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ABSTRACT: The intrinsic properties of materials play a
substantial role in light—matter interactions, impacting both bulk
metals and nanostructures. While plasmonic nanostructures exhibit
strong interactions with photons via plasmon resonances, achieving
efficient light absorption/scattering in other transition metals
remains a challenge, impeding various applications related to
optoelectronics, chemistry, and energy harvesting. Here, we
propose a universal strategy to enhance light—matter interaction,
through introducing voids onto the surface of metallic nano-
particles. This strategy spans nine metals including those
traditionally considered optically inactive. The absorption cross
section of void-filled nanoparticles surpasses the value of plasmonic
(Ag/Au) counterparts with tunable resonance peaks across a broad
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spectral range. Notably, this enhancement is achieved under arbitrary polarizations and varied particle sizes and in the presence of
geometric disorder, highlighting the universal adaptability. Our strategy holds promise for inspiring emerging devices in
photocatalysis, bioimaging, optical sensing, and beyond, particularly when metals other than gold or silver are preferred.

KEYWORDS: plasmonics, nanoparticles, transition metals, light—matter interaction

S tructured nanoparticles composed of various metals are
pivotal in the fields of photonics, chemistry, materials
science, and biomedicine. Among their diverse applications,
interaction among nanoparticles and photons across different
spectral ranges has given rise to numerous possibilities,
spanning from chemical/bio sensing, imaging to photocatalysis
and photothermal therapy.' > To achieve optimal perform-
ance, a standard approach is to enhance the light—matter
interaction within or around metallic nanostructures, aiming to
maximize the absorption/scattering cross section for individual
nanoparticles.

Within the libra?r of transition metals, metals with a strong
plasmonic effect,”* such as silver (Ag) and gold (Au), emerge
as exemplary candidates for achieving a strong interaction with
photons through the excitation of localized surface plasmon
resonances (LSPR).” Various designs have been developed to
boost scattering and/or absorption at the nanoscale, including
nanorods,"”'" nanodisks, nanocages,13 core—shell struc-
tures,'*”"” and coupled structures with narrow gaps,'¥"”
sharp tips, or connections.'®™*> However, trade-offs among
the desirable characteristics may be needed, including large
values of cross section, polarization insensitivity, broadband
response with adjustable resonance peak, and large surface to
volume ratio.

Moreover, most of the strategies developed have predom-
inately focused on Ag/Au based nanoparticles, leaving the
improvement of light—matter interactions in nonplasmonic
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metals as an elusive question. Nanostructures composed of
various nonplasmonic metals, with distinct chemical properties,
excel in various catalysis and nanomedicine-related applica-
tions.”> ¢ However, this superior performance encounters
significant hindrances when visible or infrared photons are
employed as stimuli owing to reduced light absorption and/or
scattering. To address the challenge of enhancing the light—
matter interaction of nonplasmonic metals, some compromise
methods have been developed, involving hybrid metallic
configurations, where plasmonic nanoparticles are introduced
in the vicinity of optically inactive nanostructures’”~>" but only
offering moderate enhancements.

In this Letter, we present a universal method for enhancing
light—matter interactions in nanoparticles composed of various
transition metals, including those traditionally considered
optically inactive. By introducing voids into the outer part of
the nanoparticle (as shown in Figure 1), we achieve significant
enhancement in absorption of single nanoparticles composed
of nine types of metals, including silver (Ag), aluminum (Al),
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Figure 1. Conceptual schematic of voiding filling enhanced light—
matter interaction of a metallic nanoparticle.  is the wavelength, and
n is the real part refractive index of the metal.

gold (Au), cobalt (Co), copper (Cu), nickel (Ni), palladium
(Pd), platinum (Pt), and rhodium (Rh). We observe a
remarkable increase in absorption cross section for Au (Ag)
within a broad spectrum from visible to infrared. More
interestingly, the effect of absorption enhancement extends to
the other seven metals, all surpassing the “best” plasmonic
(Ag/Au) spherical counterparts. The universal adaptability and
versatility of our method is highlighted by its effectiveness
under arbitrary polarization, different particle sizes, and even in
the presence of geometric disorder (shape deformations of the
nanoparticle), through Mie theory and FDTD simulations. We
anticipate that our method will catalyze further experimental
investigations, opening avenues for the use of meta-particles
(shape-engineered particles with unprecedented properties)
with enhanced light—matter interaction. Its potential extends
to improving the performance of devices in photocatalysis,
bioimaging, optical sensing, and beyond, particularly in
scenarios where metals other than gold or silver are preferred.

