the alloy, we first notice that
the electronic states of Au and Ag are strongly hybridized
(Figure 2d,e). Most notably, the deeper d state in Au, lying
between 7.5 and 10.0 eV below the Fermi energy for the pure
metal situation, is shifted upward in energy, with almost
indiscernible projected contributions from each atom. More-
over, a slightly stronger contribution from Ag, compared to Au,
is noted in the low-lying states close to the Fermi level
(between −2.5 and −5.0 eV) in Figure 2g. This observation
aligns with previous findings in AuxAg(1−x) binary alloys.41

However, states from −2.5 eV up to the Fermi level are
strongly dominated by the d orbitals of Pd (see Figure 2h,i),
resembling the behavior observed in bulk Pd, suggesting a
potential interband transition in the mid/far IR range of the
electromagnetic spectrum. Concurrently, orbitals up to 10 eV
above EF primarily originate from Ag, with some secondary
contributions from Pd. Thus, we anticipate that the overall
absorption would be influenced by transitions from Pd d states
to Pd/Ag hybridized s states.
Optical Properties of Thin Metal Film. While simulated

electronic band structures provide insights into the underlying
physics of the optical behavior in various bulk metal systems,
we begin the experimental validation from the thin film to the
nanoparticle stage. As depicted in Figure 3a, the initial as-
deposited metal thin films are prepared by e-beam evaporation
(EBE) onto a Si substrate with a thin native oxide layer (∼2.2
nm characterized by ellipsometer), while the trilayer metal
stack is formed by sequentially depositing 5 nm of Ag, Au, and
Pd. Thus, the thickness of the trilayer is approximately 15 nm
(Table S2). Their dielectric functions ε1 and ε2, in Figure 3b,c,
are determined by fitting the mutiangular spectroscopic
ellipsometry (SE) measurements with the B-spline models
(see Figure S3).42 The optical properties of the pure metal thin
film, Ag, Au, and Pd, are comparable with what were reported
in the literature (see Figure S3e−g).39,40 Both Ag and Au
exhibit low optical absorption (ε2) throughout the UV−vis−
NIR (193−1680 nm) range, while Pd displays comparable
absorption for wavelength <500 nm but greater loss at longer
regime. In a ternary system, the interdiffusion of different metal
atoms poses challenges to monometallic dewetting processes,
governed by surface energy, surface diffusion, and activation
energy.43 Considering the magnitude of the surface energy of
the three metals: Ag (1065 mJ/m2) > Au (1363 mJ/m2) > Pd
(1808 mJ/m2),35,44 we expect easier interdiffusion between Ag
and Au and greater difficulty at the Ag/Pd interface. Therefore,
the trilayer thin film stack is deposited in the order of Ag, Au,
and Pd from bottom to top to enhance the dewetting process.
Here, the optical model for the trilayer metal stack is
considered as one single layer rather than three separate layers
consisting of individual metals for a more accurate description
of the optical properties (see Figure S3d). This decision
accounts for the deviation of dielectric functions of each
ultrathin metal film from their respective bulk values due to

Figure 1. Density functional theory of AgAuPd alloy. Unfolded DFT
band structure of the Ag0.33Au0.33Pd0.33 alloy formed by a unit cell with
27 atoms in a fully relaxed configuration. The Fermi level is
represented by the dashed line at an E − EF = 0.
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increased electron collision frequency.45 Consequently, the
dielectric functions of the Pd/Ag/Au stack have a greater
similarity with Pd, the topmost layer in the stack, but are
influenced by the presence of Ag and Au. These as-deposited
thin film samples have relatively smooth and continuous
surface with RMS < 1.1 nm and minimal substrate exposure, as
verified by atomic force microscopy (AFM) and scanning
electron microscopy (SEM) (Figure S4), excluding the
possibility that the formation of final nanoparticles is a result
of an initial nanostructured film. The observed grainy
structures result from the connections between numerous
nanoscale crystalline grains formed through the Volmer−
Weber growth mechanism. During the deposition step, atoms
diffuse across the substrate surface, initiating nucleation,

forming small islands, and ultimately coalescing into a thin
film.46 These pre-existing grain boundaries facilitate sponta-
neous void growth and edge retraction during thermal
annealing, which drives further dewetting and leads to the
formation of nanoparticles.47,48

