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Plasmonic high-quality factor resonators with narrow surface plasmon resonance (SPR) linewidths are extremely
significant for surface-enhanced Raman scattering, optical sensors, imaging, and color filters. Unfortunately,
extensive research on narrowing SPR linewidths is mainly based on noble metal nanostructures that are restricted
by intrinsic loss. Here, heterostructures consisting of metal and dielectric metaphotonics are experimentally de-
signed and fabricated for elaborating SPR linewidths. The results demonstrate that the SPR linewidths can be
narrowed by 66.7% relative to that of aluminum nanostructures. The resonant linewidths are directly shrunk due
to the interaction between low loss in the semiconductor nanostructures and electromagnetic confinement in the
metal counterparts. Meanwhile, the resonant wavelength governed by heterostructure configurations shifts from
600 to 930 nm. This work will pave an avenue toward controlling resonant linewidths of metal-
dielectric heterostructures for numerous applications. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.458049

1. INTRODUCTION

Plasmonic nanostructures with delicate surface plasmon reso-
nance (SPR) line shapes have been of particular interest in
recent years [1–4]. The linewidths refer to the full-width at
half-maximum (FWHM) of the resonant peaks/valleys of the
plasmonic nanostructures. The narrow SPR linewidths are ad-
vantageous for biochemical sensors, nanolasers, and optical im-
aging. An efficient way to narrow SPR linewidths is to assemble
periodic arrays by utilizing diffractive coupling with neighbor-
ing particles [5,6]. Crozier’s group demonstrated narrow near-
infrared resonance peaks in two-dimensional gold nanoparticle
arrays by coupling between grating diffraction and localized
surface plasmons [7]. Ren’s group achieved the narrowest line-
width of 3 nm at 960 nm in gold hexagonal arrays [8].
Additionally, in the last few years, a host of strategies or efforts
have been devoted to achieving narrower linewidths, including
reducing the surface roughness [9], designing the patterns of
plasmonic nanostructures [10–12], choosing the materials of
the metallic layer [13], and forming bound states in the con-
tinuum (BIC) of plasmonic-photonic systems [14–16].
However, extensive attention to narrowing SPR linewidths
has mainly focused on noble metal nanostructures, which
can support SPR from the visible to the THz wavelength re-
gimes [15,17,18]. To achieve narrow SPR linewidths in the UV
wavelength band, our group manufactured stable aluminum

(Al) plasmonic arrays and achieved a 14-nm narrow SPR line-
width at about a 400-nm wavelength [19]. The unsatisfactory
reality of Al nanostructures is the high level of intrinsic ohmic
losses [20]. Recently, dielectric nanostructures with high refrac-
tive indices have emerged to be a contender in low losses
[21,22]. The integration of metallic nanostructures with dielec-
tric nanostructures is demonstrated to mitigate losses [23].
Fortunately, the cooperative interaction between metal and di-
electric nanostructures has given rise to vast and novel optical
phenomena for functional photonic devices [24–31]. However,
it is one of the major issues in narrowing resonant linewidths
based on heterostructures. Here, we put forward an efficient
strategy to mitigate the losses in plasmonic nanostructures
by integrating dielectric nanostructures with Al nanostructures.
The motivation for adopting metal-dielectric heterostructures
is because the interaction of a lossy Al plasmonic cavity and
a lossless dielectric cavity can reduce the non-radiation loss
in the near-infrared regime.

In this work, we experimentally design and manufacture a
hybrid plasmonic nanostructure consisting of Al and silicon
(Si). The Al can support SPR in a wide spectrum from deep
ultraviolet (DUV) to near-infrared (NIR) regions. Despite us-
ing a Si semiconductor with an indirect bandgap, Si nanostruc-
tures are luminescent and can be integrated into a chip. In
addition, Si has a large permittivity (n > 3.5) and a low imagi-
nary part of the refractive index in the visible and the NIR
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spectral ranges (see Appendix A.1). Importantly, Si has a rela-
tively low cost and process compatibility. Therefore, the inte-
grated Al-Si heterostructure enables narrowing SPR linewidths
and reduces the non-radiation loss. High refractive index (Si) in
the heterostructures can shrink the pronounced SPR linewidths
by a factor of about 66.7%. Meanwhile, the resonant wave-
length can shift from 600 to 930 nm.

