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ABSTRACT: Coupled plasmon resonances of adjacent particles in densely
packed nanorod metamaterials can introduce extraordinary optical features, like
cavity resonance modes. These modes, being commonly realized in metallic
metamaterials, can be exploited for plasmonic sensing or optical modulation, due
to strong optical and electrical field enhancement in the cavities. However,
modulation of plasmon resonances in metallic nanostructures is limited due to
their intrinsically high charge carrier concentration. We introduce a new
metamaterial based on metal oxides, respectively an array composed of doped tin
oxide nanorods featuring cavity resonance modes. By means of numerical
simulations, the optical response of the fabricated plasmonic metamaterial is
calculated and compared with the experimental findings in order to understand and clarify the nature of the optical modes.
Moreover, dynamic modulation of the optical response is demonstrated by the electrochemical injection of electrons into the
nanorods, thus paving the way to electro-optical modulation of such metamaterials.
KEYWORDS: nanorod arrays, tunable plasmon resonance, tin oxide, metamaterial, cavity resonance mods, electro-optical modulation

Plasmonic nanorod (or nanowire) metamaterials have
gained significant relevance for emerging technologies,

such as subwavelength imaging,1,2 sensing,3,4 spontaneous
emission engineering,5 and light polarization control.6 This is
due to their extraordinary light manipulation properties,
including negative refraction,7,8 anisotropy, and hyperbolic
optical dispersion.9,10 These artificial materials are constructed
from periodic arrays of metal nanostructures with subwave-
length spacing and height of the order of the wavelength of
visible light.11,12 In general, the individual units in the
metamaterials (UMs) exhibit localized surface plasmon
resonances (LSPR), whose frequency and absorption range
strongly depend on the material properties, size, shape, and
surrounding environment.13−17 The arrangement of such
nanoresonators in a regular pattern leads to collective
behaviors under optical irradiation, and the emergence of
extraordinary optical properties due to the interaction of the
induced electric dipoles.13,18,19 In the simplest case of two
adjacent UMs (spacing <50 nm), the coupling of spatially and
spectrally overlapping dipolar resonances can lead to a shift
and splitting of the resonance feature.18 When a larger number
of UMs are in proximity (e.g., heptamers), a transition from
isolated to collective plasmonic modes is observed.1,4,20−26 In
nanorod array metamaterials, the coupling of transversal LSPR
results in cavity resonant modes with electric fields
concentrated between the nanorods, observable as absorption
peaks in the optical spectrum.27 These modes are akin to cavity
modes in metal−insulator−metal (MIM) waveguides.28 Cavity

resonant modes form due to plasmons traveling along the gap
between adjacent nanorods, which reflect from the underlying
material and are characterized by multiple electric field hot
spots in the longitudinal direction. In summary, when closely
packed, nanorod arrays can exhibit cavity-type collective
modes, where their mode number, spectral positions, and
amplitudes are highly dependent on the nanorod geometry,
spacing, and surrounding conditions.27,29

Doped metal oxide UMs commonly exhibit plasmon
resonances in the near-infrared (NIR) spectral region.17 The
plasmon resonance frequencies in doped metal oxides are not
fixed at a specific wavelength but depend on the material’s
composition and doping level.16,17,30−34 Moreover, metal
oxide-based plasmonic materials allow for postsynthetic
modulation of their plasmonic features based on reversibly
altering their charge carrier concentration. In the search for
new smart materials, this dynamic modulation can enable
reversible manipulation of a metamaterial’s optical response, as
changing a single nanorod’s plasmonic resonance can strongly
influence the collective response of the metamaterial.35−37

Thus, enabling new switchable optical components for beam
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steering35 or phase and amplitude modulation.38 The
modulation can be realized by injection of free charge carriers
directly into the plasmonic UMs, either by utilizing a chemical
reducing agent39 or by electrochemical doping.40,41

Here, we present a new tunable metamaterial based on
highly doped metal oxide nanorod arrays. The small spacing
between the nanorods (<10 nm) results in coupling of the
transversal modes of adjacent nanorods and induces several

higher-order cavity modes in the visible to NIR spectral range.
The nature of the cavity modes and a strong field enhancement
in the cavities between the nanorods are confirmed by
numerical simulations. Through postsynthetic reversible
electrochemical doping, the position of the cavity modes can
be dynamically tuned, paving the way to electro-optically
addressable metasurfaces.

Figure 1. Schematic illustration of the Sn−Sb alloy nanorod oxidation with the nanorods fully encapsulated by the template (a, approach 1) and
with oxygen diffusion channels (b, approach 2). Side-view scanning electron microscopy (SEM) image after the oxidation according to approach 1,
showing the void formation (orange arrows) along the nanorods (c, scale bar 200 nm). Top-view SEM images of the nanorods of approach 2 (d,
scale bar 100 nm), indicating the formation of some hollow nanorods (orange arrows), and the suggested formation mechanism (e). Relation of
oxidized Sn (SnOx, solid lines) to metallic Sn0 (dotted line) along the nanorod long axis, determined by X-ray photoelectron spectroscopy (XPS)
for approach 1 (black) and approach 2 (blue) (f).