We initiated our investigation using a spherical core—shell
structure as the toy model, illustrated in the inset of Figure 2a.
The core consists of a transition metal with relative
permittivity &, while the shell is a material with arbitrary
permittivity &, = (n + i k)?, with n the real part of the refractive

index and k the imaginary part. The background is chosen as
air with permittivity &,, = 1. For simplicity but not losing
generality, we choose a gold nanosphere as the core, with the
radius R; = 50 nm. The thickness of the shell is chosen as 15
nm, i.e., the radius of the whole sphere R, = 65 nm.

Under electrostatics approximation, the extinction cross

section (6,,,) can be calculated using Mie theory:”_42
K
o = Kim(a)
€, (1

with K the wavevector, €, the vacuum permittivity, and o the
polarizability. The polarizability is a function of the material

. 41,42
properties and geometry:
&8 — Gty
a = 4ze R} —— 2~
g€, + 26,8, (2)

with e, =£,(3—2P) +2¢,P,e,=¢,P+&(3—P),andP=1—
(Rz/ Ro) 3'

Correspondingly, the extinction of the core—shell structure
can be calculated on the parametric plane of the complex
refractive index of the shell, as illustrated in Figure 2a. The
wavelength of the impinging light (1) is set at 700 nm. The
core is gold with permittivity €, = —16.55 + 1.05i. To facilitate
comparison with nanoparticles of varying sizes, we employ the
extinction efficiency factor Q. = 6.,/7R2. A notable
enhancement is observed around 7, = (0, 0.8), corresponding
to a sharp resonance point with large value. A shell with a
refractive index around this reddish region with Q. > 10 can
drastically improve the light—matter interaction. However, it is
impractical to achieve the desirable value using natural
materials with ease of fabrication.

Instead, we present a feasible approach to realize values close
to the resonance without the need of additional materials.
Initially, we opt for the shell to be made of the same material as
the core (Au). Uniformly distributed voids are then introduced
to the shell, as shown in Figure 1. By adjusting the fill factor
(f), the effective refractive index (7i.4) can be tuned from that
of pure gold to air, as shown in Figure 2b. The black solid line
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Figure 2. Demonstration of void-filling-enhanced light—matter interaction based Mie theory. (a) Calculated values of Q. in the complex refractive
index plane 71 = n + ik. Inset shows the configuration of the core—shell structure, with R, = 65 nm and R; = S0 nm. (b) The trajectory (black solid
line) of fi.; with the increment of f, the filling factor of the air. The starting point is denoted by the magenta star with a refractive index of gold and
the end point is 7 = 1. The background displays the contour of Q.. The black solid circles represent the values of f from 0.1 to 0.9 with a step of 0.1
from top to bottom. (c) Complex refractive index of gold as a function of wavelength (4). (d) The minimum distance (D) between the resonant
point and i trajectory at different wavelengths. The inset demonstrates the definition of D (zoomed in from b). The filling factor f,, for the
minimum value of D is also included. (e) Q.y, spectra with varying values of f. Inset illustrates the case with the maximum value of Q.. Spectra with
f =0 (65 nm Au nanosphere) and f = 100% (50 nm Au nanosphere) are presented as references. The spectral regions with small values of n
(shaded area in c), small values of D (shaded area in d) and large values of Q,, (area inside white dashed box) overlap.
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Figure 3. Void filling induces extinction enhancement for transition metals beyond Au. Q. spectra at varying f are demonstrated for (a) Ag; (b) Al;
(c) Co; (d) Cu; (e) Ni; (f) Pd; (g) Pt; and (h) Pt. The inset demonstrates the spectra with the largest value of Q.. The corresponding values of f

are also labeled.

depicts the evolution of 7.4 as a function of filling factor, based

on Maxwell—Garnett approximation:**~*
2f (e, — &) + & + 2¢,
bt = &
: 26, + ¢ — f(e — &) 3)

where the effective permittivity e.4 = 71X €, is the permittivity
of the host medium, and ¢; is the permittivity of the inclusion.
Here, we assume the size of the voids is orders of magnitude
smaller than the wavelengths in free space, so the effective
permittivity is a function of filling factor and permittivity of the
host and inclusion only, independent of the void size.*
Interestingly, the curvature of line facilitates the trajectory of
fir approaching the resonance point. We term this
phenomenon “smart void filling”, as the strong extinction of
the nanoparticle can be achieved by simply tuning the value of
f, or equivalently, graduating, introducing voids into the outer
part of the nanostructure.

