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ABSTRACT

Interband plasmons (IBPs) enable plasmonic behavior in non-metallic materials, such as
semiconductors. Originating from interband electronic transitions, IBPs are characterized by
negative real permittivity that can extend into deep ultraviolet (DUV) spectrum, as demonstrated
using silicon. However, the practical applications of IBPs are limited by their inherently broad
resonances. In this study, we address this limitation by hybridizing the localized plasmon
resonance of silicon nanostructures with the Fabry-Pérot resonance of SiO: dielectric layer atop
silicon substrate. This design achieves a simulated quality factor (Q-factor) of ~43, with
experimental measurements yielding a Q-factor of 37 at ~4.6 eV within the DUV region.
Furthermore, we demonstrate a 5.4-fold enhancement in DUV absorption for lignin-modified
polyethylene glycol films when integrated with the hybridized DUV cavity, showcasing the
potential for UV blocking applications. Our findings offer a versatile platform that can be adapted

to other IBP systems, and open new opportunities in UV-specific applications.

KEYWORDS: UV plasmonics; Interband plasmonics (IBP); ¢-Si nanodisk; c-Si nanohole;

Localized surface plasmon resonance (LSPR); Optical mode hybridization.



Introduction

Interband plasmonics (IBPs), supported by non-metallics, semiconductors and
topological insulators, have attracted fast-growing interest in recent years. ' Unlike classical
plasmonic materials, such as gold (Au) and silver (Ag), where the plasmonic nature originates
from the interaction between light and free electrons in the metal, IBPs rely on the electron
interband transitions within the material. As a result, p-block IBP materials, such as silicon
(S1), bismuth (Bi1), gallium (Ga) and arsenic (As), exhibit a strong plasmonic character in the
ultraviolet (UV) and visible spectral range, while antimony (Sb) displays this behavior in the
visible to near-infrared region. - > These characteristics extend to their dichalcogenides and
binary compounds, including antimony triselenide (Sb2Ses), antimony telluride (SboTes),”
bismuth triselenide (Bi>Tes) and bismuth telluride (BizTe3).” © Owing to their unique optical,
physical and chemical properties, the application of these compounds can offer advantages
over conventional plasmonic materials, and are currently being explored as materials for

1214 and ultra-

surface-enhanced spectroscopy,’” thermoelectrics,'” !' tuneable plasmonics,
wide band detectors. * '

Despite their outstanding potential, leveraging the plasmonic nature of IBP materials
has been challenging due to their intrinsically large damping losses (i.e., extinction coefficient,
k), which consequently leads to plasmonic resonances with low quality factors (Q-factors).”
For example, Si nanodisk structures can support localized surface plasmon resonances (LSPR)
with strong optical field enhancements in sub-10-nm gaps in the UV spectrum.'® However, the
Q-factor of the resonances is typically ~1. Generally, the quality factor of currently known IBP
materials does not exceed 3. This problem severely limits their applications in optical
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sensors,'’ photodetectors and other optoelectronic devices, which require high sensitivity

with the sharp and sensitive resonances.”’”* To fully utilise the extraordinary plasmonic



properties of IBP materials, the Q-factor of the resonances could therefore be enhanced by
exploring nanoantenna designs.>**’

In this work, we hybridize the localized plasmon resonance of silicon nanodisk arrays
with the Fabry-Pérot (F-P) resonance of a SiO» dielectric layer on top of a silicon substrate,
achieving a simulated Q-factor of ~43. The experimental measured Q-factor is 37 with a narrow
line width of ~7 nm within the deep UV region at ~4.6 eV. The observed Q-factors are higher
than that reported for UV plasmonic Al nanodisks of a similar design.’' In particular, the use
of Si over Al offers additional advantages in terms of stability and easier integration with
existing semiconductor fabrication methods. The enhanced sensitivity and light absorption of
the high-Q resonance is demonstrated by depositing a UV-absorbing lignin-polyethylene
glycol (lignin-PEG) co-polymer film over the plasmonic array. Lignin-PEG exhibits a strong
absorption at ~4.54 eV, falling within the spectral range of the IBP resonances demonstrated
in our work, thus facilitating effective interaction between these two materials. Our results
indicate that optical mode hybridization leads to exceptionally high-quality resonances for IBP
materials, therefore drastically improving the outlook for applications where narrow
resonances are required. Moreover, Si nanodisk arrays of this nature can potentially be utilized
in UVC (100-280 nm) specific applications, such as investigations of germicidal

mechanisms,”® >’ enhancement of light-absorption,”” *' UV sensors and photodetectors.*”