Generally, the heterostructures of metal-dielectric nano-
structures are first fabricated individually and then combined
by utilizing sophisticated techniques, such as drop casting and
molecule linking [32]. In this article, we propose a straightfor-
ward fabrication technology for manufacturing heterostruc-
tures that are schematically illustrated in Fig. 1(a). Primarily,
photoresist nanohole patterns with a 450-nm periodicity and
a 250-nm diameter are fabricated on silicon wafers by utilizing
nanoimprint lithography (NIL). The fabrication details can be
found in Appendix A. Si nanoholes with 100-nm depths are
formed via an inductively coupled plasma (ICP) etching system
that utilizes photoresist nanoholes as a mask. Finally, a thin Al
film 80-nm-thick covers the surface by TEMD-500 thermal
evaporation. The residual photoresist layer acts as a spacer,
and the thickness is ∼2 nm displayed in pink, as shown in
Fig. 1(a). Figure 1(b) displays the top-view scanning electron
microscopy (SEM) image of heterostructures with a 450-nm
period and ∼240 nm width of nanoholes. The geometrical
parameters of H 1 and H 2, in the inset of Fig. 1(b), denote
the Al film thicknesses covering the top and side wall of the
Si nanoholes, respectively. The values of H 1 and H 2 are about
80 and 10 nm. Remarkably, due to the deposition of the 80-nm
Al film, size variations in the experimentally fabricated hetero-
structures nanoholes are inevitable. Additionally, Fig. 1(c)
shows that the Al/Si elemental ratio of the heterostructures
characterized by energy dispersive X-ray spectroscopy (EDX)
is 13.14/81.61.

2. RESULTS AND DISCUSSION

The Al can support the surface plasmon resonance (SPR) cover-
ing from the DUV to NIR regions and is the best candidate for
plasmonics in the UV region. However, Al plasmonic nano-
structures are restricted by high losses resulting from the diffi-
culty in narrowing resonant linewidths. Fortunately, dielectric
nanostructures with low loss can manipulate light at the nano-
scale like plasmonic nanostructures. New energies now focus on

integrating high-refractive-index dielectric nanostructures and
plasmonic nanostructures into the heterostructures to narrow
the SPR linewidths. To verify the superiority of introducing
Si nanostructures, therein, the reflectance spectra of the Al-
Si heterostructures nanoholes are recorded by utilizing a
home-built angle-resolved reflectance spectrometer (see
Appendix A.2) with varied illumination angles (θ) and azimu-
thal angles (φ). Figure 2(a) shows the diagram of the home-
built angle-resolved reflectance spectrometer. We investigate
the optical response of the heterostructures to varied θ. For sim-
plification, φ is 0°. When θ increases from 0° to 75°, we can
obviously observe that the resonant mode emerges red shift and
becomes narrower. The characteristic resonant modes of the
heterostructures are similar to that of the plasmonic Al nano-
structures. Thus, we can quantitatively analyze the resonant
modes according to the phase-matching equations [4,19,33],
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where λSPP denotes the surface plasmon polariton (SPP) reso-
nant wavelength, εAl and ε represent the permittivity of the Al
and the dielectric, �m, n� is the order of the SPP resonant
modes, and θ, φ, and P are the incidence angle, azimuthal an-
gle, and periodic parameter, respectively. The resonant mode of
the heterostructures attributes to the �−1, 0� SPP mode accord-
ing to Eq. (1) [4]. Figure 2(b) demonstrates that the �−1, 0�
SPP resonant mode dominates the optical coupling to the elec-
tronic excitations in the Al-Si heterostructures.