Figure 2. Tilted-view SEM image of the free-standing nanorod array after removal of the aluminum oxide template (a, scale bar 200 nm). Top-view
SEM image of the nanorod array (b, scale bar 100 nm) with corresponding EDX mapping (c) of the constituent materials Sn (red), oxygen (blue)
and Sb (green). X-ray diffraction (XRD) patterns (d) of the substrate (gray), the metallic nanorod array (light blue) and after oxidation of the
nanorod array (dark blue) accompanied by reflex positions of β-Sn (ICSD 106072), SnO (ICSD 15516) and SnO2 (ICSD 39174). XPS Sn 3d (e),
O 1s and Sb 3d (f) core level spectra of the surface layer and inner material of the oxidized nanorod array.
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The metal oxide nanorod arrays are synthesized by a hard-
templating approach introduced by Martin et al.42 A porous
anodic aluminum oxide (AAO) template is prepared on a
coated silicon wafer, and the pores are filled with metal
nanorods by an electrodeposition approach (see the
Supporting Information).43 Antimony (Sb)-doped tin (Sn)
oxide nanorods are obtained by controlled thermal oxidation of

the Sn−Sb alloy nanorods. The Sb content is set to 10 atom %
to achieve high-level n-type doping,44 inducing plasmon
resonances in the NIR.45,46 Thermal oxidation is conducted
with the nanorods still in the template to maintain their shape
and arrangement (Figure 1a−d, Figure S1). Two different
approaches are investigated. In the first approach, the nanorods
are entirely confined in the AAO template, and oxygen can

Figure 3. Schematic drawing of the nanorod array and measurement setup (a). Optical absorption spectra measured for unpolarized irradiance (b)
of the nanorod array doped with Sb (blue) and of an undoped nanorod array (dotted gray). Optical absorption spectra of the Sb-doped nanorod
array for s- (black) and p-polarized (blue) light (c). All absorption spectra are measured at an oblique angle of 45° in reflectance geometry.
Simulated transmittance, reflectance and absorptance spectra of the nanorod array for the nanorod cores (d), for the nanorod shells (e) and for the
core−shell structure (f). Simulated electric field enhancement in the nanorod metamaterial for s-polarized (g) and p-polarized (h) irradiation
(amplitude of the incident electric field is assumed 1 V/m), indicating formation of cavity resonant modes .
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only access the nanorods from their tips (Figure 1a). In the
second approach, the template surrounding the nanorods is
slightly etched to open paths for oxygen diffusion to the lower
nanorod sections (Figure 1b). For both oxidation processes,
the so-called Kirkendall effect is noticeable.47 In the first
approach (Figure 1a), the tips of the nanorods get oxidized at
the beginning of the thermal oxidation, and an oxide layer is
generated, acting as a diffusion barrier for ambient oxygen.
Consequently, the mass flow of metallic Sn and Sb through the
barrier oxide is faster than oxygen diffusion, and Sn/Sb are
transported from the bottom part of the nanorods to their top,
leaving voids in their lower parts (Figure 1c, orange arrows).
In the second approach, due to the partial etching of the

template, the nanorods are accessible for the ambient oxygen
from the sides (Figure 1b), leading to a uniform oxide shell
growth around the nanorods. Therefore, the Kirkendall effect
and mass transport mainly occur from the nanorods’ interior to
the outer shell.48 This results in the formation of some hollow
nanorods (Figure 1d, orange arrows) due to void formation in
their inner (Figure 1e), and breakage at the lower parts of the
nanorods is inhibited (Figure S2). Investigation of the
oxidation state of Sn along the nanorod length axis by X-ray
photoelectron spectroscopy (XPS, Figure S3) indicates a
strong oxidation gradient along the nanorods prepared by
approach 1 (Figure 1f). This strong oxidation gradient may be
useful for electrical applications (Figure S4).43 Utilizing
approach 2, no oxidation gradient along the nanorods and
less residual Sn0 is observed (Figure 1f).
After the oxidation, following approach 2 and acidic etching

of the remaining template, defined and free-standing nanorods
are obtained (Figure 2a). The nanorods are oriented side by
side on the substrate and are arranged in a distorted hexagonal
short-range order (Figure 2b). The spacing between adjacent
nanorods is in the range of 5 − 10 nm, and they exhibit an
average diameter of about 100 nm (Figure S5) and a length of
around 660 nm. Some of the nanorods exhibit cracked tops,
which indicate a core−shell-like structure of the nanorods, and
also some hollow structures are visible (Figure 2b). EDX
mapping of the constituent materials (Sn, Sb, and O) indicates
a uniform distribution of the elements within the nanorods
(Figure 2c). X-ray diffraction patterns of the nanorod array on
the substrate (Figure 2d) show that the characteristic reflexes
for the Sn (200) and Sn (101) - plane vanish after the
oxidation process, and reflexes for the tetragonal SnO and the
rutile SnO2 phase appear (Figure 2d). A wide range XRD
pattern assigning all reflexes is shown in Figure S6 (Supporting
Information). XPS Sn 3d core level spectra reveal that in the
outer shell Sn in the oxidation state +IV is the dominant
species, whereas in the interior Sn2+ is the dominant species
with some traces of residual metallic Sn0 (Figure 2e, Figure
S7).
Deconvolution of the Sn spectra revealed that in the outer

