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Plasmonic nanoparticle arrays with a specific lattice arrangement can support surface lattice resonances

(SLRs). SLR exhibits a sharp spectral peak and finds many applications including optical sensing and plas-

monic lasers. To optimize SLR for application, a robust method that allows the mass production of plas-

monic nanoparticle arrays with refined particle morphology and well-defined lattice arrangement is

required. In this work, we combine nanosphere lithography (NSL) with thermal annealing or nanosecond-

pulsed laser treatment to refine plasmonic nanoparticles in a honeycomb lattice. We comparatively study

the effects of the two treatment methods on the particle morphology and lattice arrangement of mono

(Ag and Pd) and bi-metallic (Ag–Pd) nanoparticle lattices. In general, thermal annealing preserves the

lattice arrangement but fairly changes the particle roundness, while laser treatment produces particles

with varying morphologies and spatial distribution. We also theoretically and experimentally investigate

the optical responses of Ag nanoparticle lattices produced by different treatment methods. The observed

difference in spectra can be attributed to the varying particle morphology, which shifts the localized

surface plasmon resonance differently, resulting in a significant change in SLR. These findings provide

valuable insights for optimizing plasmonic nanoparticle arrays for various applications.

Introduction

Localized surface plasmon resonance (LSPR) of metal nano-
particles enhances light scattering and absorption, and finds
applications in biosensing,1–6 catalysis,7–12 chemical sensing,13–16

bio-imaging,17–20 and biotherapy,21–24 adaptable via size, mor-
phology, and material.

To improve the performance of LSPR-based techniques,
metal nanoparticles can be arranged into a periodic lattice
that supports surface lattice resonances (SLRs), featuring
minimal radiative loss and thus sharp spectral peaks. For
SLRs, the inter-particle distance should be designed carefully
such that the scattered light from one resonator reaches the
adjacent resonators in phase to form a collective resonance of
all individual resonators in the lattice.25–27 Therefore, SLRs
rely on two physical phenomena, namely the material and
morphology-dependent LSPR of individual nanoparticles and
the photonic diffraction associated with the lattice. By control-
ling the particle morphology and the lattice arrangement
(periodicity and symmetry), SLR can be designed. Plasmonic
nanoparticle arrays optimized for SLR can exhibit remarkably
high Q factors due to minimal scattering loss.28,29 Due to the
hybrid plasmonic-photonic character of the SLR mode, the
coupling between the optical mode and emitters can be effec-
tively enhanced, allowing the efficient beaming of the emis-
sion along narrow angular and spectral ranges. Therefore, it
has been used for solid-state lighting,30–32 and lasing.29,33,34
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Other applications such as sensing35–37 and spectroscopy38

have also been demonstrated.
Since SLR relies on well-controlled LSPR and well-defined

lattice arrangement, a feasible method to produce nano-
particle arrays with homogeneous particle morphology and
pre-designed lattice would be of great interest for applications
based on SLRs. Wet-chemical synthesis is well-established to
massively produce plasmonic nanoparticles with homo-
geneous size and shape.39,40 However, it is challenging to
arrange the synthesized nanoparticles into a pre-designed
lattice on the surface of a substrate, limiting the application of
chemically synthesized nanoparticles in SLR devices. Top-
down methods based on lithography are more effective for the
preparation of pre-designed plasmonic nanoparticle lattices.
The two most commonly employed top-down methods are
nanosphere lithography (NSL)41–43 and electron-beam lithogra-
phy or photolithography.33,44 While the latter provides
superior resolution and great flexibility in the lattice patterns,
the former features rapid, cost-effective, and scalable pro-
duction without using complex and expensive instruments.
Although top-down lithography methods are capable of creat-
ing well-defined nanoparticle arrays, they suffer from the
imperfection of the nanostructures and particle-to-particle
variation, which degrade their optical performance. This
problem can be solved by combining top-down lithography-
based patterning methods with post-treatment methods to
refine the particle morphology.29,45

Thermal annealing and laser treatment are two commonly
used metallic nanoparticle refinement methods. However, they

refine the particle morphology according to totally different
mechanisms. Thermal annealing is a slower and gentler
process compared to laser treatment, in which the plasmonic
nanoparticles are produced under thermal equilibrium.42,46,47

