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Abstract
We demonstrate a promising synthesis route based on pulsed laser dewetting of bilayer films
(Ag and Co) to make bimetallic nanoparticle arrays. By combining experiment and theory we
establish a parameter space for the independent control of composition and diameter for the
bimetallic nanoparticles. As a result, physical properties, such as the localized surface
plasmon resonance (LSPR), that depend on particle size and composition can be readily tuned
over a wavelength range one order of magnitude greater than for pure Ag nanoparticles. The
LSPR detection sensitivity of the bimetallic nanoparticles with narrow size distribution was
found to be high—comparable with pure Ag (∼60 nm/RIU). Moreover, they showed
significantly higher long-term environmental stability over pure Ag.

(Some figures may appear in colour only in the online journal)

1. Introduction

Innovative and cost-effective nanomaterials which improve
upon or introduce new functionalities within small dimensions
are seen as a driving force for technological advancement [1].
One such category of nanomaterials is bimetallic systems
made by combining immiscible metals of different functional
properties [2]. Besides their potential applications as sensing
and therapeutic materials [3, 4], their multifunctional
properties, such as ferromagnetic–plasmonic behavior, can
accelerate detection rates of superparamagnetically-tagged
molecules [5], enable chemical sensing through magneto-

optics [6, 7], and potentially improve high-speed optical
communication circuits and energy harvesting devices [8,
9]. Another advantage of bimetallic nanomaterials, besides
their physical properties, could be the unique chemical
and/or environmental behavior due to the proximity of
different materials [10]. For instance, bimetallic catalysts
show different catalytic properties as compared to the pure
components [11, 12].

With the obvious potential benefits of bimetallic
nanoparticles in mind, we have addressed several outstanding
issues in this work. The first is the challenge in making
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such materials in a simple and cost-effective manner. Existing
synthesis procedures to create bimetallic nanoparticles are
primary chemical synthesis routes that, while reasonably
successful, are limited by their use of toxic and non-toxic
chemicals and associated waste [2, 11, 13, 14]. Synthesis
routes based on vapor phase or physical vapor deposition
techniques have, as yet, not shown the range of composition,
size, and array formation control that would make them
useful as synthesis routes for surface arrays [15–17]. On
the other hand, synthesis routes based on dewetting of
thin films, such as e-beam induced dewetting [18], thermal
annealing [19] and microwave plasma assisted dewetting [20],
have considered nanoparticle array formation primarily
focused towards plasmon-based applications. However, the
ability to create bimetallic nanoparticles with a controlled
size and composition has not been reported in any of
these processes. Recently, a cost-effective synthesis of
multimetallic nanomaterials has been demonstrated using the
technique of nanosecond pulsed laser dewetting of ultrathin
bilayer films [21]. More importantly, theoretical modeling
studies have shown that such nanomaterials may inherit a rich
variety of compositional structures within the nanoparticles
if the starting metals are immiscible [22]. Here, we have
utilized this laser technique for a model system comprised
of Ag and Co films on SiO2 surfaces, chosen for several
reasons. First, as Ag and Co have negligible miscibility
in the liquid and solid states, the resulting nanoparticles
are expected to be spatially segregated. Second, the two
metals have strong plasmonic (Ag) and ferromagnetic (Co)
properties, making them useful candidates for multifunctional
applications. Third, the contrasting oxidation tendencies of
Ag and Co based on the standard electrochemical potential
favor the formation of CoO over Ag2O [23]. Therefore,
proximity of Co and Ag within bimetallic nanostructures
could reduce the degradation of Ag, thus permitting more
environmentally stable Ag plasmon behavior.