Results and discussion

The interband plasmonic properties of crystalline silicon (c-Si) nanodisk arrays were
studied by examining hybridized optical resonance modes in the deep ultraviolet (DUV) region.
The arrays were fabricated on a Si substrate with a 300-nm SiO> dielectric spacer layer (see
Methods), as shown in Figure 1(a). The bottom Si substrate acts as a reflector, enabling

hybridization between the LSPR mode on the nanodisks and the F-P cavity mode. The



hybridized state’s sharpness and resonance band linewidth are influenced by the degree of
hybridization. This interaction can be precisely controlled by adjusting two parameters: the

SiO; spacer layer thickness and the nanodisk diameter.
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Figure 1. High-Q resonances of the Si interband plasmonic nanodisk array achieved via
mode hybridization at DUV wavelengths. (a) Schematic of the array of interband plasmonic
(IBP) nanodisks fabricated on top of SiO»/Si substrate. (b) Simulated reflectance spectra for c-
Si nanodisk arrays on the SiO»/Si substrate, showing the degree of hybridization between the
LSPR mode of the c¢-Si nanodisks and the F-P cavity resonance mode. The simulated

reflectance spectrum has a Q-factor of 43. (c) Reflectance spectra of the F-P cavity as a



function of the cavity (SiO2) height. (d) Simulated reflectance spectrum of the c-Si nanodisk
array (hsi = 130 nm, d = 130 nm, p = 200 nm) on a quartz substrate, exhibiting a Q-factor of 1.
(e) Schematic illustration of the hybridization mechanism between LSP and F-P cavity
resonances. (f) Simulated reflectance spectrum of the F-P cavity with a film of 15 nm Ag on
300 nm SiO/Si substrate, showing a Q-factor of 7. (g) Theoretical and experimentally
measured reflectance spectrum of the LP mode of ¢-Si nanodisk/300 nm SiO»/Si (hs; = 130 nm,
d = 130 nm, p = 200 nm). (h)-(i) Spatial distribution of the electric field |E/Ei|, magnetic field

H/H o,

, and charges within the cross-section of c¢-Si nanodisks on 300 nm SiO2/Si,

demonstrating the LP mode and UP mode. The scale bar denotes 100 nm.

The thickness of the SiO2 spacer layer significantly influences the system's optical
response via hybridization. We analyzed this using finite-domain time-difference (FDTD)
simulation. Figure 1(b) shows the simulated reflectance spectra as a function of F-P cavity
thickness, with the c-Si antenna array having a height of 130 nm, disk diameter of 130 nm, and
pitch of 200 nm. Simulation details are in Numerical Simulations, while reflectance spectra and
electrical field mode distributions for F-P cavity thicknesses of 100 nm, 200 nm, and 300 nm
are in Figure S1. The optimized 300 nm F-P cavity achieves the highest Q-factor of 43. The
polycrystalline silicon (c-Si) nanoarray was fabricated with an annealing process after
nanopatterning (see Methods). This conversion to crystalline silicon improves the Q-factor, as
shown in Figure S2, where it was obtained via Gaussian fitting (Figure S3). This improvement
is due to c-Si's lower optical losses compared to amorphous silicon, stemming from reduced
structural disorder and absence of mid-gap defect states.*

For the ¢-Si nanodisk array (d = 130 nm) on a quartz substrate (without the spacer
cavity), interband plasmonics exhibit a broad resonance (Q = 1) (Figure 1(d)), attributed to

c-Si’s lossy nature and significant UV absorption. However, mode hybridization between the



c-Si IBP nanodisk and the F-P cavity (Figure 1(e)) alters the optical response, modifying the
behaviors of both nanodisk LSPR and F-P cavity (Figures 1(f) and S5). This hybridization
generates high-Q resonances and, in periodic nano hole-patterned systems, enables nonlocal
resonances with high Q-factors.’” ** The process produces two hybrid modes: the upper
polariton (UP) and lower polariton (LP) modes, shown in 3D plots in Figure S6.