Next, we investigate the optical response of the resonant
wavelengths and the linewidths of the heterostructures to
the varied φ in the case of a constant θ of 75°. The reflectance
spectra in full φ range with steps of 5° are shown in Fig. 2(c).
We can distinctly observe that the �−1, 0� SPP mode red shifts
and blue shifts when the φ is larger than 45°. When the θ equals
to 45°, the bandgap of ∼50 nm occurs, which originates from
the strong interference between the �−1, 0� SPP modes and the
hybrid modes of the heterostructures [4,19,33]. In Fig. 2(d),
the resonant peak of the heterostructures exhibits a broader
shifting from 600 to 930 nm with the increase of the

Fig. 1. (a) Schematic illustration of the heterostructures. (b) Top-view SEM image of heterostructures, where Px equal to Py denotes the 450 nm
period andW the 240 nm width of the nanoholes, H 1 the top thickness of 80 nm, and H 2 the vertical wall thickness of ∼10 nm. (c) The element
components of Al and Si.
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illumination angles. Compared with that of the Al nanostruc-
tures, the Al-Si heterostructures display a prominent control-
lability in a wide wavelength range. In Fig. 2(e), the
resonant peak of the Al-Si heterostructures, upon being com-
pared with the linewidth of the pure Al nanoholes, shows a
noticeable narrowed linewidth at 75°. We can distinctly observe
∼8 nm narrow linewidth in Fig. 2(f ) for the Al-Si heterostruc-
tures. To explain the mechanism of dissipation loss in the hy-
brid Si-Al metasurface, we performed the electromagnetic field
distribution (EFD) using the commercial finite difference time
domain (FDTD) software (see Appendix A.3). The simulation
results demonstrate that the resonant mode characteristics of
the heterostructures are similar to that of the plasmonic Al
nanostructures [19,34]. The EFD in the x–y plane shows that
the electromagnetic field is mainly located at the sidewall of the
heterostructures. But we can observe a non-negligible electro-
magnetic field distribution inside the nanoholes due to intro-
ducing the low-loss Si nanoholes. The electromagnetic field
decays exponentially in the y–z plane. The above results suggest
that the narrowest linewidth can be achieved in the Al-Si het-
erostructures after introducing the low-loss nanostructures with
high refraction.

Different from the plasmonic nanostructures, which can
confine the light in the outside of the nanostructures, the di-
electric nanostructures with high indices can concentrate light
field into their inside. They manipulate optically induced Mie
resonances. To clarify the mechanism of the heterostructures in
narrowing the resonant linewidth, the resonant characteristics

of the Si nanoholes are analyzed individually. For the scattered
field of the Si nanohole arrays in the Cartesian coordinate sys-
tem, the electric dipole and magnetic dipole can be written as
follows [35,36]:
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Here, P � �px , py, pz� and m � �mx ,my,mz� denote the
electrical dipole and magnetic dipole, θ and φ the illuminating
angle and the azimuthal angle of the spherical coordinate sys-
tem, and kd the wavelength vector of the dielectric nanosphere.
The optical excitations of the Si nanostructures can be tuned by
sizes and shapes that are derived from discrete electronic levels
in the conduction and valence bands [24,35,37]. Notably, the
optical characteristic of the Si nanohole arrays shows the angle
dependence in Eqs. (2) and (3). The resonant modes of the Si
nanoholes can be modulated by varying the θ and φ (see