In this work, we first present investigations of the
synthesis of bimetallic nanoparticles resulting from pulsed
laser dewetting of bilayer films of varying thickness and
arrangement (Ag/Co/SiO2 and Co/Ag/SiO2). Specifically
their size, composition, and structure were studied by
high-resolution transmission electron microscopy (HRTEM),
x-ray mapping via scanning electron microscopy (SEM), and
electron energy-loss spectroscopy (EELS). The relationship
between the size of the bimetallic nanoparticles and the
total thickness of the bilayer, as well as the order of
arrangement of the bilayers, was obtained, while the
composition of the nanoparticles was evaluated in terms of
the thickness ratio. The experimental findings were combined
with self-organization theory to establish the parameter space
for independent control of particle size and composition. We
also determined the localized surface plasmon wavelength
as a function of composition and size, then compared it to
that of pure Ag nanoparticles of similar size. To assess the
relevance of such materials in biosensing applications, we
measured the sensitivity towards refractive index change of
the surrounding medium for various bimetallic nanoparticle
arrays and compared it to pure Ag. Lastly, the resistance

towards oxidation was evidenced by measuring optical spectra
of samples stored under ambient conditions over 50 days.

2. Experimental details

In the present study, thin films (1–10 nm) of Co and Ag
were deposited on commercially available optical quality
SiO2/Si(100) wafers consisting of a 400 nm thick thermally
grown oxide layer on polished Si, using electron beam
evaporation (e-beam) and pulsed laser deposition (PLD)
techniques under ultrahigh vacuum. This combination of
metals was chosen so as to integrate the well-known
plasmonic response of Ag and the ferromagnetic properties
of Co. The extremely low solid solubility (<1%) of Co
in Ag, and almost no solubility of Ag in Co, also help
in retaining their individual functional properties in the
bimetallic nanoparticles [24]. The verification of thicknesses
and roughness of the deposited thin films have been done
by means of atomic force microscopy (AFM). The PLD and
e-beam evaporation rates for Ag and Co were calibrated for
various input settings by doing step height measurements in
AFM. In addition, one extra piece of substrate was kept with
partial masking during every run of deposition for thickness
measurements. The roughnesses of various films were also
measurement by AFM and an upper limit of 0.1 ± 0.03 nm
was established for the average rms roughness over the
areas that were subsequently utilized in the studies [25].
Following deposition, the final stable arrays of nanoparticles
were produced by irradiation at normal incidence to the
substrate under vacuum with a Gaussian shaped pulsed laser
beam from a neodymium-doped yttrium aluminum garnet
(Nd-YAG) laser, operating at its fourth harmonic of 266 nm
wavelength, with pulse width of 9 ns and repetition rate of
50 Hz. The schematic of the irradiation process has been
reported earlier in [22]. The average laser energy density was
chosen (between 80 and 100 mJ cm−2) such that the entire
bilayer could be melted for all the thickness combinations, as
evidenced by a morphology change [26]. The bilayer films
were irradiated for a total of 10 000 laser pulses (∼2 min)
to ensure the formation of nanoparticle arrays. The resulting
patterns were characterized using a Hitachi S-4300 SEM
operating at 15 kV. The average size of the nanoparticles was
estimated from the size distribution histogram generated from
the SEM images. Furthermore, the average spatial separation
of the nanoparticles was obtained by analyzing the fast
Fourier transform (FFT) of the SEM images. The composition
and elemental distribution characteristics of the nanoparticles
were obtained by x-ray mapping in SEM (JEOL JSM—7001
FLV field emission) operating at 20 kV. The crystalline
structure and elemental distribution in selected samples were
further examined by high-angle annular dark field imaging
(HAADF) and electron energy-loss spectroscopy (EELS)
in a third-order aberration corrected scanning transmission
electron microscope (STEM, VG HB501UX) operating at
100 kV. The cross-sectional view TEM samples were prepared
by mechanical polishing, followed by ion milling. Mechanical
polishing was done by using the Multiprep system from Allied
High Tech Products Inc. to thin down the samples down to
25 µm thickness. Further processing was done by twin-jet
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Figure 1. (a) A typical SEM micrograph showing the arrangement of nanoparticles following bilayer self-organization from the Co
(5 nm)/Ag (5 nm)/SiO2 bilayer. The histogram in the inset shows the narrow size distribution of particles achieved by this process. The FFT
image in the inset shows the spatial short range ordering between the nanoparticles. (b) Cross-sectional HAADF image of a nearly
hemispherical shaped Ag–Co nanoparticle made from the Co (5 nm)/Ag (5 nm)/SiO2 bilayer showing contrast variation indicating
polycrystallinity within the particle. (c) Background subtracted EELS spectra at different regions of the nanoparticle in (b), showing delayed
Ag M4,5 edge energy at 394 eV and Co L3 edge energy at 779 eV. (d) Ag and (e) Co EELS compositional maps of the enclosed region
shown in image (b), exhibiting the immiscibility of Co and Ag in each other. The step size of the compositional map is 5.9 nm× 5.9 nm.
The contrast bar shows the variation of atom % of Ag and Co individually in different locations of enclosed region of image (b). (f) The
average Co:Ag ratio in each nanoparticle from x-ray mapping (symbols) plotted against the Co:Ag film thickness ratio.