material, around 62% of the Sn is in the oxidation state + IV
and about 38% is in the oxidation state +II. Since no reflexes
for the Sn3O4 phase are found in the XRD pattern, the XPS
results indicate that the outer layer is made from separated
SnO and SnO2 grains. Deconvolution of the Sn spectrum of
the inner material reveals that the core is made of SnO doped
with about 5% of metallic Sn. According to the XPS
measurements of the Sb 3d core level the dopant is present
only in the oxidation state +V with some residuals of metallic
Sb0 in the inner material (Figure 2f). In summary, the results
reveal a core−shell structure of the nanorods (Figure 3a). The

surface layer is composed of Sb-doped Sn4+ oxide (SnOx; x ≈
2), whereas the inner material mainly comprises Sb-doped Sn2+
oxide (SnOx; x ≈ 1). The XPS additionally revealed that no Cr
from the etching solution is incorporated in the nanorods
(Figure S8).
This core−shell structure, in combination with the arrange-

ment of the nanorods, results in several different plasmonic
modes in the absorption spectrum (Figure 3b, blue). The effect
of the Sb-doping is apparent, when comparing the NIR range
of the spectra. In comparison with the undoped sample (Figure
3b, dotted gray), a highlighted plasmonic feature with a
maximum around 3200 nm is found for the doped array (A). A
plasmonic resonance feature in the NIR range is typical for
highly doped metal oxides.14,39,49,50 Absorption peaks ranging
from 500 to 1100 nm (B−D) generally cannot be seen for
isolated metal oxide nanorods. Interestingly, for the Sb:SnOx
nonorod arrays, these resonances are observed both for s-
(black) and p-polarized (blue) irradiance with slight deviations
in intensity and peak position (Figure 3c).
To investigate the origin of these absorption peaks, full-wave

simulations are performed in COMSOL Multiphysics (Figure
3d−f).9 The refractive index information for the core51,52 and
shell53 are taken from literature data and further simulation
parameters are given in Figure S9 (Supporting Information).
To check for the effect of the core−shell structure, the optical
response of the core and shell is first simulated independently
(while the other material is treated as air). The simulated
absorptance spectrum associated with the solely core nanorods
(Figure 3d) resembles the important features of the measured
spectrum for the core−shell structure, indicating that the
optical properties of the metamaterial are mainly dominated by
the nanorod cores. In turn, comparing the simulation of the
array made from nanorod shells (Figure 3e) with the optical
responses of the bare silicon substrate (Figure S10), it can be
concluded that the nanorod shells have only a minor influence
on the optical response. Simulations of the complete core−
shell nanorods indicate that the absorption peaks observed for
the core’s redshift are due to the presence of the nanorod
shells. This effect can be explained by the high permittivity of
the shells and therefore a change in the dielectric surrounding
of the nanorod core.54 As observed from the experimental
spectra, the simulations show three absorption peaks in the
visible range (B−D) and one wide absorption peak in the NIR
range (A). In comparison to the simulations, the peaks are
slightly shifted. This shift can be explained by the
nonuniformity of the real nanowire arrays. Additionally, the
partly hollow structure (Figure 1d) can have a minor influence
on the peak positions and intensities as confirmed via
simulations (Figure S10).
To investigate the origin of the modes, the electric field

distribution in the metamaterial at the wavelength of the
absorption peaks (A−D) is evaluated (Figure 3g,h). For s-
polarized illumination, the polarization is assumed along the y-
axis, and the oscillation is in-plane concerning the metamaterial
surface. For the absorption peaks B-D, the simulations indicate
a strong field enhancement in the cavities between the
nanorods with a coupling direction along the y-axis. Such
cavity modes are typical for nanorod arrays with spacings
below 50 nm.28 When the inter-rod gaps are sufficiently small,
the transverse LSPRs of neighboring nanorods become highly
coupled, and the metamaterial begins to behave similarly to a
MIM waveguide.29 Modes that are laterally confined between
neighboring nanorods form a series of longitudinal standing
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waves with an increasing number of harmonics at higher
frequencies.27 As apparent from the side-view of the field
distribution, the absorption peaks B−D represent the fifth,
seventh, and ninth harmonic modes of the cavity resonances,
respectively. Lower-order cavity resonance modes would be
expected at higher wavelengths. Considering that the substrate
is strongly influencing the resonance conditions,27 the change
in optical properties of the silicon substrate above its band gap
energy (1100 nm) can shift resonant modes in the spectrum
governed by the metamaterial geometrical parameters. For
example, a systematic variation of nanorods’ height can result
in increasing the number of reflectance minima and generation
of lower order resonances. The behavior of the A-mode
significantly differs from that of the others. Excitation at the
NIR peak wavelength results in a significant field enhancement
within the nanorods, typical for the transversal LSPRs.
For p-polarized excitation, the optical electrical field is

