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Abstract: Nanogap cavity metasurfaces – an array of

metallic nanoparticles separated from a metal plane by

a nanometer-scale dielectric material – can manipulate

electromagnetic waves across a wide wavelength range.

Through this, they can profoundly modify the optical pro-

cesses of molecules and materials relevant to quantum

communications, photocatalysis, and optoelectronics. Inter-

actions between nanocavities and light, however, require

overlap between the cavity resonance and the energy

of the incident photon or optical transition, demanding

labor-intensive fabrication of bespoke metasurfaces for

each desired application. Here, we dynamically tune the

resonance wavelength of nanogap cavity metasurfaces

by modulating the refractive index of the surrounding

medium using solvents. We achieve precise, reversible, and

broadband resonance control for narrow nanogap cavity

resonances (full width half max <500 nm) over a range

of 1–5 μm, while maintaining high absorption efficiency

(60–98 %). Resonance tuning up to 300 nm for a singlemeta-

surface was achieved by changing the dielectric environ-

ment from air to solvents with controlled refractive indexes

n = 1.3–1.7 without any discernable metasurface degrada-

tion. This opens new possibilities for applications in optical

sensing with significantly increased nanofabrication toler-

ances, such as tunable photonic devices and adaptive optical
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systems, where precise control over light–matter interac-

tions is critical.
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1 Introduction

Nanogap cavity metasurfaces have garnered significant

attention for their ability to manipulate light through struc-

tures with deeply subwavelength dimensions. These meta-

surfaces, which consist of a shaped metallic nanoparticle

separated from a flat metallic mirror by a thin dielectric

layer, efficiently absorb or scatter resonant light through

coupled surface plasmon resonances of the twometal struc-

tures. These processes create intense, subwavelength elec-

tromagnetic fields localized in the space between the metal

film and nanoparticle, here termed the “gap.” These fields

influence the radiative processes and optical properties of

integrated materials and molecules, making nanogap cav-

ity metasurfaces powerful tools for a wide range of pho-

tonic applications [1]–[6]. Typically, the optical properties

of nanogap cavity metasurfaces are statically determined

at the time of nanofabrication through nanoparticle shape

and size, dielectric layer thickness, and material identi-

ties [2], [3]. In contrast, real-time tuning introduces active

adjustability of metasurface optical properties, which can

significantly relax nanofabrication tolerances and enable

new device functionalities such as electro-optical modu-

lation [7]–[14], adaptive imaging [12], [15]–[17], or tun-

able beam steering [18]–[20]. Reported active tuning meth-

ods have allowed for modulation of metasurface behavior

through application of external stimuli [21], such as voltages

[7]–[14], [17], temperature shifts [22]–[25], and mechanical

forces [26]–[28]. Electrical tuning has offered kilohertz to

gigahertz switching speeds and broad tuning ranges up

to nearly 1 μm, however it generally requires large gate

voltages and additional fabrication steps [7]–[14]. Metasur-

faceswhich incorporate phase changematerials have exhib-

ited substantial tuning ranges up to 500 nm upon heating.
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However, precise temperature control within metasurfaces

is challenging, and the system inherently requires stabiliza-

tion time to achieve reliable performance control [22]–[25].

In addition, surrounding solvent media have been demon-

strated to tune the resonance and diffraction efficiency of

a silicon pillar metasurface by modifying the refractive

environment without altering the metasurface or necessi-

tating additional nanofabrication steps [16], [29]. As such,

real-time solvent tuning shows great promise for adaptable

metasurfaces used in imaging [15], [16], sensors [30]–[32]

and metrology systems [33]. While most optofluidic plat-

forms have achieved ∼150 nm resonance tuning of meta-

surfaces operating in the visible portion of the electromag-

netic spectrum [15], [29], [32], [33], relatively little atten-

tion has been given to studies in the infrared wavelength

range.