In Situ Optical Behavior of Single Metal Thin Films.
The next step is to turn thin metal films into nanoparticles
following the SSD process, a highly scalable nanofabrication
method. In addition to morphological changes, this process
triggers optical transitions from normal light interference
between the thin films to LSPR excited by the nanostructures.
Therefore, to access the in situ optical behavior during this
dynamic process, we have placed our thin metal film samples in
a heating chamber equipped with a spectroscopic ellipsometer,
heating up to 600 °C and holding for 1 hour (h), following the
temperature profile in Figure S5. We select 600 °C as the
maximum temperature for the SSD process after considering
the thermal stability of the materials involved and our technical
limitation (the maximum temperature of the heating stage for
in situ ellipsometer is 600 °C). This temperature has been
shown to be sufficient for both Ag and Au thin film (12−15
nm) to form well-defined nanoparticles via SSD,24,49 where the
nanostructures present clearly outlined edges and negligible
coalescence, indicating that most of the surface diffusion
process has occurred and that the nanoparticles are close to an
equilibrium state. Further, it has been reported that 25 nm of
Au−Ag−Pd trilayer nanodisk attained by templated deposition

Figure 2. Band structure of pure metals and AgAuPd alloy. Density functional theory of bulk, pure (a) Ag, (b) Au, and (c) Pd. Unfolded DFT band
structures of the Ag0.33Au0.33Pd0.33 alloy projected onto each atomic species: (d) Ag, (e) Au, and (f) Pd. Contribution of each pair of species within
the Ag0.33Au0.33Pd0.33 alloy: (g) (Ag, Au), (h) (Ag, Pd), and (i) (Au, Pd). The color bars indicate the normalized level of contribution for each
metal displayed, where white refers to equal contributions from each pair of metals within the alloy. The dashed line at E − EFermi = 0 represents the
Fermi level. The black arrows represent the main interband transitions.

Figure 3. Optical properties of thin metal films. (a) Schematic of 15
nm metal thin films, Ag, Au, and Pd and trilayer Pd/Au/Ag (from top
to bottom) on Si substrates. Corresponding dielectric functions (b) ε1
and (c) ε2 of 15 nm thin metal film as deposited (for the detailed
fitting model, see Table S2 and Figure S3).
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can also form fully alloyed nanoparticles with annealing at 500
°C.37 Note that while the melting temperatures of bulk Au, Ag,
and Pd are documented in the literature (1064, 961, and 1,555
°C,43 respectively), the melting points of the thin films can be
lower than their bulk counterparts due to size effects and the
interactions with the substrate. Thus, at 600 °C, the significant
changes in morphology occur without the onset of melting,
critical for the SSD process interrogate here. As depicted in
Figure 4a,e,i, the ellipsometer chamber is designed with two
fused silica windows to allow the light source of the
ellipsometer to project on the sample surface at a fixed
incidence angle of 70°. This setup enables monitoring the real
time amplitude ratio, psi (Ψ), and phase shift, delta (Δ), of the
reflected s- and p-polarized signal to characterize the reflection
behavior50 during the dewetting process.
The in situ psi and delta spectra convey the temperature-

induced changes in Figure 4. At room temperature (25 °C),
the SE spectra of Ag and Au in Figure 4b,c,f,g have a sharp
reflection dip around 325 nm (∼3.8 eV) and 490 nm (∼2.5
eV), in good agreement with our band structure calculations
for interband transitions in Figure 2. However, the optical
transition for Pd is absent here due to a much lower transition
energy needed in the mid-infrared region. SE temperature
maps reveal unique in situ optical behaviors among the three
single metal thin film samples. For instance, the SE spectra of
Ag are mostly unchanged and start to deviate when heated to

200 °C due to potential void formation. More drastic changes
occur during the temperature range of 200−300 °C (about
25% decrease in psi intensity), correlating with the growth of
voids to interconnected worm-like nanostructures and irregular
nanoislands. After reaching the critical temperature of 300 °C,
these nanoislands favor reshaping into domes (spherical caps)
to minimize the system’s free energy due to Rayleigh-like
instabilities.23 Similar void propagation and growth are also
observed in the ex situ SEM micrographs of Ag dewetting
process reported elsewhere.33,49 Minor differences of the SE
spectra between the first minute and 1 h while holding at 600
°C (see Figure S6) suggest that the temperature is sufficient for
the Ag system to reach its equilibrium state with well-defined
nanoparticle shapes and sizes. An SEM plan-view image of the
nanoparticles after cooling is presented in Figure 4d. These
dome-shaped nanoparticles have a nonuniform distribution
with an average height of 55.3 ± 14.1 nm, diameter of 158.2 ±
55.7 nm, aspect ratio of 0.83 ± 0.14, and coverage area of
37.6% (see Figure S7 and Table S3).
Contrary to the behavior of Ag, the Au thin film shows very