linearly polarized along the x-direction and, due to the oblique
incidence, it also exhibits a component along the z-direction.
Similar to the discussion for the s-polarization, the B−D
modes can be ascribed to the fifth, seventh, and ninth
harmonics of the cavity resonances. Whereby, the effective
coupling direction is along the x-axis and split into two
components (indicated by the red arrows), since the
enhancement is strongest for the smallest gap spacings (Figure
3h). In summary, the simulations show that two different types
of resonance modes are present in the nanorod metamaterial.
In the visible range, cavity resonances are observed that are
comparable to MIM waveguide modes, whereas the absorption

peak in the NIR can be ascribed to the transversal LSPR of the
nanorods.
As described previously, the plasmon frequencies in highly

doped oxides can be tuned postsynthetically through fully
reversible electrochemical doping, realizing electrical manipu-
lation of SPR-based features.38,40,41 To actively modulate the
plasmon resonances of the nanorods, they were charged with
electrons in an electrochemical cell with a Li+-containing
electrolyte and a platinum counter electrode (Figure 4a,
Supporting Information). Applying a negative voltage to the
array forces electrons to accumulate inside the nanorods, and
Li+-ions accumulate in the gaps between the nanorods to
ensure charge balance. The charging of the nanorods is
monitored by cyclic voltammetry (Figure 4b). The fact that
the cyclic voltammogram does not exhibit the typical
rectangular shape of a pure double-layer capacitance55

indicates that intercalation processes of Li+ into the Sb:SnOx
nanorods are present (Figure 4a).44

At the beginning of the charging process (application of
−3.5 V), high currents are observed due to the capacitive
charging of the electrochemical double-layer (Figure 4c, yellow
area). Afterward, the current exponentially decreases and
reaches a plateau typical of an intercalation process. During the
intercalation process, the Li+-ions alloy with the metallic Sn
present in the nanorods, forming a LixSn alloy. During
decharging the current drops to nearly zero within a few
seconds (Figure 4c, blue area), indicating that the slow
electrochemical intercalation process is not reversible under
these conditions and some Li remains in the nanorods, as also
indicated by the cycle-dependent shape of the cyclic

Figure 4. Schematic drawing of the charging process during the electro-optical modulation (a). Charge balancing by Li+ ions (yellow dots) and
lithium intercalation (black arrow, green areas) are observed during the charging process. C−V measurement of the nanorod array in the Li+
containing electrolyte (b). Current flow with time during the charging and decharging process at a constant potential (c). UV−vis spectra measured
with an interval of 2 min during the charging (orange to yellow) and decharging (light blue to dark blue) process (d). The dotted lines represent
the peak fitting for the fully charged (orange) and decharged (blue) state. Peak position and absorption extracted from peak fitting during charging
and decharging (e). Absorption spectra in the NIR region with Gaussian fit of the fully charged (yellow) and decharged (blue) state (f).
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voltammogram of the decharging process (Figure S11). The
presence of Li in the nanorods after the decharging process is
confirmed by XPS, and a ratio of 0.087 Li/Sn is observed
(Figure S12). Since the optical spectrum after the discharging
process resembles the pristine spectrum, this residual Li seems
to have minor effect on the optical properties of the
metamaterial (Figure 4d). Additionally, no significant reduc-
tion and lithiation of the tungsten oxide underlayer is observed,
ruling out an electrochromic alteration of the tungsten oxide
(Figure S13). For future studies, it may be beneficial to utilize
a lithium-free electrolyte to rule out a disturbance by Li
intercalation fully.40 Immersion of the nanorod array in the
electrolyte leads to an overlap and shift of the absorption peaks
observed in the visible range (Figure 4d, gray). When the
nanorod arrays are submerged in the propylene carbonate
electrolyte, the cavities between the nanorods get filled with
the electrolyte, and due to the higher refractive index of
propylene carbonate (n = 1.4189) compared to air (n ≈ 1), the
resonance conditions for the cavities change.27 Due to their
broadening, several cavity modes seem to overlap in the
observed wavelength range, forming a combined peak with a
fringy shape (Figure 4d). Application of a negative bias (−3.5
V) results in a blue shift and an increase of the absorption peak
with time (Figure 4d, orange to yellow). The plasmonic
modulation is not prompt, but it takes around 8 min until a
constant state is reached. Subsequent decharging of the
nanorods by a positive bias (1 V) is accomplished within 2
min, and the spectrum after the decharging resembles the
pristine one (Figure 4d, bright blue to blue), indicating a fully
reversible modulation of the cavity modes. UV−vis evaluation
of a consecutive charging and discharging cycle confirms the
fully reversible manner of the optical switching (Figure S14).
The absorption peaks are fitted with a Gaussian profile (Figure
4d, dotted lines). In the pristine state, the maximum of the
absorption peak is observed at 718 nm (Figure 4e). During the
charging, the maximum blue-shifts to 672 nm, accompanied by
an increase of 22% in maximum absorption (Figure 4e). The
values extracted from the peak fitting for each time step are
summarized in Table S1. Both changes are consistent with a
modulation of the free carrier concentration in the nanorod
cores and an increase in their plasma frequency, due to carrier
accumulation. Compared to the nanorod array in air (Figure
3b), the peak position of the transversal plasmonic resonance is
also slightly shifted and the peak is broadened, due to the
increase in the refractive index of the environment. During
charging, the intensity of the peak in the NIR also increases by
about 26% (Figure 4f). This effect can be explained by an
increase in charge carrier density in the nanorods.39,44 So, the
core−shell structure in combination with the arrangement of
the nanorods, not only introduce cavity resonance modes in
the nanostructured material, but these coupled resonances are
additionally electrochemically addressable. This enables fully
reversible electro-optical modulation of cavity resonance
modes of the metamaterial, and in the future, for electro-
chemical charging-induced plasmons in undoped semiconduc-
tors.
In summary, by introducing a controlled thermal oxidation

