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Liquid metals (LM) are emerging plasmonic nanomaterials with transformable surface plasmon reso-
nances (SPR) due to their liquid-like deformability. This study delves into the plasmonic properties of LM
nanoparticles, with a focus on EGaln (eutectic gallium—-indium)-based materials. Leveraging Finite-
Difference Time-Domain (FDTD) simulations, we explored the localized SPR (LSPR) effects of EGaln
nanoparticles with various shapes, including nanospheres, dimers, nanorods, nanodisks, nanoellipses,
nanocubes, and nanocuboids, in the broad range of the ultraviolet (UV)-visible-near infrared (NIR) spec-
trum. While EGaln is conventionally known as a UV-active metal alloy, this study reveals unique LSPR
features (e.g., higher order resonances, polar and quadrupolar modes) of EGaln nanostructures in the
broader visible and NIR wavelength ranges, providing a comprehensive map of LSPR properties for
different shapes of EGaln nanoparticles. These findings offer new insights into the dependence of the
optical properties of EGaln nanoparticles on their geometries for diverse applications, ranging from bio-
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Introduction

With the rapid advancement of nanofabrication methods,
nanoplasmonics has experienced significant growth and
found applications in a wide range of research areas. The
surface plasmon resonance (SPR) phenomenon occurs
between a conductive material and a dielectric medium. Under
conditions of resonance, the incident light induces the for-
mation of a collective charge density wave that propagates
along this interface, known as a surface plasmon polarization
(SPP).® For metallic nanoparticles, the oscillation of electro-
magnetic waves is confined in close proximity to the nano-
particles themselves, resulting in an optical effect known as
localized surface plasmon resonance (LSPR). The controlled
manipulation of LSPR has given rise to a range of applications
in areas such as biosensing,** chemical detection,® 3D print-
ing,” drug delivery,® and the development of wearable devices.’
For sensing applications, the sensitivity of a SPR sensor is
based on the ability to detect small changes in the refractive
index surrounding the plasmonic surface that cause shifts in
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sensing, nanoelectronics, to optomechanical systems.

the SPR.'® The SPR shifts can be carefully measured and
correspond to the presence and concentration of target ana-
Iytes. The significance of SPR in biosensing lies in its ability to
enable real-time and label-free detection of biomolecules,
which makes it a potent diagnostic tool."*

Gold and silver are the two most commonly studied plas-
monic nanomaterials, which exhibit tunable LSPR properties
spanning from visible (vis) to near infrared (NIR) wavelength
range.'? Alternative metals with LSPR features have also been
reported. For instance, aluminum exhibits robust plasmon
resonance across the ultraviolet (UV)-vis spectrum.”® Platinum
and palladium have been used for plasmonic optical gas
sensing.* Copper could serve as plasmonic waveguides with
exceptionally low losses, surpassing the performance of gold-
based counterparts.'> However, most conventional plasmonic
nanomaterials are rigid, meaning mismatched mechanical
properties when interfacing with biological surfaces. It also
means fixed optical properties that cannot be flexibly modified
based on the needs after synthesis or fabrication. On the other
end, soft and stretchable plasmonic materials attract increased
interests, because of the possibility of freely changing the
shape, and thus, the SPR response of such materials. As such,
soft and stretchable materials are finding various applications,
ranging from soft robotics, and e-skins to stretchable
electronics.
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Gallium, indium, tin, magnesium,>
bismuth,**** and their alloy compositions***® belong to the
category of metals that exhibit plasmon resonance within the
UV spectrum. Nanoparticles (NPs) fabricated from these
materials may have different applications than gold and silver,
which resonate in the visible range. For instance, plasmon-
enhanced UV spectroscopy offers a valuable avenue to observe
dynamic biochemical processes and characterize the chemical
properties of these molecules in their native environment.>” As
such, UV-plasmonic NPs find utility in various fields, such as
biomedicine,*® label-free DNA analysis,>® single molecule
sensing,’® and cardiovascular imaging.*' %’

Liquid metals (LMs) consisting of gallium and its alloys
have recently attracted attention as a UV-plasmonic
material.'®'%>"3*35 However, the UV region has not been the
sole focus for LMs in recent years. Recent studies have high-
lighted the potential plasmonic properties of gallium alloy
NPs in other wavelength regions, such as visible light and
near-infrared (NIR).>***” Despite this, a thorough investigation
into how shape and size affect the surface plasmonic reso-
nances of gallium alloy NPs is still lacking.

Gallium possesses a melting point of 29.8 °C, which can be
lowered below room temperature by alloying it with other
metals such as indium and tin. This alloying process results in
eutectic compositions with remarkably low melting points.
One prominent example of such eutectic composition is EGaln
(eutectic gallium-indium), consisting of 75 wt% gallium and
25 wt% indium, with a melting point of 15.7 °C. Furthermore,
both gallium and EGaln exhibit low toxicity, negligible vapor
pressure at room temperature, approximately twice the
viscosity of water, and excellent electrical and thermal
conductivity.>®*** Due to their low viscosity, EGaln can be
readily fragmented into colloidal droplets through various
techniques.*” Recent reviews have extensively examined the
utilization of these droplets, including their applications in
sensors, microfluidic systems, robotics, electronic circuits, cat-
alysis, energy harvesting, and even biomedical applications
like drug delivery.*>™*” Currently, the prevalent methods for
generating LMNPs (liquid metal nanoparticles) are primarily
based on employing microfluidic, sonication, and shearing
processes.*®

Gallium exhibits a Drude-like dielectric permittivity profile
that spans from the UV range®® all the way into the NIR
region.?** Moreover, within nanoscale constraints, the oscil-
lations of charge carriers can be readily affected by slight
alterations in size, geometry, material composition, and vari-
ations in the surrounding dielectric environment in which the
nanoparticles are embedded. Recent computational studies
examined the LSPR sensitivity of rod-shaped core-shell GaAg,
GaAl, GaHg, and Ga (85.8%) In (14.2%) (which is not EGaln)
NPs. These studies showed a red shift of the extinction spec-
trum peaks of GaAg from the UV to the visible light range by
varying the aspect ratio and shell thickness. In contrast, Ga
NPs alone exhibited dominant peaks in scattering and absorp-
tion power cross-section spectra in the UV wavelength range.
Additionally, Ga (85.8%) In (14.2%) NPs did not show a sub-
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stantial LSPR effect compared to GaAg.*’' Although these
computational studies focused on gallium alloys, they still lack
computational findings on EGaln surface plasmon resonance
features. In the limited examples in the past, the UV plasmonic
features of 100 nm diameter EGaln NPs have been experi-
mentally and computationally confirmed.’® Nevertheless, a
thorough study on the correlation of the LM shape and size
with their LSPR properties has not been presented.