modest dewetting process below 350 °C, as seen in Figure 4f,g,
where it maintains its two major reflection dips around 330
and 490 nm (corresponding to interband transitions at 4.0 and
2.5 eV, respectively).34 Upon heating, a large portion of voids
begin to form and grow, causing the reflection dip in the UV
region to vanish. Comparing the SE spectra at the beginning

Figure 4. In situ optical characterization of pure metal nanoparticle formation. Schematic of the ellipsometry light path on the single metal (a) Ag,
(e) Au, and (i) Pd thin film sample surfaces at 70°. Measured in situ (b, f, j) psi and (c, g, k) delta maps while the thin metal films ramping up from
room temperature (25 °C) to 600 °C at 30 °C/min. Each pixel represents measurement at every 10 °C and 2 nm. The dashed boxes indicate the
temperature range where the major void formation occurs. The colors refer to the measured values at each wavelength and temperature. (d, h, l)
Corresponding SEM images of each nanostructure sample after the full 2 h annealing cycle to room temperature.
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and the end of the holding at 600 °C, the changes indicate the
Au nanoparticles are still undergoing further morphological
evolution within 1 h, which differs from the Ag case (see
Figure S6d and Figure 6e). The shape and size of the annealed
Au samples in Figure 4h mostly consist of faceted nano-
particles51 (average height: 97.3 ± 32.6 nm, average diameter:
398.9 ± 141.9 nm, average aspect ratio: 0.85 ± 0.08) with a
smaller coverage of 31.7% (see Figure S8 and Table S4).
In contrast, the dewetting mechanism has not been initiated

for Pd until 450 °C; therefore, there is almost no change for
the SE spectra in Figure 4j,k. The voids start to form later and
cause a major dip at 220 nm. Further heating at 600 °C for a
longer time provides more energy to the system, facilitating
void growth and the formation of irregular nanoislands, as seen
from the SEM image in Figure 4l. We have also tracked the in
situ SE measurements during the cooling down process (see
Figure S9) and found minute differences, which verify that the
nanostructures characterized by the ex situ SEM after the
annealing process are close to the ones at the final stage of the
heating. Our findings clarify that the annealing approach of
holding the sample at 600 °C for 1 h facilitates the formation
of well-defined nanoparticles for both Ag and Au, whereas Pd
may need a further annealing treatment at higher temperature
or longer processing times.52 Although the final products vary
depending on the composition, initial film thickness,
deposition conditions, and annealing conditions (temperature,
atmosphere, and time),43 this surface diffusion process,
including void formation and growth and the evolution of

nanoislands during dewetting, alters morphology and also leads
to a corresponding change in optical performance from thin
film to nanoparticles.
In Situ Optical Characterization of Ternary AgAuPd

Thin Film. Compared to the monometallic system above, the
SSD process for the AgAuPd ternary alloy is strongly affected
by interdiffusion of different elements, and the order in which
the metals are deposited (due to surface diffusion between first
metal deposited and the substrate).35,53 The transition from
the schematics in Figure 5a−c shows the leading mechanism
from the initial trilayer stack to the formation of an intermixed
(interdiffused) alloyed layer at an early stage, followed by void
formation and growth to the eventual development of fully
alloyed nanoparticles as temperature increases during the
dewetting process. Unlike the single metal system, the in situ
SE spectra in Figure 5d,e of the ternary system do not show
similar optical changes across all wavelengths. Reflection
measurements in the NIR start to increase around 180 °C
and then sharply drop at 420 °C, while features at vis (500
nm) are well maintained until 450 °C. These distinctive optical
signatures are tracked at three representative wavelengths, 500,
1000, and 1500 nm, for every 3 s (1.5 °C for temperature
change) instead of every 5 °C over the annealing cycle in
Figure 5f. Through quantitative comparison, it is evident that
the dynamic trajectories of the three wavelengths shift
gradually from 120 °C and undergo more drastic change
after 400 °C until the thermal stabilization at high temper-
atures (600 °C). In this case, longer wavelengths exhibit