process, we fabricated nanorod arrays featuring a localized
surface plasmon resonance (LSPR) in the NIR range.
Characterization of the nanorods reveals a core−shell structure
with a highly doped Sb:SnOx (x ≈ 1) core and a Sb:SnOx (x ≈
2) shell. Optical full-wave simulations and experimental
absorption spectra show that the metamaterial exhibits cavity

resonance modes, based on the coupling of transversal
plasmon resonances of adjacent nanorods. The cavity modes
and the LSPR can be dynamically tuned by electrochemical
charging of the nanorod arrays, which increases the charge
carrier concentration in the nanorod cores. Tuning the number
and position of such cavity modes can find application in
nonlinear and switchable devices based on the spatial-
dependent control of electric field hot-spots inside the
metamaterial. This process of electron accumulation in the
nanorods is reversible, paving the way to electro-optical
modulation of anisotropic multi-mode plasmonic metamate-
rials.
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Manzaneda-González, V.; Rivera, A.; Perlado, J. M.; Junquera, E.;
Guerrero-Martínez, A. Au@Ag Core−Shell Nanorods Support
Plasmonic Fano Resonances. Sci. Rep 2020, 10 (1), 5921.
(14) Balitskii, O.; Mashkov, O.; Barabash, A.; Rehm, V.; Afify, H. A.;
Li, N.; Hammer, M. S.; Brabec, C. J.; Eigen, A.; Halik, M.; Yarema,
O.; Yarema, M.; Wood, V.; Stifter, D.; Heiss, W. Ligand Tuning of
Localized Surface Plasmon Resonances in Antimony-Doped Tin
Oxide Nanocrystals. Nanomaterials 2022, 12 (19), 3469.
(15) Zhang, C.; Chen, B.-Q.; Li, Z.-Y.; Xia, Y.; Chen, Y.-G. Surface
Plasmon Resonance in Bimetallic Core−Shell Nanoparticles. J. Phys.
Chem. C 2015, 119 (29), 16836−16845.
(16) Agrawal, A.; Cho, S. H.; Zandi, O.; Ghosh, S.; Johns, R. W.;
Milliron, D. J. Localized Surface Plasmon Resonance in Semi-
conductor Nanocrystals. Chem. Rev. 2018, 118 (6), 3121−3207.
(17) Hsu, S.-W.; On, K.; Tao, A. R. Localized Surface Plasmon
Resonances of Anisotropic Semiconductor Nanocrystals. J. Am. Chem.
Soc. 2011, 133 (47), 19072−19075.
(18) Luk’yanchuk, B.; Zheludev, N. I.; Maier, S. A.; Halas, N. J.;
Nordlander, P.; Giessen, H.; Chong, C. T. The Fano Resonance in
Plasmonic Nanostructures and Metamaterials. Nat. Mater. 2010, 9
(9), 707−715.
(19) Chen, H.; Shao, L.; Ming, T.; Woo, K. C.; Man, Y. C.; Wang, J.;
Lin, H.-Q. Observation of the Fano Resonance in Gold Nanorods
Supported on High-Dielectric-Constant Substrates. ACS Nano 2011,
5 (8), 6754−6763.
(20) Campione, S.; de Ceglia, D.; Guclu, C.; Vincenti, M. A.;
Scalora, M.; Capolino, F. Fano Collective Resonance as Complex
Mode in a Two-Dimensional Planar Metasurface of Plasmonic
Nanoparticles. Appl. Phys. Lett. 2014, 105 (19), No. 191107.
(21) Hentschel, M.; Saliba, M.; Vogelgesang, R.; Giessen, H.;
Alivisatos, A. P.; Liu, N. Transition from Isolated to Collective Modes
in Plasmonic Oligomers. Nano Lett. 2010, 10 (7), 2721−2726.
(22) Qin, F.; Lai, Y.; Yang, J.; Cui, X.; Ma, H.; Wang, J.; Lin, H.-Q.
Deep Fano Resonance with Strong Polarization Dependence in Gold
Nanoplate−Nanosphere Heterodimers. Nanoscale 2017, 9 (35),
13222−13234.
(23) Yang, Y.; Kravchenko, I. I.; Briggs, D. P.; Valentine, J. All-
Dielectric Metasurface Analogue of Electromagnetically Induced
Transparency. Nat. Commun. 2014, 5 (1), 5753.
(24) Vasilantonakis, N.; Nasir, M. E.; Dickson, W.; Wurtz, G. A.;
Zayats, A. V. Bulk Plasmon-Polaritons in Hyperbolic Nanorod
Metamaterial Waveguides. Laser & Photonics Reviews 2015, 9 (3),
345−353.
(25) Yang, Y.; Wang, W.; Boulesbaa, A.; Kravchenko, I. I.; Briggs, D.
P.; Puretzky, A.; Geohegan, D.; Valentine, J. Nonlinear Fano-
Resonant Dielectric Metasurfaces. Nano Lett. 2015, 15 (11), 7388−
7393.
(26) Lassiter, J. B.; Sobhani, H.; Fan, J. A.; Kundu, J.; Capasso, F.;
Nordlander, P.; Halas, N. J. Fano Resonances in Plasmonic
Nanoclusters: Geometrical and Chemical Tunability. Nano Lett.
2010, 10 (8), 3184−3189.
(27) Lyvers, D. P.; Moon, J.-M.; Kildishev, A. V.; Shalaev, V. M.;
Wei, A. Gold Nanorod Arrays as Plasmonic Cavity Resonators. ACS
Nano 2008, 2 (12), 2569−2576.
(28) Huang, Y.; Zhang, X.; Li, J.; Ma, L.; Zhang, Z. Analytical
Plasmon Dispersion in Subwavelength Closely Spaced Au Nanorod