Therefore, the original spatial arrangement remains after
thermal annealing. Laser treatment, on the other hand, is a
relatively fast and drastic method.48 Short laser pulses are used
to rapidly heat or melt, or even vaporize and ionize the
materials.49–52 Such fast and localized deposition of energy
can result in local plasma generation. Followed by a fast-
cooling process, this method produces plasmonic nano-
particles without thermal equilibrium. Rapid cooling is a
kinetic process that allows the production of high entropy plas-
monic nanoparticles of immiscible materials.11 Due to the
rapid deposition of optical energy, laser treatment can lead to
the detachment of the material from the surface of the sub-
strate48 and thereby alter the spatial arrangement defined by
the lithography method. Therefore, careful optimization of the
treatment conditions is crucial for the refinement of the par-
ticle morphology and the lattice arrangement. In view of SLR,
which relates to the spatial arrangement and the morphology
of the particles, different treatment methods may lead to
different optical properties of plasmonic nanoparticle arrays.
In this work, we comparatively studied the impact of thermal
annealing and pulsed-laser treatment on the particle mor-
phology and lattice arrangement of pure Ag, Pd, and bi-metal-
lic Ag–Pd plasmonic nanoparticles in honeycomb lattice pre-
pared by NSL (Fig. 1a). Specifically, the change in the mor-
phology and lattice due to thermal annealing and laser treat-

Fig. 1 (a) Schematic diagram illustrating the methods for creating the metallic particles based on NSL followed by laser treatment and thermal
annealing process. Polystyrene (PS) spheres are coated on the glass substrate with honeycomb-packed vacancy. Pd or Ag films are deposited on the
PS sphere mask in sequence by e-beam evaporation. After removing the mask, the honeycomb-packed triangle islands remain. Thermal annealing
and laser treatment are used to generate rounded nanoparticles from the triangular islands. While thermal annealing results are rounded but not
perfectly spherical particles in a honeycomb lattice, laser treatment leads to spheres. Excess laser energy results in broad size distribution and moves
the particles away from the honeycomb lattice positions. (b)–(d) The schematics illustrate the transition of the particle shape (red trace, left axis) and
lattice arrangement (green trace, right axis) under thermal annealing (top), laser treatment with (middle) and without (bottom) the possibility to find
an optimum window, where the particles are perfectly spherical, and the lattice arrangement is kept.
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ment was investigated with respect to the experimentally acces-
sible parameters.

Basic aspect of the particle formation
process

Changing the particle morphology and lattice arrangement
requires energy. However, their dependence on thermal
annealing and laser treatment parameter can be quite
different. In order to turn all triangular islands prepared by
NSL into spherical particles without destroying the honey-
comb lattice, the optimal windows for thermal and laser
energy should be identified. The factors involved in the mor-
phology and lattice change are very complex. Based on the
difference in the energy deposition rate, we expect and
propose different stages of the transitions of morphology and
lattice for thermal annealing (Fig. 1b) and laser treatment
(Fig. 1c and d). At a moderate annealing temperature
(∼500 °C), the honeycomb lattice is expected to remain
unchanged once the system reaches thermal equilibrium,
regardless of the annealing time. Therefore, it should be
possible to find a suitable annealing time, at which the de-
posited thermal energy is sufficient to transform the concave
triangular islands from NSL into fairly rounded nanoparticles
but not enough to move the particle away from their original
positions in the honeycomb lattice. Temperatures that cause
evaporation of the metal are not suitable. Fig. 1b illustrates
three hypothetical transition stages of the particle mor-
phology in thermal annealing with the lattice arrangement
kept unchanged. On the other hand, using pulsed-laser treat-
ment, a large amount of energy can be deposited onto the
sample within a very short duration, giving the triangular
islands both thermal and kinetic energy in a short time. The
former can alter the particle morphology and the latter can
change the particle position, leading to the destruction of the
honeycomb lattice and the increase of particle size inhom-
ogeneity due to particle merging. In fact, it has been shown
that drastic pulsed-laser treatment can lead to the detach-
ment (or “jumping”) of the nanoparticles from the substrate
surface.48 The results of laser treatment depend on the
material of the particle and substrate as well as their inter-
action, i.e., the wetting effect. Since all the particles are in
contact with the substrate, the wettability of the metal on the
substrate plays an important role in the results.53–55 In case
of low wettability, e.g., Ag on a glass substrate, the particle
morphology can be refined at a rather low laser energy while
the lattice remains. Therefore, an optimum window of the
laser treatment condition to obtain the best-refined particle
morphology without destroying the lattice can be expected
(Fig. 1c, stage 3). In the case of high wettability, like Pd on a
glass substrate, the affinity of the material to the substrate
surface is strong. Thus, particle morphology transition has a
high energy threshold, beyond which the lattice arrangement
can no longer sustain. This leads to randomly distributed
nanospheres with almost perfectly spherical morphology but