Gallium and its liquid alloys are appealing due to the possi-
bility of shape-transformation and constructing reconfigurable
plasmonic devices. Thus, it is critical to substantiate theore-
tical projections related to gallium nanoparticles concerning
their dimensions, geometry, response to the surrounding
dielectric environment, and their integration with other plas-
monic materials, leading to the controllable optical and plas-
monic characteristics. Furthermore, with improvements in the
fabrication®*** and synthesis of liquid metal nanodroplets
with distinct shapes, it is imperative to explore how the
various nanoparticle geometries influence the manifestation
of their unique properties. We focus on EGaln as a representa-
tive LM to illustrate how “liquid plasmonics” can be rationally
programmed by controlling the size and shape. By combining
its robust SPR properties, geometry-tailored plasmonic effects,
and outstanding non-optical properties, EGaln nanoplasmo-
nics offers exciting opportunities for applications in photoa-
coustics, nanoelectronics, nanoscale electrochemistry,>® and
optomechanical systems.>®

In this study, we applied the Finite-Difference Time-
Domain (FDTD) numerical simulation technique®” to investi-
gate the geometry-LSPR relationship of EGaln-based LM nano-
materials. We investigated the scattering and absorption cross-
section spectra of EGaln NPs with different shapes and sizes,
as well as their coupling with gold and silver NPs, to identify
characteristic plasmon-resonant peaks in the wide UV-vis-NIR
range. We also confirmed our simulation results for the plas-
monic features of spherical EGaln and Ga nanoparticles
through experimental fabrication and optical analysis of these
two types of nanoparticles. This validation is in addition to
previous literature and other theoretical simulations. While
dominant plasmon-resonant activities of EGaln NPs were
mostly observed in the UV wavelengths as expected, new plas-
monic activities in the visible wavelength range were also
revealed by controlling EGaln shapes that were not experi-
mentally reported before. The results can be used to guide the
future synthesis of EGaln NPs with desired optical properties
that are useful for various optical biosensing applications.

Methods
FDTD simulation

The FDTD numerical simulation was performed using
Lumerical Ansys software (2024 R2.1). The permittivity of
EGaln in the 400-1000 nm range reported in the literature®
was extrapolated®® to the UV range of 100-400 nm using the
Drude equations (eqn (1) and (2)). For FDTD simulations span-

This journal is © The Royal Society of Chemistry 2025
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ning the ultraviolet (UV), visible, and near-infrared (NIR) spec-
tral ranges, the Drude free-electron model for EGaIn®® proves
to be a simplified yet efficient approach for modeling the
optical response of metals dominated by free-electron (intra-

band) dynamics.®**
Ep?
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where ¢; and ¢, represent the real and imaginary parts of the
permittivity, respectively. E, and y represent the plasma fre-
quency and broadening parameters. These two parameters
were calculated by fitting the experimental refractive index
data®® using the Drude free-electron model. Fig. S1 shows the
extrapolated and experimental real and imaginary parts of the
permittivity of EGaln in the 100-1000 nm wavelength range.
The simulation time was set to 1000 fs at 300 K (to reflect stan-
dard ambient laboratory conditions, which are typically
around room temperature), and the refractive index of the sur-
rounding medium was set to 1, which corresponds to air. For
DMF and ethanol, we chose refractive indices of 1.43 and
1.478, respectively. The model ignores any surface oxides or
adsorbate molecules. The mesh size was set uniformly at
0.5 nm. A s-polarized (90° polarization angle) plane source
with 100-1000 nm wavelength was used to study the absorp-
tion and scattering power cross-section responses. Fig. S2 sche-
matically shows the FDTD simulation setup with the incident
light source and polarization angle.

Mie theory

To validate our FDTD findings, we also simulated the absorp-
tion and scattering cross-section spectra with Mie theory®> and
compared with FDTD results. The formulas presented in eqn
(3) and (4) represent the scattering and absorption cross-sec-
tions (o) derived from the Mie theory, where a is the radius of
a spherical nanoparticle and a = leﬂ Also, a, and b,, are the
Mie theory coefficients, which represent the magnetic and
electric Poles of order n, respectively.

2

2 00
a
Oabsorption — ? Z (2}1 + 1)(71)21(‘1” - bn) (3)
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Experimental section
Synthesis of spherical EGaln and Ga nanoparticles

The spherical EGaln nanoparticles were synthesized by follow-
ing the protocol described previously.>® Briefly, 200 mg of
EGaln was added to 10 mL of solvent (either ethanol or di-
methylformamide (DMF)) in a 20 mL vial. The vial was then

This journal is © The Royal Society of Chemistry 2025
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placed in an ice bath for temperature control. The solution
was sonicated with a 1/8-inch microprobe tip at 80 amplitude
for 20 minutes on a 2 second on and 2 second off cycle. Large
particles were removed by slow centrifugation (500-1000 rpm
for 5 min) and the supernatant that contained small particles
was collected for future experiments.