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c01485
Nano Lett. 2025, 25, 8628−8635

8634

https://pubs.acs.org/doi/10.1021/acs.nanolett.5c01485?ref=pdf
https://doi.org/10.1038/s41598-020-62243-0
https://doi.org/10.1038/s41598-020-62243-0
https://doi.org/10.1038/s41598-020-62243-0
https://doi.org/10.1038/s42254-021-00394-3
https://doi.org/10.1038/nmat2546
https://doi.org/10.1021/nl902621d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl902621d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl902621d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b00767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.7b00767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41566-017-0002-6
https://doi.org/10.1038/s41566-017-0002-6
https://doi.org/10.1038/s41566-017-0002-6
https://doi.org/10.1126/science.1157566
https://doi.org/10.1126/science.1157566
https://doi.org/10.1364/JOSAB.27.001819
https://doi.org/10.1364/JOSAB.27.001819
https://doi.org/10.1002/adfm.202407552
https://doi.org/10.1002/adfm.202407552
https://doi.org/10.1002/adfm.202407552
https://doi.org/10.1002/lpor.202300886
https://doi.org/10.1002/lpor.202300886
https://doi.org/10.3390/nano9050739
https://doi.org/10.3390/nano9050739
https://doi.org/10.1103/PhysRevLett.101.047401
https://doi.org/10.1103/PhysRevLett.101.047401
https://doi.org/10.1038/s41598-020-62852-9
https://doi.org/10.1038/s41598-020-62852-9
https://doi.org/10.3390/nano12193469
https://doi.org/10.3390/nano12193469
https://doi.org/10.3390/nano12193469
https://doi.org/10.1021/acs.jpcc.5b04232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b04232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2089876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2089876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat2810
https://doi.org/10.1038/nmat2810
https://doi.org/10.1021/nn202317b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn202317b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4901183
https://doi.org/10.1063/1.4901183
https://doi.org/10.1063/1.4901183
https://doi.org/10.1021/nl101938p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl101938p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7NR04524G
https://doi.org/10.1039/C7NR04524G
https://doi.org/10.1038/ncomms6753
https://doi.org/10.1038/ncomms6753
https://doi.org/10.1038/ncomms6753
https://doi.org/10.1002/lpor.201400457
https://doi.org/10.1002/lpor.201400457
https://doi.org/10.1021/acs.nanolett.5b02802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b02802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl102108u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl102108u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn8006477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7TC01556A
https://doi.org/10.1039/C7TC01556A
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c01485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Arrays from Planar Metal−Insulator−Metal Waveguides. Journal of
Materials Chemistry C 2017, 5 (24), 6079−6085.
(29) Doherty, M. D.; Murphy, A.; Pollard, R. J.; Dawson, P. Surface-
Enhanced Raman Scattering from Metallic Nanostructures: Bridging
the Gap between the Near-Field and Far-Field Responses. Phys. Rev. X
2013, 3 (1), No. 011001.
(30) Liu, X.; Swihart, M. T. Heavily-Doped Colloidal Semi-
conductor and Metal Oxide Nanocrystals: An Emerging New Class