very large size inhomogeneity. In this case, the laser treat-
ment condition for well-arranged spheres is not possible
since the morphology transition is stepwise, i.e., no gradual
change in the morphology (Fig. 1d). In addition, since there
are always small morphological variations between particles,
the threshold energy of each particle varies according to its
size and shape, resulting in a narrow transition window of
laser energy (Fig. 1d, stage 2). Therefore, the coexistence of
extremely distinct morphologies, such as perfect spheres and
sharp triangles, is possible. By observing the particle mor-
phology and the lattice arrangement at different laser con-
ditions, conclusions on the impact of the thermal and laser
treatment can be drawn.

Results and discussion

First, we investigated the effect of thermal annealing and laser
treatment on pure metals by observing their morphology and
lattice arrangement. Honeycomb-packed triangular islands
were observed in both Ag and Pd pristine samples (see Fig. 2a
and b). After thermal annealing, triangular Ag islands were
turned into rounded particles (Fig. 2c). However, the triangular
Pd islands remained intact, showing a sharp triangular shape
after annealing (Fig. 2d). The evolution of morphology is influ-
enced by several crucial factors, such as the mobility of atoms

Fig. 2 The SEM images of (a) Ag and (b) Pd pristine samples, (c) Ag and
(d) Pd particles after thermal annealing, (e) Ag and (f ) Pd particles after
laser treatment with a single 100 mJ cm−2 pulse, and (g) Ag particles
treated with a single 200 mJ cm−2 pulse, and (h) Pd particles treated
with five 100 mJ cm−2 pulses. The scale bar is 1 µm and applies to all
images. The insets with white frames are SEM images taken with a
45-degree tilt angle, showing the 3D morphology of the particles. The
scale bar is 250 nm and applies to all insets.
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on the surface, which is often affected by the local atomic
arrangement, atomic potential energy, and the affinity of metal
and substrate.56 In some cases, the melting temperature of the
metal can also play a role.57 Hence, the preservation of triangu-
lar Pd islands after thermal annealing can be attributed to
either the higher melting point of Pd or its superior wettability
when compared to Ag.58

Next, we investigated the morphological differences
between the Ag and Pd laser-treated samples. When a single
100 mJ cm−2 laser pulse was applied to the Ag pristine sample,
all the triangular Ag islands turned into spheres and stayed at
their original lattice positions, as shown in Fig. 2e. However,
for Pd, the triangular Pd islands which were turned into
perfect spheres all left their original lattice positions, while
those that did not change their shape stayed in the same
lattice position (see Fig. 2f). This happened because the con-
traction leads to the upward movement of the particle mass
center. If the kinetic energy of the mass center perpendicular
to the substrate surface is higher than the adhesion energy,
the particle will detach from the substrate.48

Further increasing the laser pulse energy led to the further
production of spheres of various sizes and the complete
destruction of the lattice structure for both Ag and Pd, as
shown in Fig. 2g and h. More detailed morphological infor-
mation about all the samples can be found in the zoom-in
images provided in Fig. S1.†

All the observations were in good agreement with the
model shown in Fig. 1. In the case of Ag for example, when
applying a single 100 mJ cm−2 laser pulse which is in the
optimum window of laser energy (Fig. 1c, stage 3), a honey-
comb-packed sphere array was produced. On the other hand,
for Pd, this laser energy fell into its transition window (Fig. 1d,
stage 2), resulting in a mixture of triangles staying on the
lattice and randomly distributed spheres. Applying the excess
laser energy showed the predicted results, i.e., spheres with
different sizes and random distribution in both cases, as
shown in Fig. 1c, stage 5 for Ag, and Fig. 1d, stage 3 for Pd.

