
Research Article Vol. 33, No. 25 / 15 Dec 2025 / Optics Express 53618

Stacked nanogap plasmons for multispectral
photoluminescence
CHENG CHEN,1 HWANHEE KIM,1 DARYLL J. C DALAYOAN,1

SUNGHWAN KIM,1 SEONHYE EOM,1 SEON NAMGUNG,1

HYEONG-RYEOL PARK,1,3 AND DUKHYUNG LEE2,4

1Department of Physics, Ulsan National Institute of Science and Technology, Ulsan 44919, Republic of
Korea
2School of Applied and Engineering Physics, Mohammed VI Polytechnic University, Ben Guerir 43150,
Morocco
3nano@unist.ac.kr
4dukhyung.lee@um6p.ma

Abstract: Plasmonic metasurfaces supporting multiple resonances are highly desirable for
enhancing optical fields at distinct wavelengths. Here, we demonstrate doubly stacked nanogap
arrays that exhibit dual Fabry–Pérot resonances of the gap plasmons. Numerical simulations
reveal that both resonances appear at different wavelengths due to the lateral length difference
between the upper and lower nanogaps. Furthermore, we fabricated stacked nanogap arrays by
alternating metal-insulator deposition, electron beam (e-beam) lithography, and ion milling. Due
to the dual plasmon resonance, the photoluminescence spectra of spin-coated dyes (R6G and
IR-820) show distinct modifications near the two reflection dips. These results highlight stacked
nanogaps as a promising platform for co-localized multicolor dye excitation and multispectral
photoluminescence engineering, with potential applications in multi-wavelength light sources
and multicolor displays.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Plasmonic metasurfaces have been extensively studied for their ability to concentrate light into
sub-wavelength volumes, enabling applications such as photoluminescence (PL) modification
[1,2], surface enhanced Raman spectroscopy (SERS) [3–6], and diverse nonlinear optical
phenomena [7–10]. To extend these capabilities across multiple wavelengths, metasurfaces with
multiple resonances have been widely explored [11–14]. For example, broadband PL from silicon
was achieved by exploiting higher order modes of the plasmonic cavity [15]. Gap plasmons
in metal-insulator-metal (MIM) waveguides are particularly attractive, as they provide strong
field confinement and enhancement by squeezing light into nanometer-scale volumes [16–19].
Since the Fabry–Pérot resonance of gap plasmons is determined by the length and width of the
waveguide [20–22], metasurfaces with multiple resonances can be realized by integrating MIM
structures of different dimensions. Previous studies have demonstrated vertically stacked MIM
nanogaps composed of alternating metal and dielectric layers, where different gap widths were
engineered to produce multiple resonances, achieving strong SERS enhancement [23–25]. In
addition to these multi-resonant designs, plasmonic gaps on flexible substrates with mechanically
controllable gap widths have recently been demonstrated, enabling dynamic resonance tuning
and selective enhancement of specific Raman modes [26].

In this work, we present vertically stacked metal-insulator-metal-insulator-metal (MIMIM)
arrays with gradually decreasing lateral lengths, where the resulting difference between upper and
lower nanogaps enhances dual Fabry–Pérot resonances. We investigated their optical properties
using finite element method simulations with varying geometrical factors, showing how to tune
the resonances. We also demonstrated the fabrication of trapezoidal MIMIM stack arrays by
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exploiting the inherent characteristic of ion milling, which preferentially removes material from
the upper layers. The fabricated samples exhibited two distinct dips in the reflection spectra,
corresponding to the Fabry–Pérot resonances predicted by the simulations. PL modification
due to the field enhancement was further confirmed using two dyes, Rhodamine 6G (R6G)
and IR-820, whose emission spectra overlap with the respective gap plasmon resonances. Our
vertically stacked MIMIM architecture enables multispectral PL control through two co-localized
Fabry–Pérot gap-plasmon resonances, offering a compact alternative to single-color multilayered
metasurfaces [27] by achieving dual-wavelength functionality within a single structure.