of Plasmonic Nanomaterials. Chem. Soc. Rev. 2014, 43 (11), 3908−
3920.
(31) Lounis, S. D.; Runnerstrom, E. L.; Llordés, A.; Milliron, D. J.
Defect Chemistry and Plasmon Physics of Colloidal Metal Oxide
Nanocrystals. J. Phys. Chem. Lett. 2014, 5 (9), 1564−1574.
(32) Lounis, S. D.; Runnerstrom, E. L.; Bergerud, A.; Nordlund, D.;
Milliron, D. J. Influence of Dopant Distribution on the Plasmonic
Properties of Indium Tin Oxide Nanocrystals. J. Am. Chem. Soc. 2014,
136 (19), 7110−7116.
(33) Agrawal, A.; Kriegel, I.; Milliron, D. J. Shape-Dependent Field
Enhancement and Plasmon Resonance of Oxide Nanocrystals. J. Phys.
Chem. C. 2015, 119 (11), 6227−6238.
(34) Jaffray, W.; Saha, S.; Shalaev, V. M.; Boltasseva, A.; Ferrera, M.
Transparent Conducting Oxides: From All-Dielectric Plasmonics to a
New Paradigm in Integrated Photonics. Adv. Opt. Photon., AOP 2022,
14 (2), 148−208.
(35) Huang, Y.-W.; Lee, H. W. H.; Sokhoyan, R.; Pala, R. A.;
Thyagarajan, K.; Han, S.; Tsai, D. P.; Atwater, H. A. Gate-Tunable
Conducting Oxide Metasurfaces. Nano Lett. 2016, 16 (9), 5319−
5325.
(36) Feigenbaum, E.; Diest, K.; Atwater, H. A. Unity-Order Index
Change in Transparent Conducting Oxides at Visible Frequencies.
Nano Lett. 2010, 10 (6), 2111−2116.
(37) Lee, H. W.; Papadakis, G.; Burgos, S. P.; Chander, K.; Kriesch,
A.; Pala, R.; Peschel, U.; Atwater, H. A. Nanoscale Conducting Oxide
PlasMOStor. Nano Lett. 2014, 14 (11), 6463−6468.
(38) Kafaie Shirmanesh, G.; Sokhoyan, R.; Pala, R. A.; Atwater, H.
A. Dual-Gated Active Metasurface at 1550 Nm with Wide (>300°)
Phase Tunability. Nano Lett. 2018, 18 (5), 2957−2963.
(39) Tandon, B.; Gibbs, S. L.; Dean, C.; Milliron, D. J. Highly
Responsive Plasmon Modulation in Dopant-Segregated Nanocrystals.
Nano Lett. 2023, 23 (3), 908−915.
(40) Garcia, G.; Buonsanti, R.; Runnerstrom, E. L.; Mendelsberg, R.
J.; Llordes, A.; Anders, A.; Richardson, T. J.; Milliron, D. J.
Dynamically Modulating the Surface Plasmon Resonance of Doped
Semiconductor Nanocrystals. Nano Lett. 2011, 11 (10), 4415−4420.
(41) Jia, Y.; Liu, D.; Wang, X.; Cheng, B.; Cheng, H. Dynamically
Modulating the Mid-Infrared Localized Surface Plasmon Resonance
of Al-Doped ZnO Nanocrystals. Mater. Res. Express 2023, 10 (9),
No. 095001.
(42) Martin, C. R. Nanomaterials: A Membrane-Based Synthetic
Approach. Science 1994, 266 (5193), 1961−1966.
(43) Herzog, T.; Weitzel, N.; Polarz, S. Oxygen Vacancy Injection-
Induced Resistive Switching in Combined Mobile and Static Gradient
Doped Tin Oxide Nanorods. Nanoscale 2020, 12 (35), 18322−18332.
(44) zum Felde, U.; Haase, M.; Weller, H. Electrochromism of
Highly Doped Nanocrystalline SnO2:Sb. J. Phys. Chem. B 2000, 104
(40), 9388−9395.
(45) Yang, Z.; Zhang, M.; Zhao, X.; Guo, Z.; Zeb, S.; Jiang, W.; Liu,
T.; Hu, R.; Jiang, X. Ammonia Induced Strong LSPR Effect of Chain-
like ATO Nanocrystals for Hyperspectral Selective Energy-Saving
Window Applications. Chemical Engineering Journal 2024, 479,
No. 147442.
(46) Pradhan, N.; Das Adhikari, S.; Nag, A.; Sarma, D. D.
Luminescence, Plasmonic, and Magnetic Properties of Doped
Semiconductor Nanocrystals. Angew. Chem., Int. Ed. 2017, 56 (25),
7038−7054.
(47) Trepka, B.; Emminger, Y. H.; Schneider, N.; Schlötter, M.;
Theiss, S.; Wimmer, I.; Fonin, M.; Polarz, S. Sacrificial Templating: A
Route to Europium-II Oxide (EuO) Particles with Arbitrary Shape