Next, we further investigated the effect of thermal annealing
and laser treatment on the morphology of the particles by eval-
uating the circularity and particle size distribution. The image
was analyzed using the ‘Analyzed particle’ plugin in ImageJ,
which defines circularity as the degree of roundness of a circu-
lar particle, using the formula59

Circularity ¼ 4π*
Area

Perimeter2
: ð1Þ

A circularity value of 1.0 indicates a perfect circle. Fig. 3a
shows the circularity and size distribution of the Ag particles
from the test samples shown in Fig. 2. The pristine sample
had the largest cross-section area with a small size distribution
because the triangles are determined by the template and each
triangle has the same dimensions. Its average circularity was
between 0.2 to 0.6, where 0.2 is the circularity of a perfect
concave triangle and 0.6 is the circularity of a perfect equilat-
eral triangle.

To investigate the influence of the laser energy, we applied
different pulse numbers and fluences on pure Ag and Pd pris-
tine samples and examined their morphology after laser treat-
ment. First, we fixed the fluence at 70 mJ cm−2 and applied 1,
5, and 10 pulses to the pure Ag pristine sample (Fig. 4a, left
column). For the pure Ag sample illuminated by a single laser
pulse, the morphology and spatial arrangement of the par-
ticles remained unchanged. When increasing the pulse
number to 5, triangular particles started to become spherical
particles, but the honeycomb arrangement of the particles
stayed the same (Fig. 4a, left column). With 10 pulses, almost
all the triangular islands from NSL were turned into a spheri-
cal shape and the lattice arrangement was well-kept. When
increasing the laser fluence to 100 mJ cm−2, even a single
pulse led to particle morphology transformation from triangu-
lar to an almost perfect sphere without changing the lattice.
Further increasing the pulse number to 5 and 10 did not result
in a significant improvement in lattice arrangement change at
100 mJ cm−2. However, when the laser fluence was increased

Fig. 3 Size and circularity distribution of (a) Ag and (b) Pd particles. The pristine, thermally annealed, and laser-treated samples were statistically
analyzed. The red dashed line is the circularity of the perfect concave triangle, and the gray dashed line is the circularity of the perfect equilateral tri-
angle. The scheme below the x-axis indicates the morphology and spatial arrangement of the correlated sample.
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to 200 mJ cm−2, this high energy ablated the original Ag par-
ticles. Even a single pulse destroyed the lattice and increased
the inhomogeneity of the particle size. This is attributed to the
high kinetic energy of the particles due to the excessively high
laser fluence. This kinetic energy allows the particles to move
away from their original lattice positions and merge with other
particles to form bigger ones. At this excess fluence, the metal
was violently ablated by the laser pulse. Increasing the pulse
number to 5 and 10 resulted in the formation of dust-like
small Ag nanoparticles all over the illuminated area. This is a
result of repeated laser ablation of the Ag particles. Therefore,
no large but small dust-like particles were observed.

Now we focus on the case of Pd, which we expected to have
better wettability on the glass substrate, i.e., stickier to the
surface compared to Ag. With a single laser pulse at a fluence
of 70 mJ cm−2, the Pd triangular islands remained in their
lattice position (Fig. 4b, left column). However, morphological
changes from a triangular to a spherical shape were observed
among some particles when five laser pulses of 70 mJ cm−2

were applied. As for the lattice arrangement, while the concave
triangles remained in the lattice positions, most of the newly
transformed spherical particles moved away from their original
positions. Also, under this condition, we observed either only
almost perfect spherical particles or concave triangular islands
but nothing in between. No rounded triangular particles were
observed. This suggests that, with laser treatment, the mor-
phology of the Pd islands underwent an abrupt transition
rather than a continuous transformation. This is different
from the case of Ag on glass and might be attributed to a com-
bined effect of the high wettability of Pd on glass and the
kinetic process of laser treatment. The laser pulse provides the
kinetic energy to the island to stretch out from the sticky
surface due to its wettability. Once the kinetic energy is large
enough for the particle to overcome the sticky surface, the Pd
material bounds upwards into the air, and the surface tension