ion milling in Gatan’s precision ion polishing system (PIPS)
to make sufficiently thin (50–100 nm) samples for the TEM
and EELS studies. The optical properties in the range of
250–800 nm for the various Ag–Co bimetallic particle arrays
were measured by an HR2000+ES spectrometer from Ocean
Optics in the transmission mode. It required preparation of
all samples on quartz substrates. For the external medium
refractive index sensitivity measurements, the optical spectra
were taken in air (RI = 1.00), isopropenol (RI = 1.378) and
glycerol (RI = 1.47).

3. Results and discussion

3.1. Nanoparticle size, structure, and composition

The bimetallic nanoparticles arrays were first prepared by
self-organization under pulsed laser melting of bilayer films
with varying combinations of thickness and arrangement of
Ag and Co on SiO2. In a manner conceptually similar to
the dewetting of single layer metal films under repeated
melting by laser pulses [25–27], the initially flat bilayer liquid
film evolves by surface perturbations having characteristic
wavelengths that eventually lead to film rupture, which under

continued laser pulsing results in ripening of the morphology
into the final droplet state. Due to the large cooling rates
under the nanosecond laser pulses, the droplets get quenched
into the bimetallic nanoparticles, which were subsequently
investigated here [21]. The average particle size of the arrays
were analyzed by scanning electron microscopy (SEM).
Figure 1(a) shows the scanning electron micrograph of a
typical nanoparticle array, synthesized from the dewetting of
the Co (5 nm)/Ag (5 nm)/SiO2 bilayer system. The inset
shows the particle size histogram, typifying the ‘narrow size
distribution’ (as defined in [11]) achieved by this process.
Also shown in the inset is the fast Fourier transform (FFT)
of the contrast in the image. The annular ring evident
in the FFT is indicative of a spatial short range order
in the nearest-neighbor spacing between the nanoparticles,
consistent with the dewetting self-organizing process [21].
From such SEM images, the average diameter of the particles
in an array was established.

The structure and composition of the individual
nanoparticles was analyzed using transmission electron
microscopy (TEM) and electron energy-loss spectroscopy
(EELS) measurements. A representative cross-sectional high-
angle annular dark field (HAADF) image of a ∼100 nm
nanoparticle obtained from dewetting of the Co (5 nm)/Ag
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Figure 2. (a) Geometry of the initial bilayer film comprised of metal films of thickness h1 and h2. Self-organization with a characteristic
deformation wavelength of 3 leads to the formation of nanoparticles of diameter D and contact angle θ . (b), (c) Comparison of the
experimentally measured diameter (symbols) versus the theory predictions (lines) for the (b) Ag/Co/SiO2 and (c) Co/Ag/SiO2 bilayer
systems. The two theory lines correspond to the bounds of theoretical Hamaker coefficient values [21].

(5 nm) bilayer on a SiO2 substrate is shown in figure 1(b).
As is evident, the nanoparticle contains several grains.
The representative background subtracted EELS spectra
corresponding to different regions in figure 1(b) are shown
in figure 1(c). EELS spectra show the presence of (i) pure Ag,
(ii) co-existence of Ag and Co and (iii) pure Co in different
regions respectively. The spectra showed a delayed Ag M4,5
edge at 394 eV and Co L3 edge at 779 eV. The spectrum
from the co-existence regions of Ag and Co (figure 1(c)-(ii))
showed no shift in Ag and Co edge energies with respect
to pure Ag and Co, respectively. This indicated that Ag and
Co are clearly phase segregated within the nanoparticles, as
expected from the equilibrium thermodynamic phase diagram,
and the mixed spectrum originated from overlapping of grains
of Ag and Co along the electron beam path at this location.
Figures 1(d) and (e) show the elemental distribution of Ag
and Co respectively, inside the particle, analyzed by EELS
near the M4,5 edge of Ag and L3 edge of Co. The contrast
bars in figures 1(d) and (e) represent the atomic % of Ag and
Co at different regions (square blocks) of the nanoparticle.
From this analysis, it is once again clear that Ag and Co
are spatially segregated within the nanoparticle. The EELS
analysis confirmed negligible presence of oxygen in the Ag
rich region.