Prepared Indirectly by Hostile Takeover. Cryst. Growth Des. 2019, 19
(8), 4234−4238.
(48) Kolmakov, A.; Zhang, Y.; Moskovits, M. Topotactic Thermal
Oxidation of Sn Nanowires: Intermediate Suboxides and Core−Shell
Metastable Structures. Nano Lett. 2003, 3 (8), 1125−1129.
(49) Gibbs, S. L.; Dean, C.; Saad, J.; Tandon, B.; Staller, C. M.;
Agrawal, A.; Milliron, D. J. Dual-Mode Infrared Absorption by
Segregating Dopants within Plasmonic Semiconductor Nanocrystals.
Nano Lett. 2020, 20 (10), 7498−7505.
(50) Tandon, B.; Agrawal, A.; Heo, S.; Milliron, D. J. Competition
between Depletion Effects and Coupling in the Plasmon Modulation
of Doped Metal Oxide Nanocrystals. Nano Lett. 2019, 19 (3), 2012−
2019.
(51) Mwamburi, M.; Wäckelgar̊d, E.; Karlsson, B. Optical Properties
of SnOx: F/Al2O3/Al Solar Selective Reflector Surfaces. In Third
International ISES Europe Solar Congress; Copenhagen, Denmark,
2000; pp 19−22.
(52) Stjerna, B. A.; Granqvist, C.-G. Optical and Electrical Properties
of Doped Rf-Sputtered SnOx Films. In Optical Materials Technology
for Energy Efficiency and Solar Energy Conversion XI: Selective Materials,
Concentrators and Reflectors, Transparent Insulation and Superwindows;
SPIE: 1992; Vol. 1727, pp 178−193. DOI: 10.1117/12.130505.
(53) Shanthi, S.; Subramanian, C.; Ramasamy, P. Investigations on
the Optical Properties of Undoped, Fluorine Doped and Antimony
Doped Tin Oxide Films. Crystal Research and Technology 1999, 34
(8), 1037−1046.
(54) Li, M.; Yu, X.-F.; Liang, S.; Peng, X.-N.; Yang, Z.-J.; Wang, Y.-
L.; Wang, Q.-Q. Synthesis of Au−CdS Core−Shell Hetero-Nanorods
with Efficient Exciton−Plasmon Interactions. Adv. Funct. Mater. 2011,
21 (10), 1788−1794.
(55) Gogotsi, Y.; Penner, R. M. Energy Storage in Nanomaterials −
Capacitive, Pseudocapacitive, or Battery-Like? ACS Nano 2018, 12
(3), 2081−2083.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.5c01485
Nano Lett. 2025, 25, 8628−8635

8635

https://doi.org/10.1039/C7TC01556A
https://doi.org/10.1103/PhysRevX.3.011001
https://doi.org/10.1103/PhysRevX.3.011001
https://doi.org/10.1103/PhysRevX.3.011001
https://doi.org/10.1039/C3CS60417A
https://doi.org/10.1039/C3CS60417A
https://doi.org/10.1039/C3CS60417A
https://doi.org/10.1021/jz500440e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz500440e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502541z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502541z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b01648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b01648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/AOP.448391
https://doi.org/10.1364/AOP.448391
https://doi.org/10.1021/acs.nanolett.6b00555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b00555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl1006307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl1006307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl502998z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl502998z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b00351?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c04199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl202597n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl202597n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2053-1591/acf43f
https://doi.org/10.1088/2053-1591/acf43f
https://doi.org/10.1088/2053-1591/acf43f
https://doi.org/10.1126/science.266.5193.1961
https://doi.org/10.1126/science.266.5193.1961
https://doi.org/10.1039/D0NR03734F
https://doi.org/10.1039/D0NR03734F
https://doi.org/10.1039/D0NR03734F
https://doi.org/10.1021/jp0010031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0010031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cej.2023.147442
https://doi.org/10.1016/j.cej.2023.147442
https://doi.org/10.1016/j.cej.2023.147442
https://doi.org/10.1002/anie.201611526
https://doi.org/10.1002/anie.201611526
https://doi.org/10.1021/acs.cgd.9b00443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b00443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.9b00443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl034321v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl034321v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl034321v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c02992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b00079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1117/12.130505
https://doi.org/10.1117/12.130505
https://doi.org/10.1117/12.130505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/(SICI)1521-4079(199909)34:8<1037::AID-CRAT1037>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-4079(199909)34:8<1037::AID-CRAT1037>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-4079(199909)34:8<1037::AID-CRAT1037>3.0.CO;2-J
https://doi.org/10.1002/adfm.201002233
https://doi.org/10.1002/adfm.201002233
https://doi.org/10.1021/acsnano.8b01914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b01914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c01485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