Ga nanoparticles were synthesized following the protocols
described in a previous publication.®® For 42 nm Ga nano-
particles, 21 mL 1-octadecene was loaded in a 100 mL 3-neck
flask, equipped with a Liebig condenser and dried under
dynamic vacuum at 110 °C for 1 h. The flask was filled with
nitrogen and heated to 280 °C, followed by injection of a solu-
tion of 37.5 mg Ga,(DMA)s in dried dioctylamine (1.695 mL)
and 16.3 mL 1-octadecene. The temperature dropped to ca.
205 °C and quickly recovered to 230 °C. After 20 min, the flask
was cooled to room temperature. For purification, 20 mL
chloroform, 0.2 mL oleic acid, and 40 mL ethanol were added,
followed by centrifugation. The particles were redispersed in
chloroform and the purification steps were repeated twice. For
27 nm Ga nanoparticles, the same synthesis and purification
steps were used, except the injected solution contained 75 mg
Ga,(DMA)s, dried didodecylamine (3.9 g), and 12.6 mL 1-octa-
decene and the growth time was 1 min.

LM nanoparticle characterization

For UV-vis absorption measurement, 300-500 pL of EGaln
nanoparticle solutions in ethanol or DMF were loaded to a
standard quartz cuvette. Absorption spectra were obtained on
a Thermo Scientific Evolution 201 UV-vis spectrometer with a
1 nm scanning resolution. For DLS measurements on the
Malvern Zetasizer nano, 500 pL of EGaln nanoparticle solution
was added to 5 mL of DI water. Given that the particle surface
is composed of gallium, a refractive index of 1.950 with
adsorption of 0.01 was chosen per the Zetasizer software.
Transmission electron microscopy (TEM) was carried out on a
JEM-1400 JEOL microscope operated at 100 kV by dropping
diluted nanoparticle dispersions onto a carbon grid. Particle
size distributions were obtained by measuring more than 100
particles using the Image] software and fitting a Gaussian size
distribution.

Results
SPR effects of 0D EGaIn nanoparticles

EGaln nanospheres. A nanosphere is a zero-dimensional
(0D) nanoparticle characterized by its spherical shape.
Nanospheres have uniform diameters that typically range from
a few nanometers to hundreds of nanometers. Their properties
and behaviors often differ from those of bulk materials due to
quantum effects and size-related phenomena. Studying LM
nanospheresis is sensible because liquids naturally like to
assume spherical shapes due to surface tension.

As an initial step, we examined the scattering and absorp-
tion cross-sections of individual spherical EGaln nanoparticles
with varying diameters ranging from 20 to 200 nm (Fig. 1). The
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Fig. 1 Plasmonic resonance behavior of a single spherical EGaln nanoparticle. (a) 3D schematic of a single spherical EGaln NP excited by a plane-
wave light source (s) with 90° polarization angle (p). (b) Electric field (E-field) heat map for a 200 nm diameter spherical EGaln nanoparticle excited
at 253 nm wavelength (corresponding to its major scattering peak). The plane-wave light source propagates in the x-direction from left to right. (c)
Absorption and (d) scattering cross-section spectra of single spherical EGaln nanoparticles with various diameters (20-200 nm).

power cross-section represents the probability of light energy
being absorbed or scattered by the objects, which is the key
parameter for assessing how effectively a material interacts
with light, quantifying its energy absorption and scattering
capabilities across wavelengths. Our study utilizes absorption
and scattering power cross-sections across UV to near-IR wave-
lengths for characterizing various shapes and sizes of EGaln
nanoparticles (Fig. 1a). Using Lumerical Ansys software, we
extracted the computed electric field data for a 200 nm single
spherical EGaln particle at a 253 nm wavelength (major scat-
tering peak) and plotted the electric field heat map using
Python packages (Fig. 1b). For the smaller sizes of EGaln nano-
particles (20-100 nm), the absorption cross-section spectra
exhibit SPR effects mainly within the UV range (around
200 nm wavelength) (Fig. 1c). The amplitude of the dominant
LSPR in the absorption spectra increases with increasing LM
NP size, a phenomenon that was corroborated by a recent
simulation study.’® In addition, the absorption spectrum of a
100 nm spherical EGaln nanoparticle displays dominant peaks
within the UV range (Fig. 1c), consistent with prior experi-
ments and simulation models.>* Furthermore, the FDTD simu-
lation results indicate that as the NP size increases, a second-
ary LSPR peak becomes increasingly evident within the visible
light spectrum (400-700 nm) and the near-infrared (IR) range
(700-1000 nm) of the absorption spectra (Fig. 1c). The visible
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SPR response of spherical EGaln nanoparticles is even more
obvious in the scattering spectra (Fig. 1d). This observation
indicates that EGaln NPs may serve as excellent scattering con-
trast agents in the visible wavelength range.

The cross-section spectra obtained using Mie theory exhibit
a close correspondence with the FDTD results (Fig. S3). LMs
are known to have an ultrathin (~3 nm) oxide layer, which is
naturally formed under ambient conditions. We also studied
the effects of the oxide layer on the LSPR properties of EGaln
NPs. We ran a simulation of a 200 nm spherical EGaln NP
with a 6 nm oxide layer. The FDTD simulation results showed
that the thin oxide layer did not affect the plasmonic features
of the EGaln NP, as no obvious changes were observed in the
absorption and scattering spectra compared to the pure EGaln
NPs without the oxide layer (Fig. S4). Furthermore, we explored
the SPR effects of single gallium (Ga) spherical NPs (Fig. S5).
Similar to the single EGaln NPs, we observed that the LSPR of
the single Ga NPs show a prominent peak in the UV range in
both the absorption and scattering cross-section spectra. Like
EGaln NPs, the scattering cross-section spectra of Ga NPs also
have a secondary peak within the visible light range, and their
positions red-shift as the particle size increases. Despite the
presence of indium in the eutectic alloy, the bulk dielectric
properties of EGaln remain dominated by gallium due to their
similar Drude-like behavior and free-electron responses in the

This journal is © The Royal Society of Chemistry 2025
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UV-visible range. Although indium enriches the EGaln surface,
as reported in high-vacuum studies, ellipsometry measure-
ments under oxide-free, electrochemically reduced conditions
show that this enrichment does not substantially affect the
bulk optical constants.>® As such, the LSPR features of EGaln
nanospheres closely resemble those of pure Ga, with only a
modest red-shift attributable to slight differences in plasma
frequency and damping. It is worth mentioning that, com-
pared with EGaln, gallium has a melting point slightly above
room temperature. Yet, it is typically found as a liquid at room
temperature due to its ability to supercool.®* The supercooling
is thought to arise, in part, because of the oxide layer and also
the effect of using particles to limit heterogeneous nucleation.