To confirm the chemical composition of each particle in
the array, SEM x-ray spatial maps (not shown here) of Ag and
Co were obtained for each nanoparticle prepared from films of
various ratios. From these maps, two important features were
confirmed. Each nanoparticle in the map was found to consist
of both Ag and Co, and the ratio of Ag/Co for each individual
particle could be estimated. In figure 1(f), the closed symbols
represent the value of this ratio averaged over approximately
30 particles for each composition. The y-axis error bar
represents one standard deviation from this average. The good
agreement with the straight line of slope = 1 indicates that, on
average, each particle in the array has the same metal ratio as
in the bilayer film thickness. Consequently, we conclude that
the behavior of D versus concentration was identical to the
D versus film thickness ratio. This is a very useful result, as it

implies that the composition of a nanoparticle under dewetting
self-organization of the bilayer is directly controlled by the
individual film thickness.

3.2. Parameter space for independent size and composition
control

Previous work on bilayer dewetting self-organization was
primarily focused on the length scales of patterns formed
in polymer or metallic systems [21, 28]. In recent metal
bilayer work, it was shown theoretically that the characteristic
self-organized length scale 3, which described the inter-
particle spacing, is a function of the material parameters
and the individual film thicknesses [21]. Specifically, with
respect to figure 2(a), the length scale depended on two sets
of quantities. One is the intrinsic materials parameter set,
which consisted of the interfacial tensions γ2 and γ12, the
viscosities of the two liquids η1 and η2, and the Hamaker
coefficients characterizing the intermolecular interactions
between each pair of interfaces, i.e. vacuum–substrate (Avs),
vacuum–middle (Av2), and middle–substrate (A2s). The other
was the experimentally controllable external parameters,
which included the individual film thicknesses of the bilayers,
h1 and h2, and their order of arrangement, o, on the substrate
(e.g. Ag/Co versus Co/Ag). Consequently, the length scale
could be expressed as a function of these variables as 3 =
f (γ,A, h, o).

We have estimated the dewetting length scale 3 of the
bilayer system as a function of the experimentally controllable
parameters o and hi. Once 3 is known, volume conservation
arguments could be used to estimate the theoretical particle
diameter, D [25]. As shown in figure 2(a), the volume of
an individual particle corresponds to the volume of a disc of
diameter3 and thickness h1+h2. For a particle with spherical
shape and contact angle θ lying on a substrate, its volume can

be expressed as f (θ)D3

8 , where f (θ) is the geometrical factor
related to the contact angle the particle makes with the surface.
The final diameter is obtained as:

D =

[
2π32(h1 + h2)

f (θ)

]1/3

. (1)
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(a) (b) (c)

Figure 3. (a) The calculated variation of particle diameter as a function of total thickness of original bilayer films for Ag/Co/SiO2. Each
curve corresponds to the case of a different Ag concentration in the resulting nanoparticle. (b) Similar information as (a), but for the
Co/Ag/SiO2 system. The figures show that, for a given concentration, particles with large variation in size can be independently achieved.
(c) The parameter space corresponding to independent control of nanoparticle diameter and composition that can be achieved by bilayer
self-organization. The shaded area was generated by theoretical calculations for a range of Ag/Co and Co/Ag film thickness ratios, with
total bilayer thickness ranging between 2 and 20 nm.