Fig. 2. For the spectral analysis, the reflection spectra under different incidence angles and azimuthal angles were collected by the angle-resolved
spectrometer. (a) The diagram of the angle-resolved spectrometer, and θ and φ defined as illumination angle and azimuthal angle, respectively.
(b) and (c) The variation of the optical properties with θ and φ, respectively, in case of illumination by an unpolarized white light. (d) The
reflectance spectra of the Al nanostructures and the Al-Si heterostructures under varied illumination angle with φ set as 0°. (e) The FWHM
of the pure Al nanostructures and the Al-Si heterostructures under the varied illumination angle with φ set as 0°. (f ) The resonant linewidth
comparison of the pure Al nanostructures and the Al-Si heterostructures under an incidence angle set as 75° with φ set as 0°.
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Appendices A.4–A.6). Figure 3(a) demonstrates that the Si
nanohole arrays exhibit three resonant modes labeled by
Si_mode 1, Si_mode 2, and Si_mode 3, respectively. The
Si_mode 1 and Si_mode 2 in the NIR region blue shift with
increasing θ. A new resonant mode (Si_mode 3) will emerge
when the incidence angle is larger than 45° and blue shifts.
For pure Al nanostructures, the resonant modes of the Al nano-
structures are angle-dependent [5,19], and they have red shifted
when increasing the incident angle (see Appendices A.7
and A.8). By modulating θ, Si_mode 1 will couple to the

�−1, 0� SPP mode at 75° incidence. Si_mode 2 will couple
to the �−1, 0� SPP mode at 60° incidence [Fig. 3(a)]. As res-
onators, the Al nanostructures will couple to the excitons of the
Si nanostructures through near-field interactions when their
spectra overlap. The interaction results in narrowing the line-
width [Fig. 3(b)]. Therefore, optical excitations of Al-Si heter-
ostructures can be realized through designing the resonant
modes of metal and dielectric nanostructures.

The above results demonstrate a narrowing resonant line-
width of 8 nm by adopting the heterostructures. To further

Fig. 3. Mechanism of Al-Si heterostructures. (a) The resonant modes of the Al nanostructures and the Si nanostructures under varied incidence
angles. (b) The energy levels of the Al nanostructures and Si nanostructures. The resonant modes of the Si nanostructures will couple to the �−1, 0�
SPP mode in case of spectral overlapping.

Fig. 4. Polarization-dependent optical properties of the heterostructures with an azimuthal angle of 0° by tuning the incident angles of (a) 30°,
(b) 45°, and (c) 75° and with an illumination angle 60° by tuning the azimuthal angles of (d) 60°, (e) 75°, and (f ) 90°.
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investigate the optical properties of the heterostructures for
dedicated applications, we recorded reflectance spectra of the
heterostructures by changing φ and θ for polarization-
dependent properties. Figures 4(a)–4(c) clearly show the
reflectance spectra at characteristic θ with φ set as 0°.
Figures 4(d)–4(f ) demonstrate the polarization-dependent
properties of reflectance spectra at characteristic φ with θ set as
60°. Because of the 4-fold symmetry of the tetragonal array of
the heterostructures, similar results can be observed when φ
equals 0°, 15°, and 30°. Figures 4(a)–4(c) clearly demonstrate
that the �−1, 0� SPP mode mainly depends on the p-polariza-
tion when θ is set as 30° and 45°, respectively. It is
interesting to find that the unpolarized spectra of the �−1, 0�
SPP mode are the sum of p-polarization and s-polarization at θ
being 75°. Figures 4(d)–4(f ) intuitively exhibit that the reflec-
tance spectra of the �−1, 0� SPP mode are mainly the sum of
p-polarization and s-polarization at φ of 60°, 75°, and 90°.
The polarization-dependent property of the heterostructures
can be used for the detection of the polarization of an
unknown light source as well as other polarization-related
applications [11].

3. CONCLUSION

In summary, we successfully fabricate metal/dielectric hetero-
structures consisting of the periodic metal arrays (Al) and
dielectric nanostructures (Si). By introducing the low-loss Si
nanostructures, the resonant band with a linewidth of ∼8 nm
can be narrowed by a factor of 66.7% in comparison with alu-
minum nanostructures. Moreover, the modulation range of the
resonant wavelength based on the heterostructures can be en-
gineered in a broader wavelength range from 600 to 900 nm,
which is derived from the heterostructures critically depending
on the illumination angle (θ) and the azimuthal angle (φ). We
predict that the narrow linewidth based on the heterostructures
can serve as a promising substrate for surface-enhanced spec-
troscopy and biosensors.