Figure 5. In situ analysis of AgAuPd nanoparticle formation. Schematic of the light path on the surface of (a) as deposited trilayer thin film stack,
Pd/Au/Ag (from top to bottom), at room temperature, (b) interdiffused thin film at moderate temperature, and (c) post-annealed ternary alloy,
AgAuPd, nanoparticles (NP) at high temperature at 70°. In situ (d) psi and (e) delta maps measured by an ellipsometer during sample annealing
treatment from room temperature (RT, 25 °C) to 600 °C. Each pixel represents a measurement at every 10 °C and 2 nm. The color scale refers to
the measured values at each wavelength and temperature. The black dashed and solid boxes display the first drastic change observed for NIR
(1200−1690 nm) and vis (440−580 nm), respectively. (f) Dynamic trajectory of measured psi at wavelength of 500 (blue), 1000 (green), and
1500 nm (red) and temperature changes (gray) every 3 s during the annealing. The purple and black dashed arrows indicate the temperature at 350
and 500 °C, respectively. (g) Fitted dielectric functions ε1 and ε2 for the top layer above the substrate and corresponding SEM micrograph at (h)
25 °C, (i) 350 °C, and (j) 500 °C (detailed fitting models, see Figure S10).
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greater sensitivity, with a 70% decrease in intensity at 1000 nm
from 400 to 600 °C, suggesting susceptibility to potential
changes induced by increasing roughness and void forma-
tion.54,55 To identify the reason for the drastic changes
occurring around 400 °C, we replicate the sample annealing
process without holding time at two critical temperatures, 350
and 500 °C, to establish a solid relationship between optical
changes and compositional/morphological changes induced by
SSD. The macroscopic optical characterization is analyzed by
multiangle SE measurements using the B-spline model to fit
the dielectric functions of the topmost layer in Figure S10,
comprising both metal nanostructures and air, while the optical
properties and thickness of the bottom Si substrate and its
native oxide layer are fixed, as suggested by the literature.33,56

Figure 5g shows that an absorption peak emerges at 285 nm as
the sample achieved 500 °C. The SEM micrographs in Figure
5h−j reveal that most voids start appearing around 350 °C and
grow into the interconnected nanostructures up to 500 °C.
Complementary X-ray photoelectron spectroscopy (XPS, see
Figure S11) helps to confirm the intermediate interdiffusion
stage with a larger portion of Ag and Au detected on the 350
°C surface compared to the as-deposited trilayer stack, which is
a good indication of an alloyed thin film. Hence, it is
conclusive that the initial and subsequent optical changes
between 120 and 400 °C are directly attributed to the
intermixing between Ag, Au, and Pd layers with higher
roughness, while the significant changes after 400 °C entail
plasmonic behavior excited by the growth of metal
nanostructures. This finding agrees with the consensus of
how SSD generally occurs in ternary systems, where the
dominant mechanism at moderate temperatures is interdiffu-

sion of the metal atoms, and nanoisland formation is
prioritized at a later high-temperature stage.
Chemical and Morphological Analyses of Post-

annealing AgAuPd Nanoparticles. The SEM image in
Figure 6a shows that the dewetting process of Ag−Au−Pd is
nearly completed, with the formation of dome-shaped AgAuPd
nanoparticles, similar to those observed in Ag and Au, albeit
with a few irregular-elongated nanoparticles present in the
system, after holding at 600 °C for 1 h (a consequence of
coalescence). We confirm the uniform distribution of each
metal across the nanoparticles, rather than any potential core−
shell structure, by performing energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping in Figure 6b−e. The
average chemical composition of the nanoparticles is 34:32:34
AgAuPd (Figure S13 and Table S5). In addition, the AFM
scan and statistics in Figure 6f−i present an average height of
49.7 ± 13.2 nm and an average diameter of 185.9 ± 58.4 nm
(for a detailed analysis, see Figure S14 and Table S6). In
particular, the average aspect ratio is calculated to be 0.71 ±
0.14, indicating the presence of irregular nanoislands where the
length and width of each nanoparticle site has a nonunity
aspect ratio.
Figure 6j and Figure S15 illustrate the presence of both

individual domes and coalesced nanoislands on the sample
surface. The AFM 3D images depicted in Figure 6k,m confirm
that elongated islands result from the coalescence of smaller
nanoparticles, hinting at potential further growth (see also
Figure 6m for an incomplete ripening situation). Conversely,
Figure 6l shows a solitary, isolated, dome-shaped nanoparticle.
To compare the effect of metal deposition sequence on the
overall SSD process, we also fabricate and anneal a 15 nm Pd/