In figure 2, the experimentally measured diameter (symbols)
is compared to the range of theoretical predictions (lines)
for the Ag/Co (figure 2(b)) and Co/Ag (figure 2(c)) bilayer
systems respectively, as a function of the top layer film
thickness h1; the bottom layer is kept fixed at 5 nm. The
two lines correspond to the theoretical predictions based
on the two different approaches to calculate the Hamaker
coefficients [6, 7, 29, 30]. The A′s can be calculated either
from (i) summation of the frequency-dependent dielectric
function of each of the layers [31], or from (ii) the various
surface and interfacial energies [28]. As a result, the A
values can range between 10−19 and 10−18 J. In figures 2((b)
and (c)), we have estimated the theory predictions by utilizing
these two values of A. The two sets of data are for fixed bottom
layer (h2) thickness of 5 nm and varying top layer thickness
(∼1–10 nm) for the two cases. The theoretical contact angle,
necessary to determine f (θ), was estimated from the contact
angles for pure silver (θAg) and pure Co (θCo) and their volume
fractions, using θ = vAgθAg+vCoθCo, where θAg = 82◦, θCo =

102◦ [32], vCo =
hCo

hAg+hCo
and vAg =

hAg
hAg+hCo

.

As evident from figures 2(b) and (c), there is good
agreement between the experimental data and theoretical
predictions. The significantly different behavior for the
two bilayer arrangements is a direct consequence of the
difference in intermolecular dispersion forces for the two
configurations [21]. Such good agreement allowed us to
extend the theoretical calculations for D beyond the limited
experimental data, as shown in figures 3(a) and (b).
The theoretical calculations for D were done for various
combinations of film thickness for the Ag/Co (figure 3(a))
and Co/Ag (figure 3(b)) bilayer systems. These plots show
that for a given volume composition, the nanoparticle size
can be different, depending on the thickness of the thin film
layers. In addition, the range of achievable particle size can be
extended by changing the order of Ag–Co film arrangement.
To emphasize this point further, the theoretical diameter
range accessible over the whole composition range shown
in figures 3(a) and (b), is combined together and described
as the parameter space, as shown in figure 3(c). This figure

emphasizes that the diameter for the bimetallic nanoparticles
for a given composition can be varied by up to one order
of magnitude over a large fraction of the composition axis,
suggesting that this technique can independently control the
chemical composition and size of the nanoparticles over a
wide range.

3.3. Tunability of LSPR wavelength

Noble metal nanoparticles, such as of Ag or Au, show
strong LSPR characteristics under optical irradiation. The
spectral position of the LSPR is of fundamental interest to
applications related to plasmon-based sensing and surface
enhanced Raman scattering. Here, the absorbance as a
function of wavelength (250–800 nm) for nanoparticle arrays
with different average particle diameter (75, 90 and 105 nm)
was measured. The representative optical spectra of average
90 nm nanoparticle arrays is shown in figure 4(a) for various
Ag–Co compositions. In the absorbance plots, a minima is
observed at ∼325 nm wavelength, which corresponds to the
characteristic response of Ag due to interband transitions.
Another common feature is an inflection in all the absorbance
plots at ∼390 nm, which is attributed to the quadrupolar
resonance effect within the bimetallic nanoparticle. LSPR
peaks (λLSPR) for arrays with nanoparticles of 90 nm average
diameter are observed at 440, 488 and 503 nm wavelengths for
pure Ag, 82.3% Ag and 71.5% Ag respectively. In figure 4(b),
λLSPR peaks are shown as a function of Ag concentration
for different sized particles. As the concentration of Ag
decreased, the λLSPR showed increasing red-shift. Similarly,
the λLSPR red-shifted with increasing particle size for a fixed
composition of the nanoparticles, as shown in figure 4(c).
The important conclusion here is that Ag–Co bimetallic
nanoparticles show a large tunability in the position of the
λLSPR (∼200 nm), compared to only about 20 nm for pure
Ag particles of identical shape and size.

To understand the LSPR shift with composition and
size of nanoparticles, we have utilized an effective medium
approach [33, 34] to calculate the theoretical optical-
plasmonic response of these bimetallic nanoparticle arrays.
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(a) (b) (c)

Figure 4. (a) LSPR position as a function of Ag–Co composition for nanoparticle arrays with similar average particle size of ∼90 nm.
(b) Comparison of experimental LSPR positions (symbols) with theory predictions (lines) as a function of % Ag in nanoparticle arrays for
the different average particle sizes. (c) Comparison of experimental LSPR positions (symbols) with theory predictions (lines) as a function
of nanoparticle size for various particle compositions based on modeling results [33].