EGaln nanocubes. Cubic NPs exhibit unique properties
owing to their well-defined structures and sharp corners.
These properties include a high surface area-to-volume ratio,
making them excellent candidates for catalytic applications, as
well as efficient drug delivery carriers due to their enhanced
surface reactivity. Their distinct geometry leads to plasmonic
enhancement (e.g.,, hot spots), enabling applications in
sensing and imaging. Additionally, the crystalline nature of
cubic nanoparticles ensures remarkable stability and con-
trolled surface chemistry, facilitating precise tuning of their
electronic, optical, and magnetic characteristics. These pro-
perties make nano-sized cubic-shaped nanoparticles invalu-
able in a wide range of fields. While fabricating cubic-shaped
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EGaIn NPs poses a significant challenge due to the high
surface tension of EGaln, our study focused on investigating
the SPR effects of these NPs for potential future research
endeavors in this field.

Fig. 2 displays the absorption and scattering power cross-
section spectra for cubic EGaln NPs with sizes ranging from 50
to 400 nm. Using Lumerical Ansys software, we extracted the
electric field data for a 400 nm single EGaln nanocube at wave-
lengths of 215 nm and 970 nm wavelengths (major scattering
peaks), respectively, and plotted the electric field heat maps of
both using Python packages (Fig. 2b). The 2D field maps
showed enhanced LSPR effects (or hot spots) either at the
edges or corners of nanocubes, depending on the excitation
wavelength. The absorption power cross-section spectrum
reveals two plasmon resonance regions: one in the UV range
(mode I, around 200 nm), characteristic of EGaln, and the
other in the visible-NIR (mode II), which appears in nano-
cubes larger than 100 nm in size (Fig. 2c). The mode I peak
observed for EGaln nanocubes in the UV range is consistent
with other metal nanoparticles, such as silver nanocubes,
which exhibit a main SPR peak in the visible light range.®*%
The mode I peak also contains several smaller peaks. Notably,
as the size of the cubic-shaped EGaln nanoparticles increases,
resonant mode I of nanocubes remains near 200 nm, while
mode II peaks red-shift into the NIR region with increasing
peak intensity (Fig. 2c¢). This dual-peak mode plasmonic be-
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Fig. 2 Plasmonic resonance behavior of a single cubic EGaln nanoparticle. (a) 3D schematic of single cubic EGaln nanoparticle excited by a plane-
wave light source (s) propagating in the x-direction with a 90 degree polarization (p) angle. (b) Electric field (E-field) heat map for a 400 nm length
cubic EGaln nanoparticle excited at 215 nm and 970 nm wavelengths (major absorption peaks), respectively. The plane-wave light source propagates
in the x-direction from left to right. (c) Absorption and (d) scattering cross-section spectra of EGaln nanocubes with various lengths (50-400 nm).
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havior was previously reported in silver nanocubes and attribu-
ted to variations in surface charge localization across distinct
geometric features, namely the shorter wavelength quadrupo-
lar SPR localized to the corners of nanocubes and longer wave-
length dipolar SPR localized at the sides of nanocubes.®® The
scattering power cross-section spectra also demonstrate two
major peaks in the UV and vis-NIR regions, respectively.
However, the latter shows a much higher amplitude than the
UV resonant mode, indicating EGaln nanocubes are better
scatterers in the vis-NIR region compared with UV wavelengths
(Fig. 2d).

SPR effects of 1D EGaln nanoparticles

EGaln nanorods. Here, a cylinder is chosen as a simple
model for FDTD simulation of 1D LM materials. Nanorods
may refer to any low aspect ratio (AR) 1D nanomaterials with
many other noncircular cross-section shapes, such as square
or pentagon. When the AR exceeds 10-20, these 1D nano-
materials are also generally referred to as nanowires. Core-
shell EGaIn nanorods (210 nm in diameter and 850 nm in
length), featuring a liquid EGaln core encapsulated in a 30 nm
thick solid GaOOH shell, were previously synthesized via an
ultrasound-assisted physical dispersion technique.®” In a

(a) (b)

Absorption Spectrum (C)

View Article Online

Nanoscale

different method, EGaln droplets anchored to a flat substrate
were pulled perpendicular to the substrate surface at room
temperature, resulting in the formation of an hourglass-
shaped EGaln structure. Subsequent pulling led to the break-
down of this bridge, ultimately resulting in the formation of
EGaln NWs on the surface at the point of rupture.®® Thus,
unlike the nanocubes, 1D LM materials have already been rea-
listically prepared.

We investigated the surface plasmon resonance of single
EGaln nanorods by altering both the diameter and length of
individual EGaln nanorods. Fig. 3a illustrates the schematic
representation of a single EGaln nanorod, with a constant dia-
meter (20 nm) while varying its length (20-1000 nm). Fig. 3a, d
and g display the exposure of a single EGaln nanorod to a
polarized plane-wave source in all three directions. The results
of the absorption (Fig. 3e and h) and scattering (Fig. 3f and i)
cross-sections for both the y and z plane-wave sources revealed
two prominent peaks in the UV range. Additionally, as the
length of the nanorods increased, the LSPR peaks of both scat-
tering and absorption cross-section spectra also increased.
Notably, when switching to an x-direction plane-wave source,
we observed a dominant LSPR peak shifting into the visible
light range for both absorption (Fig. 3b) and scattering
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Fig. 3 Plasmonic resonance behavior of a single EGaln nanorod. (a), (d), and (g) 3D schematic of single EGaln nanorod excited by a plane-wave
light source (s) in x-, y-, and z-directions with a 90 degree polarization (p) angle, respectively. (b), (e), and (h) Absorption and (c), (f), and (i) scattering
cross-section spectra for various lengths with a constant diameter of 20 nm.
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(Fig. 3c) cross-section spectra, while a weak LSPR peak
remained in the short wavelength range (<400 nm). We attribu-
ted the short-wavelength LSPR features observed under x-direc-
tion polarization excitation (Fig. 3b and c) to higher-order
longitudinal modes rather than transverse modes, which are
typically excited under perpendicular polarization (as in
Fig. 3e, f, h and i). Additionally, for EGaln nanorods with
lengths approaching or exceeding the excitation wavelength
(~1000 nm), retardation effects become significant. The phase
of the incident electromagnetic field is no longer uniform
across the structure, which leads to destructive interference
between different segments of the rod and diminishes the
efficiency of coherent electron oscillation along the longitudi-
nal axis. This disrupts the collective resonance and suppresses
the dipolar LSPR signature (Fig. 3b).