Figure 6. Fully alloyed AgAuPd nanoparticles. (a) SEM overview of the post-annealed ternary alloy AgAuPd nanoparticles. (b−e) EDS
composition maps of several representative nanoparticles with an atomic concentration analysis of Ag:Au:Pd = 34:32:34 (see Figure S13 and Table
S5). (f) AFM morphology scan and dimension statistics with (g) an average height of 48 ± 12 nm, (h) average diameter of 158 ± 55 nm, and (i)
average aspect ratio of 0.78 ± 0.1 (detailed analysis, see Figure S14 and Table S6). Solid lines refer to the Gaussian fits. (j) AFM top-view scan and
(k−m) 3D AFM images of representative AgAuPd nanoparticles. The color scales refer to topography.
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Ag/Au thin film. Upon similar annealing conditions, this
sample presents nanoparticles with a very asymmetric shape
(see Figure S16), resulting from partially suppressed surface
diffusion when compared to the dome-shaped islands from the
Pd/Au/Ag film. Therefore, to enhance the dewetting process,
we anneal another Pd/Au/Ag sample under the same
controlled environment but with a longer holding time of 3
h at 600 °C. As expected, this sample exhibits similar chemical
composition with a more uniform spatial and size distribution
(average height: 47.5 ± 12.3 nm, average diameter: 158.1 ±
54.8 nm, average aspect ratio: 0.78 ± 0.14) while still
maintaining the optical features in the wavelength of 250−400
nm range, compared to the 1 h annealed nanoparticles (see
Figures S17 and S18 and Tables S7 and S8). Alternatively,
higher temperatures (700−900 °C) can also help the system
reach its equilibrium state, as priorly reported.35 Hence, adding
Ag and Au to Pd is a promising approach to help the ternary
system achieve final nanoparticles with different optical
properties from its pure constituents.
We summarize the experimental findings in Figure 7, with a

qualitative model that describes the overall dewetting process
within metallic alloys. Metals with low surface energy, such as
Ag and Au, can initiate the SSD at moderate temperatures and

form well-defined nanoparticles after a full annealing cycle at
600 °C for 1 h. In contrast, a high surface energy hinders the
dewetting process of Pd, delaying void growth until 450 °C
and resulting in only irregular interconnected nanoislands after
the annealing cycle. Figure 7c shows that adding Ag and Au to
Pd enables the interdiffusion between different layers at
intermediate temperatures (∼350 °C), decreases the surface
energy, and promotes the completion of SSD. Furthermore,
the optical properties of the ternary alloy thin film formed at
350 °C are found to be close to those of pure Pd film, as shown
in Figure 7d. This result aligns well with our initial DFT
simulations, which revealed that the optical properties for the
bulk ternary AgAuPd alloy are dominated by the transitions
from Pd d states to Pd/Ag hybridized s states. Therefore,
adding Ag and Au to Pd can facilitate the formation of
nanoparticles via SSD while concomitantly maintaining the
optical properties of Pd. In summary, alloying provides a useful
pathway to control the formation of nanostructures with the
Pd-like optical behavior.
Alloys for Color Filters. Motivated by the optical changes

stemming from the transition from thin film to nanoparticle
during the dewetting process, we identify it as a key factor for
applications as irreversible color filters. Here, we propose a

Figure 7. SSD dewetting process in metallic alloys. Schematic of SSD dewetting process for (a) Ag, (b) Pd, and (c) Pd/Au/Ag on a Si substrate.
The inset shows the interdiffusion between different layers. (d) Dielectric functions ε1 (solid line) and ε2 (dashed line) of 15 nm Pd film and
AgAuPd (annealed at 350 °C). The corresponding colors represent Ag in red, Pd in blue, Au in gold, and AgAuPd in purple.