Here, we demonstrate real-time resonance tuning of

a nanogap cavity metasurface via solvent immersion and

exchange. This method achieves metasurface resonance

tuning up to 300 nm while maintaining 80–90 % of the ini-

tial absorption efficiency. By using a variety of nanogap

cavity metasurfaces, this method enables both precise

and extensive tuning across broadband wavelengths with

initial resonances ranging from 800 nm to 5 μm. In addition,
this method demonstrates high reversibility, as resonance

deviations less than 5 nm were observed upon repeated

cycling of the solvent environment. This technique shows

great promise for applicationswhich require precise, exten-

sive, and repeatable tuning, such as optical detectors, tun-

able photonic devices, and real-time adaptive optical mod-

ulators for next-generation photonic technologies. Further,

the fact that the “gap” is spatially separated from the sur-

rounding dielectric environments provides an innate pro-

tection of delicate optically active materials from poten-

tially reactive solvents. This makes these solvent-tunable

nano-gap cavities excellent candidates for real-time con-

trol of light–matter coupling using chemically-sensitive

materials.

Figure 1: Geometric and dielectric control of resonant absorption in nano-gap metasurfaces. (a) Schematic representation of the metasurface sample

in the flow cell. (b) Photographic image of the device flow cell. (c) SEM image of the metasurface elements. (d) COMSOL simulation of reflectance

spectrum of the metasurface and (e) electric field at 1,140 and 1,300 nm for two refractive indexes (1 and 1.7) of surrounding medium. “On” and “off”

refer to on- and off-resonance wavelengths.
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2 Results and discussion

2.1 Solvent environments to tune
metasurface resonance

Metasurfaces consisting of arrays of nanoscale patch anten-

nas were constructed from square gold nanoparticles sepa-

rated from a flat gold film by a thin dielectric spacer. The

gold nanoparticles were square blocks with a height of

35 nm and side lengths (L) ranging from 120 to 1,100 nm, and

nanoparticle arrays had a pitch of twice the side length. The

dielectric spacer consisted of a SiO2 layer with thickness of

10, 20, or 40 nm deposited using plasma-enhanced chemical

vapor deposition (PECVD) (Figure 1). As reported previously,

the antenna array formed a metasurface which exhibited a

highly efficient absorptive mode corresponding to the cou-

pled plasmonic oscillations of the nanostructure and gold

film. This results in significant light absorption at the reso-

nancewavelength, where the resonancewas determined by

the side length of the gold nanoparticles and the SiO2 layer

thickness. Metasurfaces with nanoparticle side lengths of

120–1,100 nm studied herein exhibited narrow resonances,

with typical full width half max (FWHM) values ∼10–15 %
of the resonance wavelength, across a broad spectral range

from 1 μm to 5 μm (Fig. S1).

Eachmetasurfacewas fully immersed in a solvent envi-

ronment established within a flow cell (1.5 cm × 1.5 cm ×
1 cm) made from polypropylene using a 3D printer (Bambu

lab x1-carbon). The solvent flow cell included two channels

to facilitate solvent exchange, and a cover glass formed a

window to ensure a uniform solvent thickness of 1 mm. The

first channel was used to introduce solvents into the flow

cell. After reflectance measurements, the second channel

was used to remove the solvent. To wash away residue of

the previous solvent, the subsequent solvent was flowed

through the cell for 30 s before refilling the cell with fresh

solvent. This cell enabled precise, real-time modulation of

the refractive index surrounding the metasurface through

exchange of commercial solvents (Cargille-Sacher) which

act as refractive index standards (Figure 1a, Fig. S2).

Finite element simulations were used to predict the

influence of the solvent refractive index (n, measured

at 589 nm) on the metasurface absorption resonance

(Figure 1d). The simulated absorbance of a metasurface

with nanoparticle side lengths of 140 nm in air (n = 1)

showed a maximum absorption (∼93 %) at 1,140 nm, while
the same structure in a simulated solvent environment

of n = 1.7 exhibited a maximum absorption at 1,300 nm

(Figure 1d). As the refractive index near the nanostructure

changed, it effectively changed the optical path length and

the coupling conditions of the incident light. This caused the

metasurface resonance frequency to decrease with higher n

solvents according to:

𝜔res =
𝜔p√
1+ 2𝜀

m

Here, ωres is the effective resonance frequency, ωp is the

free electron plasma frequency of the metasurface, and

𝜀
m
is the permittivity of the surrounding medium. The

resonance wavelength was inversely related to the reso-

nance frequency, 𝜆res = 2𝜋c∕ωres [1]–[4]. Simulations fur-

ther showed that absorption of resonant light generated

extreme, heterogeneous electric fields within the dielectric

layer (Figure 1e), while non-resonant light resulted in little

to no cavity field.