Both hybrid modes appear in the experimental reflectance spectrum in Figure 1(g). The
sharper LP mode at A = 278 nm (red dot) has a theoretical Q-factor of 43 and a measured Q-
factor of 37, with corresponding electric field, magnetic field, and charge distributions
illustrated in Figure 1(h). The LP mode enhances scattering at the nanodisk corners, behaving
like a quadrupole in the charge distribution. Conversely, the broader UP mode at A = 256 nm
(blue triangle) exhibits higher radiative loss due to its dipolar nature, as reflected in the charge

distribution (Figure 1(1)).
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Figure 2. Mode hybridization of the Si nanohole plasmons with the F-P cavity. (a)
Schematic illustration of the hybrid plasmonic cavity of the Si interband plasmonic (IBP)
nanoholes on a F-P cavity. (b) Experimentally measured reflectance spectrum of a hybrid mode
in nanoholes (hs; = 130 nm, d = 150 nm, p =200 nm), with a corresponding Q-factor of 37.
The red line presents the simulated reflectance spectrum. (c¢) Experimental reflectance of the
c-Si nanohole array (hs; = 130 nm, d = 150 nm, p = 200 nm) on quartz substrate (without F-P
cavity), with a Q-factor of 5. (d) Energy level diagram of the hybridization, showing the LSPR
mode in ¢-Si nanohole and F-P cavity resonance mode in the SiO> spacer. Simulated spatial

distribution of the electric filed |E/Ein| and magnetic field |H/Hn| in the hybrid UP/LP mode



illustrates a stronger interaction between LSPR and F-P cavity in LP mode than that in UP

mode.

LSPR void modes also exist in ¢-Si nanoholes. '° Figure 2(a) shows a c-Si nanohole
array (hsi = 130 nm, d = 150 nm, p = 200 nm) atop a dielectric SiO> layer on a Si substrate,
with measured and simulated reflectance spectra in Figure 2(b). Hybridization of LSPR and
F-P cavity modes generates two optical modes: the UP mode (blue triangle) and LP mode (red
dot). The LP mode creates a resonance dip at A =270 nm with a narrow linewidth, achieving a
Q-factor of 37 (Figure 2(b)), close to the theoretical Q-factor of 39. By contrast, a c-Si nanohole
array with identical geometry on a quartz substrate without the cavity film shows a broad
resonance at A = 270 nm, with a Q-factor of 5 (Figure 2(c)).

To explore the nature of the two hybrid modes in ¢-Si nanoholes on the Si02/Si cavity,
eigenstate calculations were performed using finite-element analysis. The LSPR and F-P cavity
modes were calculated separately, as shown in the energy level diagram in Figure 2(d), with
the hybridized modes labeled LP and UP. Simulations reveal stronger electric-field
enhancement in the nanohole structure at the LP mode than at the UP mode.

To control the degree of hybridization, we tuned mode hybridization characteristics by
adjusting geometrical parameters for nanodisk and nanohole arrays on 300-nm SiO»/Si, as
shown in Figure 3(a)-(b). Fixing the array pitch at 200 nm yielded the sharpest reflectance
resonances (Figure S7). Simulated angle-resolved reflectance of nanodisk arrays reveals that
increasing the SiO2 spacer thickness enhances the resonance Q-factor and causes a redshift

(Figure S8).



Reflectance (a.u.)

Reflectance (a.u.)

(b) Exp.