2. Simulation results

Stacked nanogaps we studied are schematically described in Fig. 1(a). We have chosen gold and
alumina (Al2O3) as metal and insulator materials because of their broad usage in plasmonics
[28–30]. Especially, thickness of alumina layers can be controlled in an angstrom scale by using
atomic layer deposition (ALD). The nanogap arrays can be specified by following geometrical
parameters: gap width g of upper and lower nanogaps, bottom gold length l, inter-stack distance
d, sidewall slope θ, and stack height h. To simplify the analysis, we fixed the height h at
110 nm in all simulations presented in this work. Simulated reflection, absorption, and field
enhancement spectra for a representative case are shown in Fig. 1(b). Three distinct reflection
dips and corresponding absorption peaks are observed at around 0.55, 0.7 and 0.9 µm. While the
feature at 0.55 µm is attributed to the interband transitions of gold [31], the latter two features
arise from the Fabry–Pérot resonances of gap plasmons confined within the upper and lower
nanogaps [32–35]. Investigation of the field enhancement at each gap entrance clearly shows
that Fabry–Pérot resonances occur independently in the upper and lower gaps due to their length
difference. At a wavelength of 0.7 µm, only the upper gap exhibits significant field enhancement,
whereas at 0.9 µm, only the lower gap does. Figure 1(c) shows the field map of the unit cell at
the wavelengths corresponding to the respective maximum field enhancements. Characteristic

Fig. 1. Concept of stacked nanogap arrays studied in this work. (a) Schematic of
the trapezoidal MIMIM arrays. (b) Simulation results for the optical properties with
representative geometrical parameters (10 nm gap width g, 110 nm bottom gold length l,
15 nm inter-stack distance d, 70° sidewall slope θ). Field enhancement values were obtained
by averaging at the respective gap entrances (alumina-air interfaces). (c) Field distributions
at the wavelengths of maximum field enhancement for the upper and lower nanogaps.
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field distributions of fundamental Fabry–Pérot resonances are observed in both field maps, with
antinodes at the gap ends and a node at the center.

The field enhancements can be exploited to modify the PL of molecules located in the vicinity
of the gap entrances, if the gap plasmon resonances are properly overlapped with the intrinsic PL
spectrum [36–39]. Therefore, we studied the tunability of the resonances for various geometrical
parameters. The simulated results are summarized in Fig. 2, where the geometrical parameters
are identical to those in Fig. 1(b), except for the varying parameter. Figure 2(a) shows that
the resonances redshift as the gap width g decreases, since a narrower gap yields a larger
propagation constant for a given frequency. Furthermore, narrower gaps tend to produce higher
field enhancements. Increasing the bottom gold length l (Fig. 2(b)) also induces redshifts,
although this has little effect on the magnitudes of the field enhancements. Increasing the sidewall
slope θ increases the lengths of both gaps, with a greater rate of increase for the upper gap. This
becomes evident when comparing Fig. 2(b) and 2(c). From the simulations varying l and θ, a
linear relation between the nanogap length and the resonance wavelength can be established,
providing predictability of the Fabry–Pérot resonance wavelength for a given nanogap length (see
Supplement 1 S1). Figure 2(d) shows that the resonances are largely unaffected by changes in
the inter-stack distance d, confirming that the gap width and length are the primary determining
factors for the Fabry–Pérot resonances.

Fig. 2. Tunability of the gap field enhancements. Dependence on the (a) gap width g, (b)
bottom gold length l, (c) sidewall slope θ, and (d) inter-stack distance d. Default values for
the geometrical parameters are g= 10 nm, l= 110 nm, d = 15 nm, θ = 70°. The solid and
dashed lines denote the upper and lower gaps, respectively.