Similar investigations are conducted for impinging light at
different wavelengths, and the results are presented in
Supplementary Section 1. Both the real and imaginary parts
of the refractive index of gold are shown in Figure 2c. The
values of n and k at each wavelength determine the starting
point of the 7.4 trajectory, indicated by the magenta star in
Figure 2b. When the value of # is small (the shaded region in
Figure 2c), the 7.4 trajectory can pass through the region in the
vicinity of resonance. On the other hand, the value of k plays a
minute role in determining whether the trajectory goes close to
the resonance. Supplementary Section 1 provides further
details, illustrating trajectories for different wavelengths. Figure
2d provides quantitative information about the effect. D is
defined as the minimum distance between the resonant point
#1, and the 7. trajectory, as shown in the inset of Figure 2d.
The optimal filling factor (f,,) is the value at which this
minimum distance occurs. A spectral overlap (600 to 1000
nm) is observed where both n and D are small (shaded regions
in Figure 2c,d), irrespective to the variation of k going from 3.1
to 6.5. However, as the value of n increases below 600 nm, the
trajectory cannot approach the desired region, resulting in an
increment of D.

Figure 2e summarizes the Q. spectra under various filling
factors. Void filling leads to a significant enhancement of
extinction when D is small, contrasting sharply with nano-
spheres of SO nm (f = 100%) and 65 nm (f = 0). The

extinction improvement is particularly pronounced between
600 and 1000 nm, as indicated by the region within the white
dashed box. This also aligns with the spectrum featuring a
small n (D). The inset of Figure 2e highlights a scenario with a
maximum enhancement. At 690 nm, the void filling effect
bestows the structure with an extinction efficiency of 24.6,
representing a nearly 3 order improvement compared to a
nanosphere of the same size (0.04). Simultaneously, there is a
910% enhancement in the peak value compared to the
spherical counterpart (2.7 at 506 nm). Interestingly, the void
filling also provides the flexibility to tune the position of
maximum extinction in a broad range. Increasing the value of f
from 79% to 94% introduces a red shift from 617 to 960 nm
while maintaining the peak value above 15.

To illustrate that the effect of smart filling is not limited to
some specific geometries, we conduct additional investigations
with different values of P = 1 — (R/R,)’. Also, the
enhancement of the light interaction is confirmed in a different
background environment with n,, = 1.33. More details can be
found in Supplementary Section 2.

Next, we applied the same strategy of void filling to other
transition metals beyond gold. The results are summarized in
Figure.3, which illustrates the spectra of Q. for eight different
metals: Ag, Al, Co, Cu, Nj, Pd, Pt, and Rh. The inset in each
panel shows the case at a specific filling factor with maximum
Q.x- Despite the variations in the maximum values of Q. a
universal enhancement in the light—matter interaction is
observed for all metals. For Cu and Ni, which show the
comparatively moderate improvement, there is an 363% and
379% increase in the peak value of Q. as depicted in the
insets of Figure 3d,e, respectively. Similarly, the spectral
regions with significant enhancement overlap with the
wavelengths exhibiting small values of n, demonstrating the
same effect demonstrated for Au. The complex refractive
indices for the metals used are plotted in Supplementary
Section 3. Within this region, the spectral position of the
extinction peak can be extended to longer wavelengths
(reddish and yellowish tails) and controlled feasibly through
the variation of f. In sharp contrast, extinction peaks are limited
to wavelengths below 400 nm for spherical particles with radius
between SO nm (f = 100%, blue dashed lines in the insets) and
65 nm (f = 0, black dashed lines in the insets). Less
enhancement is observed for Al and Rh in the visible and near-
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infrared regions, due to the relative large value of n, as
illustrated in Figure S4. This prevents a small value of D from
approaching the optimal point in the (n, k) space.

Inspired by the toy model, we propose realistic structures
and conduct comprehensive full-wave simulations, investigat-
ing the light—matter interactions without approximation from
Mie theory. Initially, we designed a nanostructure comprising a
50 nm spherical core with uniformly distributed spikes on its
surface, as shown in Figure 4a. The symmetry guarantees a
polarization-independent optical response. As the number of
the spikes (Niy,) increases, the filling factor of the voids f
discretely goes from 100% to 0. In the limit of an infinite
number of spikes, the structure evolves into a sphere with a
radius of 65 nm. We term this structure “nanourchin” due to its
resemblance to a sea urchin, particularly with a moderate
number of spikes.