APPENDIX A: METHODS

A photoresist layer TU2-70 with 200 nm thickness was spin-
coated on the silicon wafer (Obducat Technologies AB,
Sweden). The nanopatterns were replicated from a nickel mold
(hole array with 450-nm period and 250-nm hole diameter) to
photoresist utilizing the Eitre-6 nanoimprint lithography sys-
tem (Obducat Technologies AB, Sweden). A thermal nanoim-
print on the nickel mold was taken with the intermediate
polymer sheet (IPS, Obducat Technologies AB, Sweden) at
150°C with 40 bar (1 bar � 105 Pa) pressure for 3 min.
Upon the removal from the hard mold, the nanopattern can
be formed on the IPS surface and act as the soft mold during
the UV-nanoimprint process. The replica IPS soft mold was
placed on the TU2-170 photoresist surface and was imprinted
at 65°C under 30 bar pressure for 5 min as well as UV-exposed
for 1 min. To isolate the photoresist nanopatterns after the sep-
aration of the IPS from the resist, we precisely removed the
residual layer on the bottom via the Q150 micro-wave plasma
etching system (Alpha, Germany) with a gas mixture of O2

(100 sccm; sccm, standard cubic centimeters per minute)
and Ar (100 sccm) plasma at a chamber pressure of 60 Pa

and a power density of 300 W for 60 s, resulting in the change
of the hole array (450-nm period, 300-nm hole in diameter,
about 2-nm-thick residual photoresist layer). Silicon nanoholes
of 100-nm depth were formed via the inductively coupled
plasma (ICP) etching system with photoresist nanoholes as
mask. The heterostructures will be formed by spin-coating
an approximately 80-nm Al film by TEMD-500 thermal
evaporation. The large-scale and high-quality heterostructures
with 450-nm period and 240-nm diameter have been
formed.

1. Imaginary Part of the Refractive Index of
Material Si
According to the data from Ref. [38], we plot the extinction
coefficient of material Si in the Fig. 5. The extinction coeffi-
cient of material Si is near zero in the visible and the NIR spec-
tral ranges. Si is a superior candidate in low-loss materials.

2. Measurement of Angle-Resolved Reflectance
Spectra
The angle-resolved reflectivity spectra were measured for the
pure Al, pure Si, and Al-Si heterostructures nanoholes on sil-
icon wafer by utilizing a home-built UV-visible-NIR spectrom-
eter. The schematic of the angle-resolved reflectivity
spectrometer is illustrated in Fig. 6(a). The device is composed
of light source (AvaLight-DH-S-BAL), spectrometer (vaSpec-
NIR256/512-1), and sample platform (including angle-re-
solved mould). The angles of θ and φ are defined as illumina-
tion angle and azimuthal angle in the Fig. 6(b), respectively.
The angles of θ and φ can be modulated through changing
the position of optical fiber in the angle-resolved mould and
rotating the sample in x–y plane.

Fig. 5. Imaginary part of the refractive index of the Si material is
near zero in the visible and NIR regions.
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3. E-field Distribution of Heterostructures
Figure 7 shows the electromagnetic field (E-field) distribu-
tion using commercial FDTD software. The illustration of
heterostructures is displayed in the Fig. 7(a). The E-field dis-
tribution in the x–y plane shows that the E-field is mainly
located at the sidewall of heterostructures [Fig. 7(b)]. But,
we can observe non-negligible E-field distribution inside the
nanoholes due to introducing the low-loss Si nanoholes.
The electromagnetic field decays exponentially in the y–z plane
[Fig. 7(c)].

4. SEM Image of Si Nanoholes
The morphology of Si metasurfaces is measured by utilizing
scanning electron microscopy (SEM). Figure 8 demonstrates
that large-area and high-quality Si metasurfaces can be fabri-
cated by NIL technique. The periods Px and Py are both
450 nm and the width of nanoholes is 240 nm.