Within the flow cell, the solvent environment was used

to actively control the refractive index surrounding the

metasurface, here consisting of square gold nanoparticles

Figure 2: Resonance wavelength tuning via surrounding refractive

index. (a) Experimental reflectance spectra of a metasurface (500 nm

nanoparticle side length and 40 nm SiO2 thickness) showing the effect of

increasing the refractive index of the surrounding medium, where higher

indexes are represented by darker red colors. (b) Wavelength shift (black)

and FWHM (red) of reflectance spectra with varying solvent refractive

indexes.
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with 500 nm side lengths and a 40 nm thick SiO2 dielectric

spacer. We utilized five different commercially available

refractive index standards consisting of chlorofluorocar-

bon mixtures with refractive indexes between 1.3 and 1.7

measured at 589 nm (Fig. S2). The solvent was exchanged

using the flow cell, and the reflectance spectrum was col-

lected by a Fourier-transform infrared (FTIR) spectrometer

(Bruker Invenio R). As shown in Figure 2a, the metasurface

exhibited a resonance wavelength at 2,430 nm with 245 nm

FWHM in air (n= 1). This FWHMwas notably broader than

predicted in simulations (150 nm), which likely results from

small inhomogeneities in the electron beam lithography

(EBL)-patterned metasurface. The side lengths of individual

EBL-generated nanostructures exhibited a standard devi-

ation of 4–7 nm, as quantified through scanning electron

microscopy (SEM) images. As the refractive index increased,

the resonance wavelength red-shifted linearly at a rate of

40–60 nm per 0.1 refractive index increment for a total shift

of 280 nm from air to n = 1.7. This red-shifted tuning was

accompanied by an increase in FWHM, though it should be

noted that this increased FWHM becomes negligible when

the spectra are plotted in wavenumber rather than wave-

length (Fig. S3). Throughout the tuning,metasurface absorp-

tion remains consistently high (>95 %) (Figure 2).

2.2 Broadband wavelength tuning

Similar real-time resonance tuning through solvent

exchange was observed over a wide range of nanoparticle

side lengths and dielectric layer thicknesses, which resulted

in real-time tuning over a broad spectral range. Spectra

in Figure 3a correspond to metasurfaces of 300, 500, 700,

900 and 1,100 nm side lengths with a 40 nm SiO2 thickness.

Increased nanostructure side lengths resulted in dramatic

red shifts in peak absorption wavelength from 1 μm to

5 μm. Red shifts in the resonance were accompanied by

a systematic decrease in absorption efficiency, which

has previously been demonstrated to result in decreased

Figure 3: Real-time tuning across a broad spectral range. (a) Reflectance spectra of the metasurfaces of different side lengths (300–1,100 nm) with

40 nm SiO2 with longer lengths indicated by a darker color. (b) Red bars indicate resonance wavelength (λres) tuning as a function of metasurface
absorber size with refractive index change. Darker red colors represent higher refractive indexes. (c) Reflectance spectra of the metasurfaces of three

side lengths (300, 500, 900 nm) with 40 nm SiO2 thickness indicated with solid, dash-dotted, and dashed lines, showing the resonance wavelength

shifting with changing solvent refractive index. Darker red lines represent higher refractive indexes. Inset is a schematic of the metasurface structure

where L is as indicated. (d) Change in resonance wavelength as the refractive index increases from 1 to the indicated refractive indexes. Darker dots

indicate a larger nanoparticle side length (L).



E. Shin et al.: Real-time tuning of plasmonic nanogap cavity resonances — 5

electric field intensities within the larger mode volumes

underneath nanoparticles with larger side lengths [34].

Nanostructures with 300 nm side lengths absorbed 98 % of

incident light at the peak resonance wavelength (1,560 nm),

while nanostructures with 1,100 nm side lengths absorbed

65 % incident light at the peak resonance wavelength

(5,000 nm).