By maintaining a constant length (1000 nm) while varying
the diameter of these nanorods, we observed SPR effects
mainly confined to the UV range (Fig. S6). As anticipated, both
the scattering and absorption cross-sections increased with
increasing radius of these nanorods (Fig. S6).

EGaln nanocuboids. A nanocuboid is another type of 1D
EGaln NP, which has a square cross-section and tunable
length. Such a structure has not been fabricated yet for EGaln.

(b)
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To investigate the LSPR effects of EGaln nanocuboids, we
simulated the absorption and scattering power cross-section
spectra using plane-wave sources in all three directions for
single EGaln nanocuboids with a 100 x 100 nm cross-section
and various lengths from 5 to 500 nm (Fig. 4). For the absorp-
tion (Fig. 4b) and scattering (Fig. 4c) spectra of a single EGaln
nanocuboid excited by a plane-wave light source in the x-direc-
tion (Fig. 4a), a multi-mode LSPR response was observed, with
the major LSPR peak located in the vis-NIR wavelength range.
Similar to the LM nanorods, this dominant peak is attributed
to the longitudinal resonance of the nanocuboids.

For y- and z-direction excitation (Fig. 4d and g), the major
peaks of the absorption (Fig. 4e and h) and scattering spectra
(Fig. 4f and i) showed a blue-shift into the UV range as the
cuboid length increased. For the absorption (Fig. 4e) spectra of
the single EGaln nanocuboid excited by a plane-wave light
source in the y-direction (Fig. 4d), the UV LSPR peak also split
into two for lengths larger than 20 nm. We attributed the
multi-mode LSPR responses of nanocuboids to strong edge
effects, similar to the previous case of nanocubes, where the
sharp corners introduce shorter wavelength quadrupolar reso-
nance and the long sides contribute to the longer wavelength
dipolar response.
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Fig. 4 Plasmonic resonance behavior of a single EGaln nanocuboid. (a), (d) and (g) 3D schematic of a single EGaln nanocuboid excited by a plane-
wave light source (s) in x-, y-, and z-directions with a 90 degree polarization (p) angle, respectively. (b), (e) and (h) Absorption and (c), (f) and (i) scat-
tering cross-section spectra for various lengths with a constant cross-section area of 100 x 100 nm.
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SPR effects of 2D EGaIn nanoparticles

EGaln nanodisks. 2D EGaln nanostructures include several
shapes, such as nanodisks and nanoellipses. Nanodisks are
disk-like structures with two flat surfaces. Fig. 5 illustrates the
absorption and scattering cross-sections of a single EGaln
nanodisk (5 nm thick) under the excitation of three distinct
plane-wave source directions. When utilizing an x-direction
plane-wave source, both the absorption (Fig. 5b) and scattering
(Fig. 5¢) cross-section spectra exhibited a single SPR peak of
EGaln nanodisks in the UV range. As the diameter of the
EGaln nanodisk increased, the peak experienced a slight red-
shift, accompanied by a dramatic increase in the power of
cross-sections. When employing a jy-direction plane-wave
source, the previous UV LSPR peaks disappeared (Fig. 5e and
f). Instead, for larger nanodisks, such as those with diameters
of 100 nm and 200 nm, broad SPR peaks appeared in the
visible and NIR wavelength ranges for both absorption
(Fig. 5e) and scattering (Fig. 5f) spectra. The intensity of such
peaks increased with the increase of nanodisk diameter. In a
similar manner, the z-direction plane-wave source produced a
prominent SPR peak in the visible and NIR regions for both
absorption (Fig. 5h) and scattering (Fig. 5i) spectra. These
results suggest that EGaln nanodisks could be very active NIR-
responsive plasmonic materials under the right excitation.

(a) z (b)
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EGaln nanoellipses. Nanoellipses are 2D structures with two
asymmetric axes (a and b). Previously, laser ablation of gallium
metal was utilized to synthesize ellipse-like GaOOH particles
in an aqueous solution. The successful formation of well-
defined GaOOH structures was controlled by the addition of
the cationic CTAB surfactant.®® Fabrication of EGaln nanoel-
lipses has not been demonstrated to date. However, it is essen-
tial to study the LSPR of EGaln nanoellipsoids to explore their
unknown optical properties and corresponding applications in
various fields. We investigated the LSPR effects of single EGaln
nanoellipses by fixing the thickness (50 nm) and the length of
the minor axis (b = 100 nm, Fig. S7). Fig. S7 presents the
absorption and scattering cross-section spectra of this NP
shape. By applying a plane-wave source in the x-direction
(Fig. S7a), we observed LSPR effects of EGaln nanoellipses
mainly in the UV range for ellipsoids with varied major axis,
ranging from 100 to 1000 nm, while keeping the minor axis
constant at 100 nm (Fig. S7b and S7c). While the dominant
peaks are located at ~300 nm, there is a notable shoulder peak
at ~150 nm in the deep UV range. Additionally, the power
cross-section for both absorption and scattering spectra
increased with the increase of the ellipse’s major axis. When
applying a plane-wave source in the z-direction (Fig. S7g), we
observed a similar plasmon resonance behavior in the UV
range (Fig. S7h and S7i). Interestingly, when applying a plane-