When the diameter D of a nanoparticle is less than the
wavelength λ of light, such as in the present work, the optical
response can be expressed as coming from a homogeneous
medium with an effective dielectric function εeff. Using the
Maxwell–Garnett (MG) approach, the εNP for a nanoparticle
made by grains of material 1 embedded randomly in a medium
of type 2 can be expressed as:

εNP = ε2 +
3f ε2(ε1 − ε2)

ε1 + 2ε2 − f (ε1 − ε2)
(2)

where ε1 and ε2 are the complex dielectric permittivities of
material 1 and 2 (here Ag and Co), and f is the volume
fraction of material 1 in 2. Then, the optical response of the
nanoparticle array is modeled as a layer of thickness D/2
made from hemispherical particles of average diameter D
consisting of grains of Co and Ag, and embedded in a host
medium of effective dielectric function εhost, which is made
from air and SiO2 [35] (figure 2(a)). The effective dielectric
function of the host medium is given by εhost = εSiO2σ +

(1 − σ)εair, where the subscripts refer to the dielectric of the
substrate and surrounding materials, and σ is the fraction of
the nanoparticle area in contact with the substrate. For the case
of hemispherical particles, σ is 0.33. In the final step, the MG
mixing model of equation (2) was applied self-consistently
to obtain the final dielectric function, with εNP and εhost
replacing ε1 and ε2 in equation (2) and the volume fraction
of particles given by f = 2π

3 (
D

23 )
2. From these calculations,

the theoretical optical transmission data was generated, as
in [35], and the location of the LSPR was obtained from
the minimum in the transmission plot. The grain sizes within
the nanoparticles were assumed to be 5–10 nm, which is not
far off from the experimental observations. However, it was
found theoretically that the size of the individual grains of
the two metals did not have a strong influence on the overall
LSPR position. In figures 4((b) and (c)), the theoretically
estimated LSPR position (lines) from this model is compared
with the experimental data (symbols). Excellent agreement is
seen with experiment, including prediction of the different
magnitudes of the red-shifts for the different sized particles.
This result suggested that the observation of figures 4(a)–(c) is

a direct result of the size, shape, composition, and spacing of
the nanoparticles, which are the only experimental parameters
in the model.

3.4. LSPR-based sensing

One of the most important aspects of selecting plasmonic
materials for sensing applications is its sensitivity towards
refractive index change of the external environment.
Sensitivity is defined as the rate of change in LSPR
wavelength with refractive index, usually in units of nm/RIU.
In figure 5(a), variation in the λLSPR as a function of refractive
index of external dielectric environment is presented for
various sizes and compositions of pure Ag and bimetallic
Ag–Co nanoparticle arrays. The external dielectric was varied
by encapsulating the samples in fluids with different refractive
index, as described in section 2. As evident from the plot,
the LSPR shift is linearly dependent on the refractive index
of the ambient environment. Ag–Co particle arrays show
sensitivities of 51 and 71 nm/RIU respectively for 90 nm
sized nanoparticles with composition of 83.3% Ag and
71.5% Ag, whereas 110 nm sized Ag–Co particle arrays
show sensitivities of 105 and 56 nm/RIU for the 83.3%
Ag and 71.5% Ag compositions. Also shown by the square
symbols are similar measurements made using pure Ag
nanoparticle arrays with particle sizes of 90 (solid square)
and 100 nm (open square), which show sensitivities of 62 and
60 nm/RIU respectively. These measurements indicated that
the sensitivity of the Ag–Co bimetallic arrays, which ranged
between 51 and 105 nm/RIU, was similar or comparable
to pure Ag particles of similar shape and size despite the
bimetallic particles having a broader LSPR peak as compared
to pure Ag (figure 4(a)).