results in an almost perfect spherical shape. The bounding of
the particle is also indirectly supported by the observation that
only spherical particles moved away from their original lattice
positions.48 With sufficient pulse energy, i.e., higher laser
fluence or increased pulse number, multiple particles did also
merge into bigger spheres, as shown in the SEM image taken
with 10 pulse treatments at 70 mJ cm−2 fluence (Fig. 4b,
bottom image of the left column). However, when excessive
high fluence, specifically 200 mJ cm−2, was applied, we
observed an increasing number of dust-like small particles at
high pulse numbers (5 and 10 pulses).

By comparing the results of laser-treated Ag and Pd par-
ticles under a fluence of 70 and 100 mJ cm−2, it is clear that
the wettability of the metal on the substrate determines the
morphology and spatial arrangement of the resulting nano-
particles. With a low wettability material such as Ag, an
optimum window of laser condition (including fluence and
pulse number) becomes accessible. Within this range, Ag
islands transform into spherical nanoparticles without leaving
their lattice positions, as illustrated in Fig. 1c. However, with a
high wettability, the substrate surface is sticky for Pd triangu-
lar islands. Therefore, it is not possible to optimize the laser
condition to create spherical Pd nanoparticles without destroy-
ing the lattice arrangement, as shown in Fig. 1d.

With a high laser fluence of 200 mJ cm−2, the lattice
arrangement of both Ag and Pd particles was destroyed, and
many small particles were generated, suggesting a complete
breakdown of metallic material into small dust particles. It’s
worth noting that employing finer steps for the parameter
scan may be beneficial and necessary to observe a more
gradual morphology transition.

As illustrated in Fig. 5, in general, the difference in the mor-
phology transition between thermal annealing and laser treat-
ment can be explained as follows. Thermal annealing is a slow
process under thermal equilibrium. It gently provides thermal

Fig. 4 (a) SEM images of Ag honeycomb-packed array treated by 1, 5, and 10 pulses with 70 mJ cm−2, 100 mJ cm−2, and 200 mJ cm−2. (b) SEM
images Pd honeycomb-packed array treated by 1, 5, and 10 pulses with 70 mJ cm−2, 100 mJ cm−2, and 200 mJ cm−2. Applying higher laser energy,
i.e., using more pulses or higher laser fluence, on either Ag or Pd samples led to more triangular islands turned into spheres. In addition, Ag spheres
arranged in a honeycomb lattice were prepared by applying 1, 5, or 10 laser pulses with 100 mJ cm−2

fluence. This indicates that these laser energies
are in the optimum windows. The scale bar is 1 µm and applies to all images.
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energy to increase the lattice vibration until the particle melts
into liquid form. Since the melting point of nanoscale objects
decreases as the size shrinks, the melting point of the nano-
particle is always smaller than the bulk metal.60 Thermal
annealing transforms the particle morphology by melting the
sharp corners of the triangles, leading to rounded triangles. In
contrast, in laser treatment, a huge amount of energy can be
deposited onto the sample in a short time, leading to the
melting of the particles. Since the triangular islands are sitting
on the interface of a glass substrate and open space, the
material melts and shrinks more to the open space side, i.e.,
the out-of-plane direction, to maintain the overall volume of a
particle, while the bottom part of the particle still sticks on the
substrate when treating at low laser energies. When the
applied energy is high enough, the contraction of the material
leads to the mass center of the particle moving upwards,
resulting in a jumping particle.