Scattering Spectrum

(c)

o g02s D
x-source E0.20 2020 ‘”‘ ——40 nm
§o01s Soas| | =100 nm
>t g ‘ =200 nm
p h=5nm 51;0'10 0.10 \“‘ ——400 nm
§ 0.05 § 0.05 ‘\‘ \\ ====1000 nm
X D . C0.00 Sogol AN
s 0 200 400 600 800 1000 0 200 400 600 800 1000
Wavelength (nm) Wavelength (nm)
(d) z (e) <°° (F) <cos ) D
o \‘/ i S0 40
y-source £03 / 204 / ——100 nm
k= - =200 nm
20.2 151
% % 0.2 =400 nm
g 0.1 B i 201 =—=1000 nm
= 0.0 — 2
QY. ) ©0.0{ -
.. v ks 0 200 400 600 800 1000 0 200 400 600 800 1000
s p Wavelength (nm) Wavelength (nm)
(9) = (h) %0 s UL Dz
p F /™ "6 ‘1‘30 o
Z-source 202 / g nm
] / g 0.4 ===200 nm
%01 @ ——400 nm
« 0. / » 0.2
§ / 2 e=1000 nm
© 0.0 So.0
5 y 0 200 400 600 800 1000 0 200 400 600 800 1000

Wavelength (nm)

Wavelength (nm)

Fig. 5 Plasmonic resonance behavior of a single EGaln nanodisk. (a), (d) and (g) 3D schematic of a single EGaln nanodisk excited by a plane-wave
light source (s) in x-, y-, and z-directions with a 90 degree polarization (p) angle, respectively. (b), (e) and (h) Absorption and (c), (f) and (i) scattering

cross-section spectra for various diameters with a fixed 5 nm thickness.
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wave source in the y-direction (Fig. S7d), we observed multi-
modal LSPR responses of single EGaln nanoellipses with
radius sizes of long axis in the broad spectra of visible and
NIR wavelengths (Fig. S7e and S7f). The longer the major axis,
the more LSPR modes the nanoellipses exhibited. We attribu-
ted the increasing number of resonant modes to the transition
of the oval shapes of nanoellipses into 1D geometries when
the ratio of the major to minor axis increases.

Plasmonic coupling of EGaln NPs

Spherical EGaln-EGaln coupling. In addition to particle size
and shape, the distance between neighboring plasmonic NPs
will also affect their own LSPR properties due to SPR overlap-
ping, an effect also known as plasmonic coupling. The plasmo-
nic coupling effect of noble metals such as gold”® and silver”"
has been well studied previously by employing spherical nano-
particle dimers as models. In a similar vein, here we investi-
gated the SPR coupling effects of spherical dimer NPs made of
EGaln. In the FDTD simulation, we constructed EGaln dimers
with different particle sizes (Fig. 6). Using Lumerical Ansys
software, we extracted the computed electric field data for a
100 nm spherical EGaln dimer excited by a 210 nm wavelength
plane-wave in all directions with 90 degree polarization and
plotted the electric field heat map (Fig. 6b, f and j). The results
showed that by changing the orientation of the excitation
source, it is possible to control the hot spot locations, either in

200 nm diameter dimer
Wavelength: 210 nm

(a) = (b) (c)

«0.025
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between or at the outside edge of the dimers. The spectral
results indicate that when employing a plane-wave source
oriented along the x (Fig. 6¢ and d) and z (Fig. 62 and h) direc-
tions, mild plasmonic coupling occurred for the dimers with a
new SPR peak appearing at around 200-300 nm. Moreover,
these peaks exhibited a red-shift as the dimer size increased.
Notably, when the plane-wave source was oriented along the y
direction, the coupling effect was more significant, with a
dominant coupling peak emerging within the visible light and
NIR ranges (Fig. 6g and h). Again, a larger dimer size correlates
with red-shifted and enhanced resonance-coupled peaks.
Nonspherical EGaln-EGaln coupling. To comprehensively
investigate the plasmonic resonance behavior of EGaln-EGaln
coupling, we performed additional FDTD simulations for four
distinct dimer configurations involving nonspherical EGaln
nanoparticles. As shown in Fig. S8, we first examined an
EGaln nanocube dimer (100 nm edge length) in two spatial
orientations: side-by-side and corner-to-corner (Fig. S8a). The
results showed that while the side-by-side dimer generated an
expected new resonant peak in the NIR region (~800 nm)
when excited by parallel polarization (y-source, top red curves,
Fig. S8b & c), such coupling is much more pronounced in the
case of corner-to-corner assembly, where the new coupling
peak is located in >1000 nm range (Fig. S8b & c, bottom red
curves). In Fig. S9, we simulated a nanorod dimer (100 nm dia-
meter, 100 nm length) in both vertical side-by-side and hori-
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Fig. 6 Plasmonic resonance behavior of spherical EGaln dimers. (a), (e) and (i) 3D schematic of spherical EGaln dimers excited by a plane-wave
light source (s) in x-, y-, and z-directions with a 90 degree polarization (p) angle, respectively. (b), (f) and (j) Electric field (E-field) heat map for a
100 nm diameter spherical EGaln nanoparticle dimer at a 210 nm wavelength excited by a plane-wave light source (s) in x-, y-, and z-directions with
a 90 degree polarization (p) angle, respectively. (c), (g) and (k) Absorption and (d), (h) and (1) scattering cross-section spectra for EGaln dimers with

various individual particle sizes.
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zontal end-to-end orientations, revealing how excitation orien-
tation impacts the coupling. The parallel polarization
(y-source) along the longitudinal axis of the dimer promotes
the most effective coupling with no exceptions (Fig. S9b & c).
The orientation does not influence plasmonic coupling too
much in this case, mainly due to the symmetrical dimensions
of the rods (same diameter and length). Fig. S10 presents a
nanowire dimer with a higher aspect ratio (500 nm length,
50 nm diameter), which clearly shows that end-to-end coupling
is much stronger than side-by-side coupling in terms of both
wavelength shift and amplitude. Finally, in Fig. S11, we investi-
gated a hybrid EGaIn nanosphere-nanorod dimer (100 nm dia-
meter each, rod length = 100 nm) in two spatial orientations,
side-by-side and end-to-end, to understand the asymmetry-
induced resonance shifts. Compared to sphere-sphere coup-
ling with the same nanoparticle size (Fig. 6g & h), asymmetric
coupling obviously pushes the new resonant peaks to much
longer wavelengths.