Here, we focus on the absorption efficiency Q. which
directly determines the energy conversion efficiency in
photovoltaic, photocatalysis, and photothermal conversion.
The spectra of extinction efficiency can be found in
Supplementary Section 4. In Figure 4b, we present simulations

showing the Q, values for different metals with varying
numbers of spikes. The bottom and top panels serve as
references for the Q,,, values of nanospheres. A universal
enhancement of absorption is observed for all nine materials,
including both plasmonic metals and catalytic ones with week
optical responsive. Meanwhile, the tunability of the absorption
peak is confirmed, where the reddish regions experience a
redshift as the decrease of N,. This is particularly significant
for solar energy harvesting, as a considerable portion of energy
resides in the 600 to 1000 nm region. Nanourchins with proper
filling factors can efficiently covers this regime, which is not
feasible with classical structures of the same size. Similar
enhancement of scattering is also observed, with details shown
in Supplementary Section 4.

Quantitative comparison in broadband response between
nanourchins and nanospheres of the same size is presented in
Figure 4c. Here, the averaged value (Q,,) between 350 and
1000 nm is presented. Prominent enhancement is demon-
strated for all metals. Intriguingly, all nanourchins surpass the
value of the best plasmonic nanosphere (Au), highlighting that
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void filling can endow stronger interaction for all metals
beyond a plasmonic standard.

To prove the universal adaptability, we investigate the cases
with different geometries, in a different host material and
existence of the disorder, as summarized in Figure S. Here, we
choose gold as the materiel of all nanourchins. The scalability
predicted by our Mie model (in eq 2 where only the ratio R,/
R, contributes) is investigated, as shown in Figure Sa. The Q,,
spectra of nanourchins with two different sizes are provided,
one with doubled size (130 nm, right panel) and the other with
half size (32.5 nm, left panel) of the original one (65m) shown
in Figure 3b. The void-filling-induced absorption enhancement
under different scales is clarified, while a red (blue) shift of the
resonance is observed for the structure of doubled (halved)
size. Figure Sb illustrates the case when the nanourchin is
embedded in a background with refractive index of 1.33. A
prominent redshift is demonstrated to absorb more light in the
near IR

In real-world scenarios, structural imperfections are inherent
at subwavelength scale. Accordingly, we investigate the impact
of geometric disorder for our proposed nanourchins. We
systematically introduce fluctuations into the size and
orientation of the spikes, illustrated in panels (i)—(iii) of
Figure Sc, where 6 represents the level of disorder. Disorder is
introduced in both size (along longitudinal direction and
within transverse plane) and orientation of the spikes of the
nanourchin, with more details shown in Supplementary
Section 5. The corresponding Q. is depicted in Figure
Sc(iv), with the shaded background representing the case
without disorder. A linear polarized light is used with the
electric field aligned along the x-axis shown in Figure Sc (i).
The introduction of disorder leads to a reduction in peak value
from 5.85 to 2.19. However, it promotes absorption across a
broader spectral range.*® The relative change of averaged value,
Qubs(6)/Qups(8 = 0), is 102.5% for (i), 105.5% for (ii), and
98.6% for (iii), respectively. Another set of simulations,
employing a different set of random variables, is conducted
to illustrate that the observed effect is not due to a specific
geometry, with more details shown in Supplementary Section
6. To provide more info related to practical applications, we
further investigate the polarization dependence of the nano-
particles and examine the nanoparticles with dielectric
coatings, with details provided in Supplementary Sections 7
and 8, respectively.

Finally, we present an alternative realization for blackberry-
like nanoparticles, composed of a core nanoparticle with
secondary nanoparticles affixed, demonstrating similar optical
response (Supplementary Section 9). A comparison between
nanourchin and nanoblackberry is presented in Supplementary
Section 10, illustrating the influence of specific morphology on
the optical response.

Utilizing a combination of analytical modeling and full wave
simulations, our study introduces and demonstrates the
impactful effect of void filling on enhancing light—matter
interaction for metallic nanoparticles. The versatility of the
approach is elucidated across nine different transition metals,
various sizes, and even with disorder in the geometry. While it
has been previously reported that nonspherical nanoparticles
composed of various transitional metals exhibit improved
light—matter interactions compared to Au nanospheres,*” we
provide a new perspective through modeling within the (n, k)
space, which encapsulates complex geometric features into a
single refractive index value. This approach clarifies the design

methodology for achieving optimal performance and allows for
the manipulation of resonance within the desired spectra.
Furthermore, our findings suggest that the material library for
strong light—matter interactions may be expanded beyond
metals to include alloys and compounds, particularly in
scenarios where small values of n are present.