As is well known, Ag oxidizes rapidly, and the associated
changes to its surface and optical-plasmonic properties limit
its use when long-term stable behavior is required [36–39].
As was mentioned previously, (section 3.1), TEM EELS
results showed the negligible presence of oxygen in the
Ag–Co nanoparticles, such as the ones in figures 1(d) and
(e), implying that Ag oxidation is suppressed. To further
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Figure 5. (a) The shift in LSPR peak position as a function of refractive index (RI) of the external medium for various nanoparticle arrays.
The plot shows the linear dependence of LSPR shift w.r.t. RI of external environment. Also, the slope depicts the sensitivity (in nm/RIU) of
the respective nanoparticle arrays. The solid scatter points correspond to arrays with average particle size of 90 nm while open scatter points
are for 110 nm. (b) The optical absorbance of 105 nm sized pure Ag sample, taken immediately after synthesizing the sample and following
a 50-day interval. (c) The optical absorbance spectra of 105 nm sized 83.3% Ag–Co sample, taken immediately after synthesizing the
sample and after a 50-day interval.

demonstrate this apparent stability to oxidation, we measured
the optical transmission spectra of pure Ag and 83.3%
Ag–Co nanoparticle arrays (both with average particle size
of ∼105 nm) over 50-day intervals, as shown in figures
5(b) and (c) respectively. The samples were stored under
ambient conditions of temperature and indoor humidity over
the 50-day period. It is clear that Ag nanoparticles showed
a drastic degradation in the LSPR quality as compared to
similar sized 83.3% Ag–Co nanoparticles. While a detailed
understanding of this property of the Ag–Co particles is
unclear, it is quite likely that the higher electrochemical
and thermodynamic oxidation tendency of Co over Ag
could be responsible for the suppression of Ag oxidation.
The two metals have contrasting oxidation tendencies, as
seen from their standard state electrochemical oxidation
potentials (0.28 eV and −0.7996 eV for Co and Ag,
respectively). As can be noted from the Ellingham diagram,
the formation of CoO is favored over that of Ag2O [23].
Therefore, it is quite likely that the proximity of Co and Ag
within bimetallic nanostructures could reduce the degradation
of Ag, thus permitting more environmentally stable Ag
plasmon behavior. The results presented here suggest that the
bimetallic particles can potentially be useful in applications
which require flexibility in tuning the LSPR wavelength,
and/or in applications requiring high LSPR sensitivity with
a long-term stability of the material to oxidation.

4. Conclusion

We have presented a route based on nanosecond pulsed laser
dewetting and self-organization of ultrathin bilayer metallic
films to synthesize bimetallic nanoparticles. As a model
system, we have investigated bilayers of Co and Ag metal on
SiO2 substrates. The particle size was uniquely controlled by
the individual film thickness and their order of arrangement
on the substrate. X-ray mapping and electron energy-loss
spectroscopy helped confirm that the individual nanoparticles
are bimetallics of phase-separated Co and Ag nanograins in
the same compositional ratio as in the starting films. By
utilizing self-organization theory, a large parameter space

for independent control of particle size and composition
was established for this technique. We demonstrated that
the nanoparticle size could be changed independently by
one order of magnitude (∼25–350 nm), and composition
by 85% (from 10 to 95% of Ag). As a result, large and
predictable tunability in the physical properties is feasible, as
demonstrated for the localized surface plasmon resonance in
this Ag–Co system. The LSPR wavelength could be tuned
over ∼200 nm as a function of size and/or composition
of the bimetallic nanoparticles, compared to only ∼20 nm
for pure Ag. We also established that the bimetallic arrays
have a refractive index sensitivity that is comparable to
that of pure Ag arrays. In addition, the bimetallic system
showed significantly higher stability against environmental
degradation of the LSPR signal as compared to pure Ag.
These studies established two key findings. First, with
judicious choice of film thickness and bilayer arrangement,
dewetting by nanosecond pulsed laser melting represents
a simple and cost-effective method to synthesize novel
bimetallic nanomaterials with tunable properties. Second, the
plasmonic behaviors evidenced here for the Ag–Co bimetallic
nanoparticle arrays suggest that they can potentially be useful
for broadband scattering and solar light trapping applications
due to the flexibility in tuning the LSPR wavelength, and in
LSPR or surface enhanced Raman sensing applications which
require high LSPR sensitivity with a long-term stability of the
material to oxidation. Future work will be directed towards
understanding and utilizing the coupling of the different
properties of the two metals (plasmonic and ferromagnetic
in the present bimetallic system) so that new functional
properties of the nanomaterials may be achieved.
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