5. Reflectance Spectra of Si Nanoholes Arrays under
Varied Illumination Angles
The dielectric nanostructures with high refractive index are fa-
vorable to enhance light-matter interaction in nanoscale, ben-
efiting from the advantages of low loss, optical magnetism, and
multipolar responses. The materials, such as Si, Ge, TiO2, are
commonly used as dielectric metastructures due to the charac-
teristic of high index and low loss in the visible range. The

optical excitations of Si nanostructures can be tuned by size
and shapes that are derived from discrete electronic levels in
conductions and valence bands. Like plasmonic nanoarrays, Si
nanoholes arrays have different colors that can be observed by
the naked eye when tilted toward different angles. Therefore,
we quantitatively characterized angle-resolved reflectance

Fig. 6. (a) The spectral analysis equipment of the angle-resolved spectrometer. (b) The diagram of θ and φ, defining the illumination angle and
the azimuthal angle, respectively.

Fig. 7. Electromagnetic field distribution using commercial FDTD software. (a) The schematic illustration of heterostructures. (b) The electro-
magnetic field distribution in the x–y plane. (c) The electromagnetic field distribution in the y–z plane.

Fig. 8. Top-view SEM image of the Si nanoholes, where Px equal to
Py denotes the 450 nm period and W the 240 nm width of the
nanoholes.
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spectra of Si nanoholes arrays by changing the illumination an-
gle (θ) and the azimuthal angle (φ) of the samples. First, the
reflectance spectra in case of changing θ from 15° to 60° are

recorded and the results have been listed in Fig. 9. When θ
is smaller than 30°, there are two resonant peaks in the reflec-
tance spectra. Once θ is larger than 30°, the third resonant
mode will occur in the reflectance spectra. We can distinctly
observe that all the resonant modes will blue shift as θ increases.
Next, a series of azimuthal angle-resolved optical measurements
was performed to study the resonant modes of Si nanoholes
arrays. The results shown in Fig. 9 demonstrate that the reso-
nant modes located at the larger wavelength will slightly shift.

6. Reflectance Spectra of Si Nanoholes Arrays under
Varied Azimuthal Angles
The optical dependence of Si nanoholes on azimuthal angles (φ)
has been investigated. Figure 10 demonstrates that the resonant
modes of Si nanoholes will blue shift with increasing φ.

7. SEM Image of Al Nanoholes
The morphology of Al metasurfaces is measured by utilizing
scanning electron microscopy (SEM). Figure 11 demonstrates

Fig. 9. Reflectance spectra of the Si nanoholes arrays under varied
θ. The resonant modes are at (a) 15°, (b) 30°, (c) 45°, and (d) 60°.

Fig. 10. Reflectance spectra of the Si nanoholes arrays under
varied φ when θ is equal to 60°. The φ changes from 0° to 90°,
and the step is 5°.

Fig. 11. Top-view SEM image of Al nanoholes, where Px equal to
Py denotes the 450 nm period andW the 240 nm width of the nano-
holes.
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that large-area and high-quality Al metasurfaces can be ob-
tained by NIL technique. The periods Px and Py are both
450 nm and the width of nanoholes is 240 nm.

8. Optical Properties of Al Nanoholes Arrays
The well-defined Al plasmonic nanoholes are quantitatively
characterized by utilizing the home-built angle-resolved
UV-visible-NIR spectrometer. The reflectance spectra in case
of varied illumination angles are recorded, and the results have
been shown in Fig. 12. Seriously, there are two resonance peaks
displayed in those reflectance spectra. The mode in the larger
wavelength obviously shows the trend of red shift and can be
attributed to the �−1, 0� SPP modes. Likewise, the mode at the
shorter wavelength red shifts. These modes obtained in the
experiment can be explained by the classical dispersion of an
ideal grating:
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