The proposed design presents a potential complement to the
existing nanostructure library for light—matter interactions,
encompassing nanorods, nanodisks, nanocages, core—shell
structures, and coupled structures with narrow gap, sharp
tips, or connections. While nanostructures with gaps, sharp
tip/connection, and nanorods exhibit a strong dependence on
the polarization of incident light, core—shell structures and
disks struggle to adjust resonance without altering their
physical cross section. Singular plasmonic structures'®*’
provide a strong response within a broadband region but are
sensitive to polarization, whereas random plasmonic meta-
surfaces’*~>* offer a broadband response but lack tunability of
the resonance. The strategy of void filling can lead to strong
light—matter interactions with feasible resonance tunability.
Interestingly, a redshift in absorption peak can even be
achieved by reducing the size of the nanoparticle, provided the
filling factor is increased from a small value (as shown in Figure
Sa)b). Combined with polarization insensitivity, the proposed
nanoparticle may find utility in strong plasmon—exciton
interaction,”>** where voids can also induce the strong near-
field enhancement. Filling-factor-engineered nanoparticles
could serve as a platform for achieving both interlayer and
intralayer plasmon-exciton strong couplings under unpolarized
illumination.

This strategy holds promise for applications in which a
strong interaction between photons and nanoparticles is
crucial. Void filling not only enlarges the absorption cross
section of the plasmonic (Au/Ag) nanoparticles but also
extends absorption peaks into the infrared spectrum,
potentially overcoming limitations in certain applications. For
example, in hot-electron-driven photocatalysis under solar
radiation, achieving high and polarization-independent absorp-
tion with a high rate of hot electron generation is highly
desirable. While traditional size upscaling can cover the red
and near-infrared spectrum, it often diminishes the efficiency of
energetic carrier generation.55 In contrast, void filling
introduces a redshift in the absorption peak without enlarging
the particle size, providing an efficient approach to harnessing
solar energy at longer wavelengths.

More importantly, void filling lights up nanoparticles
composed of various transition metals, making them more
optically active than Au/Ag nanospheres of the same size.
Correspondingly, Pt/Pd/Cu-based nanoparticles can be trans-
formed to efficient absorbers, facilitating the efficient use of hot
carriers for photocatalysis. Meanwhile, Au/Ag based nano-
particles may be substituted with earth-abundant metals such
as Cu, Ni or Al without sacrificing performance. Also, the
strategy can be extended to nanoparticles made of metallic
alloys, when elements of the alloy share a small value of n in
the spectrum (such as PtCo alloy).’® Last but not least, the
material consumption for absorption-related applications may
be significantly reduced, with more details shown in
Supplementary Section 11.

Our work may stimulate experimental efforts in realizations
for the proposed designs with desired filling factors. Self-
assembly based on wet-chemistry may be employed to create
nanourchin (Figure 4a)”’7* and nanoblackberry (Figure
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$8a)°°" structures. Cluster beam deposition®>®® offers the

possibility to overcome the material limitations from chemical
synthesis, enabling the fabrication of secondary spheres of the
nanoblackberry with different transition metals.”* Beyond the
proposed shapes, porous shells could be fulfilled through the
; ;10 65,66
process of dealloying of outer part of alloy nanoparticles.

In this study, we focus on the interaction between light and
an individual nanoparticle. However, light—matter interaction
may be further enhanced in systems with multiple nano-
particles, through engineering optical environments and
interparticle coupling. Combining techniques such as dielectric

. .67 3 . . 63
environment encapsulation,”” disordered scattering/coupling
and curvature-induced field enhancement,®® the smart filling
may inspire diverse nanophotonic devices for photocatalysis,
energy harvesting, sensing and beyond.

The model based on the Mie theory treats the shell as an
effective medium with a refractive index. However, the shape
and distribution of voids play a significant role in determining
the optical response, as demonstrated in Figure S. Therefore,
while the Mie model provides initial guidance, further
investigation, including numerical simulations, may be
necessary for practical design when disorder is inevitable.
Disorder in the system can broaden the bandwidth of the

: 46,51,64 . .
optical response, offering advantages for specific
applications such as photovoltaics and photocatalysis. The
modeling and simulations does not include the influence of

. 69,70 . . .
nanoscale electromagnetism, prompting further investiga-
tion of nonlocal effects and electron tunneling for the proposed
nanoparticles.
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