W

Reflectance (a.u.)

d=
150

130
i
120 .
10/ A
L]
A
®
100
‘ Y

Wavelength (nm)

200 240 280 320 200 240 280 320

Wavelength (nm}

Reflectance (a.u.)

A

Wavelength (nm)

200 240 280 320 200 240 280 320

Wavelength (nm)

(h) SEM

(d)

Reflectance (a.u.)

(e)

UScarlering (nmz)

—
—
—

Reflectance (a.u.)

=
S—

UScarlering (nmz)

Sim.
0.6
0.4
0.2 1 b
0.0 T T
200 240 280 320
Wavelength (nm)
x 1013
06 —ED
—MD
— EQ
O MQ
0.2 ; j
0.0 ———7—+5—
200 240 280 320
Wavelength (nm)
Sim.
0.6
0.4
i
0.2
0.0 <
200 240 280 320

0.6

0.4

0.2

0.0

Wavelength (nm)

x 1013

— ED
- MD

200 240 280 320

Wavelength (nm)

Figure 3. Engineering of the mode hybridization characteristics via geometrical

parameter tuning. (a) Simulated and (b) experimental reflectance of the c-Si nanodisk arrays

of varying diameter from 100 nm to 150 nm, and fixed p=200nm, hs;= 130 nm,

hsio2 = 300 nm. (¢) Corresponding SEM images of the same arrays (scale bar denotes 100 nm).

(d) Simulated reflectance spectrum of a nanodisk array (Q =43, with p = 200 nm, As; = 130 nm,
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hsio2 =300 nm and d = 130 nm), and (e) the corresponding multipolar decomposition of the
scattering cross section (Gscatering). (f) Simulated and (g) experimental reflectance of the c-Si
nanohole arrays, with hole diameters ranging from 130 nm to 180 nm of varying diameter, and
p =200 nm, hs; =130 nm, hsio2 =300 nm. (h) Corresponding SEM images (the scale bar
denotes 100 nm). (i)-(j) Simulated reflectance spectrum of the nanohole array (p = 200 nm,
hsi = 130 nm, hsio2 = 300 nm and d = 150 nm), and corresponding multipolar decomposition,

respectively.

The LP mode resonance dips (red dots) of the arrays remain at ~278 nm, largely
unaffected by changes in nanodisk dimensions, while the UP modes (blue triangles) are located
at ~256 nm. Both hybridized resonances show minimal spectral shifts due to the broad nature
of the nanodisk's localized plasmon resonance. Although slight redshifts occur with increasing
diameter, the reflectance spectrum remains largely unchanged, reducing sensitivity to size
variations. However, diameter adjustments affect the sharpness of the resonance dip. Figure
3(d) shows the simulated reflectance spectrum of the nanodisk array, with a theoretical Q-factor
of 43 for the LP mode. Multipolar decomposition of the scattering cross-section indicates a
dominant electric quadrupole (EQ) near the resonance dip (Figure 3(e)). Eigenmode analysis
reveals the resonance interaction arises from coupling between the £Q on the c¢-Si nanodisk
and a vertical F-P cavity mode, as shown in Figures S6.

Similar behavior was observed in Si nanohole arrays. Figures 3(f)-3(g) show the
simulated and experimental reflectance spectra, while SEM images in Figure 3(h) depict arrays
with hole diameters ranging from 130 nm to 180 nm. Resonance dips are located at A =278 nm
(Figure 3(1)). The theoretical Q-factor of the LP mode (red dots) rises to 39 as the hole diameter
increases from 130 nm to 150 nm but decreases beyond this point. The narrow spectral

resonance linewidth originates from the hybridization of the electric quadrupole plasmonic
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mode with the F-P cavity mode, as verified by multipolar analysis (Figure 3(j)). In summary,
the Q-factor and DUV power absorption of hybrid IBP nanodisk and nanohole arrays can be
enhanced by engineering disk and hole dimensions, with related UV absorption simulations in
Figure SO.