Figure 8. Color filters through dewetting. Pre-annealed: (a) Schematic of the multilayer device consisting of a 15 nm thin metal film and a SiO2
layer with varying thickness on Si substrate. (b) Imaginary dielectric function ε2 of pure metal thin film, Ag, Au, Pd, and multilayer Pd/Ag/Au thin
film. (c) Corresponding simulated reflective color pixels of the full device for different metal layers with 0−200 nm SiO2 at 10°. Post-annealed: (d)
Schematic of the multilayer device with nanoparticles on the top and unchanged SiO2 after the full 2 h annealing cycle. (e) Fitted dielectric function
ε2 of Ag, Au, and Pd and 1 h annealed AgAuPd layer with nanoparticles (detailed fitting, see Figure S19). (f) Simulated final reflective colors of the
optical device.
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multilayer reflective color filter perceived by human eyes based
on a 15 nm thin metal film and a SiO2 layer with varying
thickness on a Si substrate, as shown in Figure 8. The top
metal layer is selected from the four metallic materials tested,
Ag, Au, Pd, and Pd/Ag/Au, with the imaginary dielectric
function, ε2 (see Figures 8b and2). The thermally stable SiO2
layer under 600 °C (with a melting point of ∼1,411 °C57)
plays a critical role in shifting the propagating light phase to
generate vivid colors.58 Also, a thickness of 200 nm does not
hinder the heat transfer or alter the surface energy between the
Si substrate and metal layer during dewetting because it already
possesses a thin native oxide layer (SiO2). In the pre-annealed
state, the color filters consisting of the Au layer have the
highest contrast, while colors of the Pd-based optical device
appear more pastel with subtle gradients, according to RGB
color simulations.
The multilayer device would then be annealed under a

controlled environment, similar to the process undergone for
all samples. After annealing, the top metal thin film layer
completes the dewetting and forms nanostructures, following
the schematic in Figure 8d. This topmost layer containing the
nanoparticles has dielectric functions plotted in Figure 8e, as
acquired from the dewetting experiments above. In contrast to
their thin film stage, the post-annealed Ag and Au have higher
absorption (ε2) than Pd, owing to more scattering and
plasmonic resonance (while most of features are in the UV
range) excited by the rounded nanoparticles compared to the
irregular interconnected nanoislands (for detailed fitting see
Figure S19). Integrating the optical properties of this critical
layer yields the final colors depicted in Figure 8f. A comparison
of colors between pre- and post-annealed films demonstrates
that the annealing step aids in fading the colors of devices
employing Ag−Au−Pd and Au. Specifically, the limited color
variations of the final ternary alloy device are imperceptible to
human eyes. Conversely, the hues in Ag and Pd devices get
more evident. Samples before and after the heating process
with a SiO2 thickness <5 nm on Si substrate with colors in
Figure S20 matched well with the simulated color palette in
Figure 8c,f. Our proof-of-concept work demonstrates that this
system could achieve irreversible color tuning resulting from
the efficient and low-cost dewetting process of the top layer
from an initial thin film to the final nanoparticle state, which
can be applied for color printing or data encryption.

■ CONCLUSIONS
In summary, we quantified the optical behavior of the AgAuPd
ternary alloy across the macro- and nanoscale during the
dewetting process, which transforms thin films into 3D metallic
nanostructures. With this work, we addressed the previously
underexplored real-time optical changes of the bulk AgAuPd
model system from a fundamental solid-state physics
perspective using DFT, discovering that its optical properties
originate from the transition from Pd d states to Pd/Ag
hybridized s states. We identified a unique feature in the IR
range of the spectrum due to the proximity of the d band to
the Fermi level. Experimentally, we implemented the scalable
SSD process to fabricate arrays of pure and alloyed NPs by
annealing single- and trilayer thin films. Simultaneously, our in
situ optical and ex situ surface analyses unveiled the combined
effects of chemical composition and morphology on optical
behavior during the annealing process. In pure metal systems,
optical evolution is primarily driven by morphological changes.
However, for the AgAuPd alloy, it is initially influenced by

chemical composition at moderate temperatures, shifting
toward morphological evolution from two-dimensional film
to three-dimensional nanostructures at late stages. Our results
stress the importance of surface diffusion, as well as inter- and
intradiffusion to achieve nanostructures with dielectric
functions not attained by pure metals. Note that the
contribution of each pure metal in such complex systems is
likely nonlinear, which, in turn, is a feature for novel optical
materials. The expansion of our paradigm to polyelemental
metallic nanostructures (with >7 metals) could be used to
“fine-tune” spectrum control, very relevant for photocatalysis.