https://doi.org/10.6084/m9.figshare.30818408


Research Article Vol. 33, No. 25 / 15 Dec 2025 / Optics Express 53621

3. Fabrication and photoluminescence measurement

To realize the optical functionality shown in the simulation results, we fabricated MIMIM
stacked nanogap arrays with structural parameters close to those in the simulations. Figure 3(a)
illustrates the three-step top-down fabrication method [40]. First, 30 nm-thick gold layers and
10 nm-thick alumina layers were alternately deposited on an oxidized Si substrate by electron-
beam evaporation and ALD at 200 °C using trimethylaluminum (TMA) and H2O as precursors,
respectively, forming the MIMIM film. The Al2O3 growth rate was approximately 1.4 Å per cycle
(≈70 cycles for 10 nm). The optical dielectric constants (εr) of the deposited Al2O3, determined
from ellipsometry measurements, were approximately 3.03 and 3.01 at 532 nm and 633 nm,
respectively, corresponding to refractive indices of n ≈ 1.742 and n ≈ 1.736. Second, a PMMA
mask with lines approximately 10 nm wide was patterned using electron-beam lithography (EBL)
for the subsequent milling step. PMMA was spin-coated on the MIMIM film and baked at 180 °C
for 1 min, followed by e-beam writing and development. Third, argon ion milling was carried out
to etch the lines defined by the PMMA mask, yielding a trapezoidal MIMIM stack array. After
the milling process, the PMMA mask was removed by acetone rinsing and O2 plasma treatment.
To examine the fabricated nanogap arrays, scanning electron microscopy (SEM) images were
acquired. As shown in Fig. 3(b-d), the top-view images verify the formation of the stacked
nanogap array across an area of 20 µm× 20 µm. The cross-sectional view in Fig. 3(e) reveals
a period of 130 nm and an inter-stack distance of ∼10 nm. The trapezoidal geometry is clearly
observed, with the upper nanogaps having shorter lateral lengths than the lower ones.

Fig. 3. Fabrication of MIMIM stacked nanogaps. (a) Schematic flow of the fabrication
process. Au/Al2O3/Au/Al2O3/Au layers were deposited on a Si substrate with a 300 nm SiO2
top layer, followed by e-beam lithography and argon ion etching to separate stacks. (b,c,d)
Top view SEM images showing a 20 µm by 20 µm stacked nanogap array (e) Cross-sectional
SEM image of MIMIM stacks. The period and inter-stack distance were estimated to be
130 nm and 10 nm, respectively.

To demonstrate that each of the dual plasmon resonances can modify PL spectra, two sets of
samples were prepared for R6G [41,42] and IR-820 [43] dye molecules, respectively. Within
each sample set, the e-beam exposure dose was adjusted to produce varying lateral dimensions.
Due to the proximity effect [44,45] in EBL process, increasing the dose resulted in a wider
exposed linewidth in the PMMA mask, leading to an increase in the inter-stack distance d and a
decrease in the lateral size of staked nanogaps. Decreases of lateral sizes with increasing dose
were confirmed by SEM images, as shown in Figs. 4(c,f) (see Supplement 1 S2 for the curve
of inter-stack distance d versus EBL dose). We first measured reflection spectra to identify the

https://doi.org/10.6084/m9.figshare.30818408
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positions of plasmon resonances and proceeded PL measurements with spin-coated dyes. The
reflection spectra of the first sample set for R6G are shown in Fig. 4(a). The reflection dips
observed below 500 nm originate from the intrinsic properties of gold and are not associated
with gap plasmon excitation, as discussed in the simulation section. For the sample with a 120
pC/cm dose, we can identify reflection dips at the wavelengths of ∼645 nm and ∼960 nm, which
can be attributed to gap plasmon excitation at the upper and lower nanogaps, respectively. As
indicated by the dashed line for the upper gap resonance, larger lateral dimensions with lower
doses exhibited redshift of the resonance dips, which is consistent with the simulation results
given in Fig. 2(b). For PL measurements, the first set samples were spin-coated at 2000rpm for
1 min with an R6G solution (10−4 M in ethanol), followed by solvent removal through heating on
a hot plate at 60 °C for 5 min, leaving only the R6G molecules. PL measurements were conducted
using a home-built setup with a 532 nm unpolarized excitation laser at a power of 1 mW and
1 µm laser spot size. The measured PL spectra are presented in Fig. 4(b). For reference, the PL
spectrum of R6G on a plain gold film was also measured (black curve), showing that the intrinsic
emission range is well overlapped with the resonance range of the upper nanogaps. In comparison
to the intrinsic PL spectrum, the PL spectra from the stacked nanogap samples display modified
spectral profiles, accompanied by intensity enhancements. The PL enhancement factor (EF)