EGaln-Au and EGaln-Ag coupling. Additionally, we investi-
gated the LSPR coupling behavior of EGaln-noble metal
dimers, such as EGaln-Au and EGaln-Ag dimers. Fig. S12 illus-
trates the absorption and scattering cross-section spectra for
EGaln-Au and EGaln-Ag dimers, encompassing various dimer
sizes ranging from 80 to 200 nm. When compared to single
EGaln nanospheres, which exhibit characteristic SPR in the UV
range (ca. 200 nm), and single silver and gold spherical nano-
particles, which display SPR in the 400 and 500 nm range, the
EGaln-Au and EGaln-Ag dimers exhibit prominent redshifted
resonant peaks within the visible light range. The coupling-
induced redshift is also strongly proportional to the size of
dimers. Such a strong coupling effect between soft EGaln and
rigid noble metal nanoparticles may open new applications in
biosensing.

These simulation results across different shapes and con-
figurations reveal that plasmonic coupling between EGaln
nanoparticles produces distinct surface plasmon resonance
features that span the UV, visible, and NIR regions. These reso-
nance behaviors are highly dependent on particle geometry,
spatial orientation, and the direction of light excitation.
Collectively, the findings highlight the strong directional
selectivity and tunable optical response of EGaln nano-dimers,
offering valuable design insights for reconfigurable plasmonic
devices and nanoscale optical components.

Discussion

The aim of this study is to conduct a comprehensive investi-
gation of the LSPR effects of EGaln NPs by simulating the
absorption and scattering power cross-section spectra for
various shapes. A summary of all simulation results is pre-
sented in Fig. 7, which illustrates a roadmap for the locations
of major LSPR peaks of various EGaln NPs with at least one
dimension smaller than 100 nm. This map could be a quick
guide for researchers to determine the best shape of EGaln
NPs or coupling configurations to achieve desired optical pro-
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perties and therefore identify the optimal applications in
various fields such as optical biosensors, medical bio-imaging,
and drug delivery. For instance, for UV plasmonic applications,
researchers may choose EGaln nanospheres or nanoellipses
for higher absorption efficiency. Similarly, for scattering con-
trast agents in the visible range, EGaln nanorods appear to be
promising candidates due to balanced wavelength coverage
and cross-section intensity. Overall, these major peaks in both
scattering and absorption power cross-section spectra indicate
that different shapes of EGaln nanoparticles from 0D to 2D
exhibit active SPR responses not only in the UV wavelength
range, but also across the visible and NIR wavelength regions.
This is the first systematic study to demonstrate the unique
optical activities of shape-controlled EGaln NPs within the
broad visible and NIR ranges. The SPR map can be used to
guide the fabrication of various shapes of EGaln nanoparticles
to leverage their SPR advantages.

We validated our FDTD simulation results by comparing
them with other simulation methods such as Mie theory
(Fig. S3) as well as real experimental measurements (Fig. 7¢ &
d). The discrepancy between Mie theory and FDTD simulations
in predicting the LSPR peak position for EGaln nanospheres is
reasonable and can be attributed to the differing assumptions
and modeling capabilities of the two methods. Mie theory
assumes ideal, homogeneous spherical particles in a uniform
medium and does not account for retardation effects, surface
oxidation (e.g., Ga,0;3 shells), or substrate interactions. In con-
trast, FDTD simulations incorporate spatially resolved electro-
magnetic fields and can model complex geometries, dielectric
layering, and environmental influences with greater fidelity.
Since we have experimental ellipsometry data for EGaln in the
400-1000 nm range, future work will aim to apply the Drude-
Lorentz’”> or Drude-Critical Points (DCP)”® models to extrap-
olate the optical response into the ultraviolet (UV) region.
Although these models are more complex and computationally
demanding than the simple Drude model, they offer improved
accuracy by capturing both intraband and interband electronic
transitions—thereby enhancing the fidelity of FDTD simu-
lations in the UV spectral range.

For experimental validation, spherical EGaln nanoparticles
were fabricated using a sonication method that we previously
reported.> We used two different solvents, ethanol and di-
methylformamide (DMF), for the synthesis. Based on the
dynamic light scattering (DLS) analysis, the use of DMF as a
dispersion solvent resulted in nanoparticles with smaller dia-
meters compared to ethanol (Fig. S13a), and also weaker UV
absorption with higher measurement noise (Fig. S13b). The
UV-vis spectrum of EGaln nanoparticles in ethanol was further
compared with the FDTD simulation results (Fig. 7c). Both
experimental data and computational analysis showed two
clear absorption peaks in the UV range (Fig. 7c). The simu-
lation results also showed a red-shift of UV absorption peaks
of EGaln as the refractive index of the medium increased (air -
1, water - 1.4, DMF - 1.43, and ethanol - 1.478). The experi-
mental UV absorption peaks of synthesized EGaln nano-
particles (red asterisks, Fig. 7c) are slightly blue-shifted com-
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Fig. 7 Map of EGaln nanoplasmonics and experimental validation. Peak absorption (a) and scattering (b) wavelengths and corresponding cross-sec-
tions for different shapes that have been simulated by FDTD. (c) Overlap of experimental UV-vis absorption spectrum of EGaln nanoparticles
(185 nm by DLS) in ethanol with FDTD simulated absorption cross-section (160 nm) in different media (air, water, DMF, and ethanol). Red asterisks
denote the major UV absorption peaks of synthesized EGaln nanoparticles. (d) Overlap of experimental UV-vis absorption spectrum of Ga nano-
particles (42 nm by TEM) in chloroform with FDTD simulated absorption cross-section (42 nm) in different media (air and chloroform). The experi-
mental UV-vis spectrum shows the UV cutoff effect of chloroform for wavelengths shorter than ~245 nm.

pared to the ethanol simulation results (purple curve, Fig. 7c),
and fall in between the FDTD simulation results obtained
using air and water as media. This could be due to the small
particle size difference between experimental (185 nm, by DLS)
and theoretical (160 nm) results. Additionally, we synthesized
two different sizes of Ga nanoparticles: 42 nm in chloroform
and 27 nm in hexane (Fig. S14). Hexane was used for smaller
Ga nanoparticles to minimize UV absorption below 245 nm.
For Ga nanoparticles, much better matching between the
experimental measurement and FDTD prediction was observed
for both particle sizes (Fig. 7d and Fig. S15).