Exchange of the solvent environment resulted in sim-

ilar resonance tuning across metasurfaces with all side

lengths studied herein. Metasurfaces with resonances in air

of 1.56, 2.42, and 4.11 μmeach exhibited significant red-shifts

in solvent environments with refractive indexes 1.0 to 1.7 as

predicted in Eq. 1 (Figure 3c). Metasurfaces exhibited reso-

nance tuning ranges up to 300 nm from air to n= 1.7, which

corresponded to∼ 17 meV resonance shift per 0.1 refractive

index increment (Fig. S3). This demonstrated how tailoring

the absorber size and adjusting the refractive index of the

medium actively tuned the resonance wavelength across a

broad wavelength range. Despite this broadband tunabil-

ity, solvent tuning was limited in spectral regions where

the solvent itself demonstrated optical activity. Specifically,

the commercial solvent standards utilized in this study

absorbed significant light at wavelengths 3,300–3,600 nm

and > 5,000 nm (Fig. S4). In these spectral ranges, competi-

tive solvent absorption masked the metasurface absorption

and either prevented or obscured measurable resonance

tuning (Fig. S1). This limit suggests that alternative solvent

mixtures with higher IR transparency might allow for reso-

nance tuning over a truly arbitrary spectral range well into

themid- and longwave-infrared portions of the electromag-

netic spectrum.

The metasurface resonance shifts due to changed sol-

vent environment was reversible, exhibiting little or no hys-

teresis upon two solvent exchange cycles (Figure 4). Meta-

surface absorption spectra of a single sample were mea-

sured first upon solvent exchange from low to high refrac-

tive indexes and then from high to low refractive indexes.

The resonance wavelength was observed to vary < 7 nm

for a given refractive index between forward and reverse

cycles, and spectra measured before and after the solvent

exchange exhibited a minimal change in FWHM < 12 nm.

A slight shift was detected at n=1 in the forward and back-
ward sequences; we attribute this to small residual amounts

of solvent trapped within the metasurface by capillary

forces. However, by flushing the cell with additional solvent

between measurements, the overall hysteresis remained

below 7 nm. These results demonstrate the robustness and

reliability of this tuning method, suggesting that the reso-

nancewavelength can be consistently controlledwith a high

degree of precision.

Figure 4: Reversibility of spectral shifts upon solvent exchange.

(a) Hysteresis plot of absorption spectra showing the changes during

a forward and backward sequence of solvent exchange. (b) Resonance

wavelength shift as a function of refractive index, comparing the forward

and backward sequence.

2.3 Applications of nano-gap cavity
microfluidics

The integration of microfluidic systems with nanophotonic

devices and metasurfaces has been proposed as a promis-

ing tool for sensing, imaging, lasers, and more [32], [29].

A distinct advantage of integrating nano-gap cavity meta-

surfaces with microfluidics, however, is that cavity fields,

which are localized within the gap layer, are spatially dis-

tinct from the solvent environment (Figure 1e). Though the

environment surrounding the metal nanoparticle changes,

the gap cavity itself, i.e. the dielectric material between

the nanoparticle and metal film, does not come into direct
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contact with the solvent. This confers a distinct advantage

to nano-gap cavities within microfluidic systems in contrast

to more standard metasurfaces such as plasmonic lattice

arrays, waveguides, gratings, and dielectric metasurfaces.

Namely, the location of the field is protected from the poten-

tially harsh and reactive solvents within the microfluidic

device. As such, nano-gap cavity metasurfaces are uniquely

well-suited to the integration of delicate materials such

as quantum dots, transition metal dichalcogenides, small

molecules, and polymer thin films into these fields. The

broad microfluidic resonance tuning demonstrated herein

could allow for the dynamic control of light–matter cou-

pling, the Purcell effect, photothermal effects, or allowing

otherwise forbidden of optical transitions while protecting

the materials from potentially deleterious or complicating

solvent interactions.

3 Conclusions

In this study, we investigated a dual tuning mechanism that

combines the fabrication of metasurfaces with distinct res-

onance wavelengths and the modulation of the surround-

ing medium’s refractive index. By varying the metasurface

design, we achieved resonance wavelengths ranging from

800 nm to 5 μm, each demonstrating a high absorption effi-

ciency (60–98 %). Tuning the refractive index of the sur-

rounding environment with solvents enabled broad reso-

nance wavelength shifts up to 300 nm while maintaining

high absorption efficiency. Typically, real-time tuning alone

cannot achieve such a broad tuning range, but by integrat-

ing both passive and real-time tuning methods, we were

able to achieve awide tuning range for each resonance. Fur-

ther, the structure of nano-gap cavity metasurfaces offers

the advantage of spatially separating the solvents which

cause the tuning from the cavity being tuned. This approach

offers a promising method for dynamic tuning in appli-

cations such as optical sensing, modulators, light–matter

coupling, and other tunable photonic devices [15], [16],

[35]–[37].
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