Fig. 4. Resonance tuning and corresponding PL modulation. (a) Reflection spectra measured
from a set of stacked nanogap arrays fabricated using varying line doses (100–120 pC/cm)
in e-beam lithography. (b) PL spectra of the sample set in (a) after spin-coating of R6G dye.
The black curve represents the PL spectrum from an unpatterned gold film coated with R6G,
scaled by a factor of 10 for clarity. (c) SEM top view images of stacked nanogap arrays,
corresponding to line doses of 120 and 100 pC/cm. (d-f) Reflection spectra, PL spectra, and
SEM images from another sample set fabricated with varying line doses (121–123 pC/cm)
and spin-coated with IR-820 dye. Spectra in (a,b,d,e) have been vertically offset for clarity.
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was calculated as EF= IMIMIM / IAu, where IMIMIM and IAu denote the integrated PL intensities
from the MIMIM stacked nanogap arrays and the unpatterned Au film, respectively. For the
first sample set fabricated with line doses ranging from 120 to 100 pC/cm, the corresponding
EF values were 12.2, 13.6, 13.8, 13.6, and 13.1. These EF values were determined from the
total PL emission, which includes contributions from both nanogap and non-nanogap regions,
thereby providing a realistic measure of the overall enhancement. Notably, the PL measurements
showed excellent spatial homogeneity across the MIMIM stacked nanogap array (Supplement 1
S3). Furthermore, the PL spectra exhibited a progressive redshift with increasing lateral length,
analogous to the behavior of the reflection dip. This strongly indicates that the PL of R6G was
modified through gap plasmon excitation at the upper nanogap.

For PL measurements of IR-820 dye, samples were fabricated with two different exposure
doses, 123 pC/cm and 121 pC/cm. The reflection spectra shown in Fig. 4(d) reveal excitation
of the lower nanogaps around 900-950 nm, again demonstrating the redshift associated with
decreasing exposure dose, as indicated by the dashed line. In this second sample set, the
upper nanogap resonance was diminished, possibly due to the fabrication imperfections such as
fluctuations in the sidewall slope θ (see Supplement 1 S4) and proximity of the resonance to the
region of interband transitions. Spin-coating of IR-820 was performed using a 10−3 M solution
in ethanol, under the same spin-coating and solvent removal conditions as those used for R6G.
PL measurements for IR-820 dyes were performed using a 633 nm unpolarized excitation laser
at a power of 0.224 mW, and the results are presented in Fig. 4(e). The intrinsic PL spectrum
obtained with a plain gold film (black curve) shows a good spectral overlap with the lower
nanogap resonances. As in the case of R6G, the PL spectra from the stacked nanogap arrays
exhibited enhancement, with EF values of 14.2 and 7.2 for line doses of 123 pC/cm and 121
pC/cm, respectively. Furthermore, the PL spectra showed a redshift of the peak position with
decreasing exposure dose. This behavior, consistent with that observed in the reflection spectra,
confirms that the PL of IR-820 was modified by the plasmonic resonance of the lower nanogap.

4. Conclusion

We have demonstrated that vertically stacked MIMIM nanogap arrays with tapering width along
the height can support dual Fabry–Pérot gap plasmon resonances originating from the upper and
lower nanogaps. By systematically varying the electron-beam exposure dose during lithography,
we controlled the lateral dimensions and tuned the resonance wavelengths, resulting in predictable
spectral shifts consistent with finite-element simulations. PL measurements using R6G and
IR-820 dyes confirmed co-localized excitation and enhancement at two distinct resonances,
verifying that the upper and lower nanogap plasmons can selectively influence the PL response of
each dye. These results highlight the capability of stacked nanogap metasurfaces for simultaneous
dual-wavelength control and multispectral light–matter interaction engineering. Furthermore,
while EBL was employed here for nanoscale patterning, the design is fully compatible with
nanoimprint lithography, providing a scalable and cost-effective route toward multi-wavelength
light sources, color-selective photonic elements, and advanced multicolor displays.
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