The simulated red-shift in the EGaln SPR with increasing
nanoparticle size (Fig. 1c) and surrounding refractive index
(Fig. 7c) can be theoretically explained by classical electrody-
namics. As the diameter of EGaln nanoparticles increases,
both polarizability and radiative damping become more sig-
nificant. These effects reduce the restoring force on the oscil-
lating conduction electrons, resulting in a lower resonance

This journal is © The Royal Society of Chemistry 2025

frequency and, consequently, a red-shift in the SPR peak. This
phenomenon is well-described by Mie theory®® and the
Drude” model, which predict size-dependent plasmonic be-
havior consistent with our FDTD simulations. Moreover,
changes in the surrounding dielectric medium also influence
the plasmonic response (Fig. 7c). According to the Frohlich
condition,”” an increase in the refractive index of the sur-
rounding medium shifts the dipolar surface plasmon reso-
nance toward lower photon energies, resulting in a red-shift of
the absorption peak. Interestingly, the thin oxide layer does
not affect the optical properties of EGaln nanoparticles signifi-
cantly (Fig. S4), although the influence of varying oxide layer
thickness requires further investigation. In addition, it is poss-
ible to modify the surface of liquid metals with various ligands
such as thiols, silanes, phosphates, polymers, or even nano-
particles to form “liquid marbles”.”®”” These strategies can
alter the surrounding refractive index, reshape the oxide layer
composition and thickness, create new electron transfer or
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plasmonic coupling mechanisms, and ultimately provide new
opportunities for precise optical property tuning.

Current experimental validation is limited to spherical LM
nanoparticles. On the other hand, a few shape-controlled LM
NPs have been recently fabricated using different techniques.
Core-shell EGaln-GaOOH nanorods, measuring 210 nm in
diameter and 850 nm in length, were created using an ultra-
sound-assisted physical dispersion.®” Arrays of EGaln nano-
wires were formed by pulling an EGaln droplet on a flat sub-
strate at room temperature, resulting in an hourglass-shaped
structure that evolved into nanowires through a breakdown
process, while the reproducibility of the method needs
improvement.®® EGaln nanodroplets were synthesized through
polymeric ligand encapsulation, involving the covalent
bonding of various polymers.”® Additionally, a recent nanofab-
rication technique took advantage of intermetallic wetting
between Au and EGaln LM on a Si/SiO, substrate, yielding LM
nanostructures of different 2D geometries such as square,
circle, and hexagonal disk shapes.”® The fabricated LM nano-
structures exhibited smooth thin-film surfaces, sharp edges,
and corners, with lateral feature sizes down to ~500 nm and
the smallest spacing between array elements demonstrated to
date (~250 nm). With the continuous development of
advanced fabrication methods for LMs, the SPR features of
more complex shapes could be validated experimentally in
future.

The LM nanostructures showed strong resonant optical
responses in the broad UV-vis-NIR region, as indicated by the
FDTD results (Fig. 7). Such rich SPR properties are expected to
promote the development of new fabrication technologies to
generate shapes that have not been fabricated before. In par-
ticular, technologies that can transform the shape of EGaln
nanoparticles are even more interesting, as they achieve the
ultimate goal of transformable plasmonics. Integrating the
new fabrication techniques and experimental measurements
with FDTD simulation to confirm the SPR properties of EGaln
NPs could be one of the future directions. The collaborative
results will further support LM’s emerging applications in bio-
sensing and many others.3°78%%°

Finally, the liquid state of liquid metal nanoparticles
confers plasmonic properties distinct from their solid counter-
parts, creating unique challenges and opportunities both in
simulation and experiment.”®®”*® From a computational per-
spective, the amorphous liquid state offers a significant advan-
tage: it can be modeled as a geometrically perfect, defect-free
system, devoid of crystal lattice defects, grain boundaries, or
surface roughness that typically complicate optical predictions
for solid nanoparticles. This allows for a more accurate and
direct correlation between the simulated optical response and
its geometry. However, from an experimental perspective,
liquid EGaln instantaneously forms a ~3 nm solid oxide skin
(primarily Ga,03) upon air exposure, creating core-shell nano-
structures rather than pure liquid droplets.®® While our simu-
lation shows no strong influence of the oxide layer on the
optical properties (Fig. S4), the oxide layer does affect many
other properties such as conductivity.
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Conclusions

To summarize, this study provides a comprehensive explora-
tion of the shape and size-dependent LSPR properties of
EGaln NPs in the broad UV-vis-NIR spectral range. Through
FDTD simulations, we have investigated the LSPR effects
exhibited by EGaln nanoparticles across various shapes,
including 0D, 1D, 2D, and plasmonic coupling formed by
nanosphere dimers. The size-dependent SPR effects observed
in the UV, visible, and NIR light ranges highlight the signifi-
cance of tailored nanoparticle geometry in achieving desired
optical and plasmonic characteristics. The presented guide
map of major peaks and absorption and scattering power
cross-sections for different shapes of EGaln nanoparticles
serves as a valuable resource for researchers seeking optimal
configurations for specific applications, including biosensing,
medical bio-imaging, drug delivery, and beyond. This research
not only contributes to the fundamental understanding of
EGaln NP behavior but also underscores the potential for
shape-transformable gallium-based nanoparticles. As the field
of “liquid plasmonics” continues to evolve, the findings pre-
sented here pave the way for further advancements in nanofab-
rication techniques and the development of novel applications
in diverse scientific and technological domains.
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