Having understood the effect of the materials and treat-
ment methods on the morphology and the spatial position of
the particles, we further investigated the cases of binary metal-
lic samples with different stacking orders, i.e., different metals
in contact with the substrate. The purpose is to understand
how one can create bi-metallic nanoparticles using laser treat-
ment and thermal annealing. Thus, two different samples in
Ag–Pd bi-metallic system were prepared from the NSL method,
namely Pd/Ag/Glass and Ag/Pd/Glass, as indicated in Fig. 6.
After thermal annealing, both samples showed similar shapes
with rounded edges, and the spatial arrangement of the hon-
eycomb lattice was kept, indicating that the stacking order of
the Pd and Ag film is not important for the particle mor-
phology after thermal annealing. In contrast, for the laser-
treated samples in Fig. 6c, almost all the particles turned into
spheres with larger size distribution and lost their original
lattice arrangement when Ag was used as the interlayer, while
more triangles remained for the Ag/Pd/Glass sample (in
Fig. 6d). This clearly shows that the morphology of the par-
ticle is significantly influenced by the interfacing material.
We attribute this phenomenon to the slight wetting effect of
Ag on the substrate.58 Furthermore, the observed difference

may also be attributed to variations in the absorption of the
excitation wavelength by the material. Given that Pd exhibits
higher absorption at 248 nm compared to Ag, it is more likely
for the Pd/Ag/Glass configuration to result in spherical par-
ticles than the Ag/Pd/Glass configuration. Further discussion
regarding the impact of pulse number and pulse fluence on
both Ag/Pd/Glass and Pd/Ag/Glass samples can be found in
Fig. S2.†

Finally, we examined the optical response of the pristine
sample and the thermally and laser-treated samples. In par-
ticular, we show that the coupling between the LSPR of indi-
vidual particles through the lattice, i.e., the SLR, determines
the optical response of the sample. The spatial arrangement of
nanoparticles in an array is a crucial factor for its optical prop-
erty. When the period of an array matches the SLR coupling
condition, the individual LSPR mode hybridizes with the
Rayleigh anomaly (RA) associating with light diffracted parallel
to the grating surface, resulting in a strong SLR. The diffrac-
tion property of RA is governed by61

ω

c
ffiffiffiffiffi
εd

p ¼ k0 sin θ þ iGx þ jGy

�
�

�
�; ð2Þ

Fig. 5 Schematic illustration of the morphology transformation induced by thermal annealing (left orange branch, indicated by “Δ”) and laser treat-
ment (right green branch, indicated by “hν”). Thermal annealing starts the morphology transformation from the melting of the sharp corners (orange
dashed box) and refines the particle morphology from triangles with sharp edges to potatoes-like rounded particles with slight imperfections in the
roundedness. Pulsed laser treatment induces inhomogeneous expansion that pulls the material to the center, leading to out-of-plane stretching
into the open upper half-space. With excess laser energy, the stretching provides sufficient kinetic energy for the particles to jump away from their
original lattice positions and merge with other particles, resulting in perfectly spherical particles at large size distributions and random positions.

Fig. 6 SEM images of Pd/Ag/Glass honeycomb array after (a) thermal
annealing and (c) applying five 100 mJ cm−2 pulses. Ag/Pd/Glass honey-
comb array after (b) thermal annealing and (d) applying five 100 mJ
cm−2 pulses. The scale bar is 1 µm and applies to all images.
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where εd is the relative permittivity of the environmental
material, G is the reciprocal lattice vector at the (i, j ) diffraction
order, and ω,c,k0 sin θ are the angular frequency, speed of
light, and in-plane momentum of the light propagating in free
space, respectively.25,61 The closer the LSPR of individual nano-
particles is to the RA in the spectrum, the stronger the coup-
ling is, resulting in a sharper SLR peak.

To investigate the optical properties of the nanoparticle
array produced by different methods, we measured the trans-
mission spectrum of the pristine, annealed, and laser-treated
Ag samples. The nanoparticles in the above-mentioned
samples were all in a honeycomb lattice arrangement but with
different particle shapes. The corresponding SEM images are
shown in Fig. 2a, c, and e. For the pristine sample with tri-
angular islands from the NSL, a clear dip due to the SLR
exhibited at around 800 nm (Fig. 7a, black spectrum). After
thermal annealing (Fig. 7a, red spectrum) and laser treatment
(Fig. 7a, blue spectrum), the SLR at 800 nm vanished in the
transmittance spectrum. This change in the spectra was well
reproduced in numerical simulations based on the finite-
difference time-domain (FDTD) method. The simulated trans-
mission spectra of the same honeycomb arrays with different
individual particle morphologies are shown in Fig. 7b. All the
particle sizes were obtained from the corresponding SEM
images. The vanishing of the SLR dip at around 800 nm was
due to the change in the morphology of individual particles
after thermal and laser treatment. As the morphology of the
particles became more and more spherical, the LSPR of a
single particle blue-shifted from 850 nm for the triangles in
the pristine to 620 nm for the laser-treated particles (Fig. 7c).
Therefore, as the particle morphology became more spherical,
the coupling strength between the LSPR and the RA of the
honeycomb lattice calculated from eqn (2) to be around
791 nm (green dashed line in Fig. 7c) decreased. As a result,
the dip due to SLR vanished in the thermal and laser-treated