■ EXPERIMENTAL SECTION
Band Structure Calculations. To best represent the system

without compromising the computational cost and time, a face
centered cubic (fcc) supercell was employed with 27 sites, which
corresponds to a 3 × 3 × 3 replication of the primitive fcc cell. The
distribution of the Ag, Au, and Pd atoms in the cell, in equal
quantities, was optimized using the special quasi-random structures
(SQS) method,38 that is, the best periodic supercell approximations to
the true disordered state for a given number of atoms per supercell, as
implemented in the ATAT package.59,60 A representation of the
supercell is shown in Figure S1, and the corresponding atomic
positions are shown in Table S1. The total-energy and electronic-
structure calculations were obtained via density functional theory
(DFT) as implemented in the SIESTA code.61 Exchange and
correlation are described within the Perdew−Burke−Ernzerhof
functional62 and a double ζ-polarized (DZP) basis-set with a real-
space grid cutoff of 500 Ry. The BZ is sampled using a 9 × 9 × 9,
Monkhorst−Pack k-point mesh. We optimized the geometry of each
individual component of the alloy in its corresponding primitive fcc
cell, finding as cubic (primitive) lattice parameters 4.13(2.92),
4.10(2.90), and 3.97(2.81) Å for Ag, Au and Pd, respectively. For
the 3 × 3 × 3 superlattice, the optimized lattice is 12.27(8.67) Å. To
unfold the supercell band structure, we applied the unfolding method
as described in ref 63 and available in the SIESTA package.
Sample Fabrication. All pure metal thin films were fabricated by

the e-beam evaporation of single metals with a deposition rate of ∼1.5
Å/s with a chamber pressure of 3.5 × 10−6 Torr at room temperature
(CHA E-Beam Evaporator at the Center for Nano-Micro Manufactur-
ing, CNM2, at UC Davis). The trilayer stack was deposited from Ag
(99.99%), Au (99.99%), and Pd (99.95%, from Kurt J. Lesker
Company) with the same thickness of ∼5 nm, from bottom to top,
sequentially. The sample stage was rotated at 6 rpm during the
deposition. The thin films were deposited onto 1 × 1 cm2 n-doped Si
substrates, which were cleaned with 2-propanol and deionized water
and then dried with N2 gas at the preparation stage.
Thin Film Dielectric Functions and Thickness Character-

izations. The ellipsometry measurements, psi and delta, were
acquired on the J.A. Woollam VASE ellipsometer in CNM2 at UC
Davis, at 55, 65, and 75° in the wavelength of 193−1680 nm. These
measurements were then used to fit the optical model (General
Oscillators), which includes the dielectric functions and film thickness
of the sample on the software, CompleteEASE. The beam spot size is
3 × 12 mm when measured at 75°.
In Situ Ellipsometry. The samples were transferred to the Linkam

RC-2 heating stage (maximum temperature: 600 °C) equipped with a
J.A. Woollam VASE ellipsometer in CNM2 at UC Davis. The heating
stage was able to heat the samples from room temperature (25 °C) to
600 °C with a ramping rate of 30 °C/min, hold at 600 °C for 1 or 3 h
to allow the sample to thermalize, and finally cool down to room
temperature at 30 °C/min, the same rate as ramping up. Notice that
the cooling rate was slower when the temperature is lower than 100
°C due to instrumental limitations. The sample chamber had two
glass windows to let the reflection be measured at 70° and kept in a
constant flow of Ar at 1 atm to prevent potential oxidation. The in situ
measurements were taken every ∼3 s during the process and analyzed
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with B-spline models on CompleteEASE for real-time optical
properties.
Scanning Electron Microscopy and Chemical Composition

Analysis. The high-resolution electron micrographs of the samples
were taken in the FEI Scios Dual Beam system equipped with an EDS
detector (in CNM2 at UC Davis) with an accelerating voltage of 5 kV
and current of 0.1 nA. The surface energy-dispersive X-ray
spectroscopy (EDS) was operated with a 10 kV accelerating voltage
and 2 nA current.
Atomic Force Microscopy. Topography measurements were

carried out with MFP-3D model AFM by Asylum Research (Oxford
Instruments) with an AC tapping mode in air. The AC160TS-R3
probe with a force constant of 26 N/m and resonance frequency of
300 kHz was used.
Color Simulation. The color pixels (RGB coordinates) were

simulated by the color calculation function provided on Comple-
teEASE based on the transfer matrix method (TMM) with an angle of
incidence (AOI) at 0°, standard observer of 10° (1964), and
illuminant of D65. The models were based on a top metasurface layer
(dielectric functions found from our samples) and an optically thick Si
substrate sandwiched between a middle SiO2 layer with varied
thickness from 0 to 200 nm with an increment of 5 nm.
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