particles. Similarly, the same coupling features were also
observed in Pd systems (Fig. S3, ESI†). The simulations fairly
well reproduced the experimental results, and the trend of the
spectral change in the normalized spectra is in good agree-
ment. The discrepancy between the simulation and experi-
mental results may arise from imperfections on the sample
surface due to defects during NSL template preparation, which
has led to the inhomogeneous lattice arrangement. The simu-
lated results offer a tentative and qualitative explanation for
the change in the optical response of the sample due to the
change in the particle morphology and lattice arrangement.

Conclusions

In this study, we found that thermal annealing induces
changes in particle morphology while maintaining the spatial
arrangement from the NSL pattern. However, the metal in
contact with the substrate plays a crucial role due to the
varying wettability of different metals on the substrate. As for
laser treatment, it offers faster processing and yields nearly
perfect spherical particles. Specifically, applying laser energy
within an optimum window enables the generation of
spheres in a honeycomb lattice. Exceeding this energy range
disrupts the spatial arrangement and leads to a broader par-
ticle size distribution. In addition, we observed that the pris-
tine sample exhibits a distinct resonance compared to the
annealed and laser-treated samples. Through simulations
and theoretical calculations, we attribute this distinct reso-
nance to the collective interaction of localized surface plas-
mons and the Rayleigh anomaly, known as the surface lattice
resonance. Our findings provide valuable insights for generat-
ing mono- and bi-metallic plasmonic nanoparticles with well-
defined spatial arrangements using thermal annealing and
pulsed-laser treatment.

Fig. 7 (a) Experimental and (b) simulated transmittance spectrum of the pristine (black), thermal-annealed (red), and laser-treated (blue) honey-
comb-packed Ag array. The schematics on the right side of each spectrum indicate the morphology and spatial arrangement of the corresponding
sample. (c) Simulated scattering spectrum of an individual Ag particle from the same samples using a triangular, a triangular with rounded corners,
and a spherical form, respectively. The green dashed line indicates the theoretical RA resonance. All spectra are normalized to [0,1].
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Methods
Nanosphere lithography

NSL was used to produce a large-area pristine metallic nano-
particle array.62 Polystyrene nanospheres (PS-NSs) (Microparticles
GmbH, Berlin) with nominal diameters of 608 nm were used
for all the structures. Borofloat glass (thermal conductivity: 1.2
W m−1 K−1, coefficient of thermal expansion: 3.25 × 10−6 K−1)
was the substrate material.

A suspension of PS-NSs was first prepared by mixing 100 µl
water dispersion of PS-NSs (weight ratio 10%), 100 µl ethanol,
and 5 ml hexylamine with 30 minutes of sonication. After
placing a glass substrate on the bottom of a specially designed
dish filled with deionized water, drops of the PS-NSs suspen-
sion were carefully added to the water surface using a syringe.
To obtain a closely packed monolayer of PS-NSs on the water
surface, several drops of anionic surfactant (sodium dodecyl
sulfate, 10 wt% in water) were added to the outer area of the
PS-NS layer. As a result, the PS-NSs were pushed together such
that a densely packed hexagonal lattice was formed. To settle
the PS-NS monolayer on the substrate, the water in the dish
was drained by opening the valve on the dish.

With the monolayer PS-NS mask, 60 nm Ag and 60 nm Pd,
as well as 60 nm Ag/Pd (1 : 1) or 60 nm Pd/Ag (1 : 1) were de-
posited by electron beam evaporation without substrate
heating, and the chamber was evacuated to less than 6 × 10−6

mbar. The deposition rate was close to 1.5 nm s−1 for Ag and
0.5 nm s−1 for Pd. As the last step, the PS-NSs were removed
using Scotch tape, such that the honeycomb-packed triangular
metal islands were left behind on the substrate.

Post-processing of the pre-patterned nanoparticles

The annealing process was performed in a high-temperature
oven (LM312, Linn High Therm GmbH) at 500 °C for 1 hour
(the ramp rate is 600 °C hour−1).42 The laser setup consists of
a 248 nm KrF excimer laser (LPX305, Lambda Physik) with a
pulse duration of 25 ns and using a repetition rate of 1 Hz,
focusing optics, an intensity attenuator, and a beam profile
homogenizer. The fluences, which were set to be 70 mJ cm−2,
100 mJ cm−2, and 200 mJ cm−2, were controlled by the inten-
sity attenuator. The laser spot size on the samples was about 4
× 4 mm2.

Morphology characterization

A field-emission scanning electron microscope (FEI Helios
NanoLab) with a through-the-lens detector (TLD) and a con-
centric back-scattered detector (CBS) was used to take images
for characterizing the morphology of the resulting metal nano-
particles. All the samples were covered by a 5 nm carbon layer
to avoid charging effects during electron irradiation.

Spectral measurement and simulation

Transmittance spectra were measured at normal incidence
using a spectrometer (PerkinElmer Lambda 950 UV-Vis) with
deuterium and tungsten halogen sources operating in
400–1200 nm wavelength with a resolution of 1 nm.

Finite-difference-time domain method (Ansys Lumerical
FDTD) was used to simulate the transmittance spectra of
the Ag arrays and the single particle scattering spectra of Ag
particles with different morphologies. The structure dimen-
sions in the simulations were extracted from the SEM
images. To simulate the far-field transmission spectrum of
the Ag lattice, we conducted three-dimensional simulations
of the array on a glass substrate. The dielectric functions
for the Ag models were fitted to the optical data collected
by Palik,63 and the refractive index of glass used was 1.46.
We configured the simulation parameters as follows: the xy
plane of the simulation volume contains one unit cell of
the honeycomb lattice. 5 nm mesh size was used in all
directions. Periodic boundary conditions were applied to
the x and y directions and perfectly matched layers (PMLs)
were used in the z direction. The excitation source is a
broadband p-polarized plane wave source (wavelength range:
400–1200 nm) injected from the vacuum side of the array
with a surface normal incidence along the z-direction. The
transmission spectrum was derived by integrating the
Poynting vector over a two-dimensional monitor placed in
the glass, situated 900 nm below the bottom of the metallic
array.

To obtain the single-particle scattering spectra, we simu-
lated a silver equilateral triangle (220 nm on each side and
60 nm in height), as measured in the SEM images. A series of
triangles with varying edge curvatures to mimic particle mor-
phology transformations was simulated. These structures were
situated on a glass substrate. The refractive indices for Ag and
Pd were determined by fitting the optical data provided by
Palik,63 and the refractive index of the glass we used was 1.46.
A total-field-scattered-field source was directed towards them
from the air side, with an incidence distance of 255 nm. The
scattering spectra were computed by placing the respective
monitors within the simulation regions. PML boundaries
enclosed the simulation area. We utilized a simulation mesh
with a size of 1.5 nm, covering the nanoparticles and their
immediate surroundings.

Image analysis and quantification

The statistical analysis of the circularity and size was per-
formed using the “Analyzed Particles” plugin in ImageJ. First,
we segmented the secondary electron images with sharp par-
ticle edges into objects of interest and the background via the
“Image/Adjust/Threshold” command, then we counted the
size and circularity of the particles by the “Analyze/Analyzed
Particles” command, for which the incomplete particles on
the boundary and the connected particles in each image were
omitted. The particle area was calculated by determining the
number of pixels that formed the 8 adjacent connected par-
ticles. The perimeter of the particles was calculated using an
algorithm that assigned a value of 1 to the edge pixels and a
square root of 2 to the corner pixels. The perimeter of the
region of interest (ROI) is calculated by subtracting 2 − √2
for each non-adjacent corner from the total length of its
boundary.
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The contours of the analyzed particles are shown in Fig. S4
(ESI†).
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