To highlight the advantages of high-Q-factor c-Si IBP arrays, we examined their impact
on enhancing UV absorption in a thin layer of UV-absorbing material. Figure 4(a) illustrates
the role of IBP arrays in boosting UV absorption in lignin-PEG polymer films (see Figure S10).
The modified lignin copolymer, lignin-PEG (Figure 4(b)), was synthesized following the
method by P. Y. M. Yew et al..”” Due to its aromatic ring network, lignin exhibits strong
absorption at ~273 nm, aligning with the plasmon dip of Si arrays with d = 130 nm, p = 200
nm, and Asio2 = 300 nm. Nanodisk arrays were spin-coated with lignin-PEG at varying rpm to
achieve conformal polymer films of different thicknesses. Film thickness was measured using
spectroscopic ellipsometry on the substrate’s flat region, and the refractive index (n) and

extinction coefficient (k) were extracted from spectral fitting (Figure 4(c)).
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Figure 4. IBP-enhanced absorption of lignin-PEG polymer films within the UVB and
UVC spectral region. (a) Illustration on the absorption of incident light by the lignin-PEG
polymer film on the flat surface and on top of the Si nanodisk array. (b) Chemical structure of
the lignin-PEG polymer. (c) Refractive index (n) and extinction coefficient (k) of the lignin-
PEG film, obtained from ellipsometry measurements. (d)-(e) Experimental and simulated
reflectance spectra of the Si array (d = 130 nm, p = 200 nm, /si02 = 300 nm and As; = 130 nm),
with and without a 55-nm-thick lignin-PEG polymer film, as well as the lignin-PEG reflectance
on the flat substrate. (f) The spatial distribution of the electric field |E/Ein| and magnetic field
|H/H;y| intensity, as well as the total power absorption distribution at the cross-section of the
nanodisk with 55 nm lignin-PEG coating on top, at the wavelength of 287 nm. The scale bar

denotes 100 nm.

In Figure 4(d), the experimental optical reflectance results are presented for the silicon
nanodisk array with dimensions of p = 200 nm, As; = 130 nm and d = 130 nm, before and after
depositing a 55-nm-thick lignin-PEG film. The observed redshift and broadening of the
plasmon dip indicate a weak coupling between the plasmon mode of the array and the lignin-
containing polymer. Primarily, the resonance band of the coupled system (i.e., 55-nm lignin-
PEG films on silicon plasmonic cavity) reaches near-zero reflectance, i.e., R = 0. It implies a
near perfect absorption, since A = 100% - R — T, since the transmittance T is O for the substrate.
Further experimental results of the reflectance of lignin-PEG coated arrays are demonstrated
in Figure S11, showing the optical changes of Si nanodisk arrays of different diameters when
coated with 55 nm and 70 nm lignin-PEG films.

To further analyze the reflectance/absorption characteristics of the polymer-coated
arrays, FDTD simulations were performed based on the n and k values, as measured from

ellipsometry. The simulation results of the reflectance spectra demonstrate good agreement
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with the experimental data, as shown in Figure 4(e), with the corresponding spatial distributions
of the electric field, magnetic field and absorption at the peak absorption wavelength of 278
nm are shown in Figure 4(f). In addition, Figure S12 presents the comparison of the absorption
properties of the 55-nm lignin-PEG thin film on the flat substrate region and the one integrated
with Si plasmonics. It shows that the hybrid polymer-silicon cavity has a 5.4-fold enhanced
absorption as compared to the flat substrate case, at the peak absorption wavelength of 278 nm.

Therefore, by leveraging the hybridization of plasmonic and cavity modes, we
demonstrate that the Q-factor of the plasmonic resonance can be significantly enhanced in order
to offer similar benefits in the UV region as conventional plasmonic materials do in the visible
region. In particular, the improved Q-factor of the IBP resonance can significantly enhance the
absorption of a thin layer of UV-specific materials, which can prove useful in a number of
optoelectronic applications relying on UV-active processes.’ *! Preliminary results have also
shown that in addition to tuning the optical response through cavity thickness and nanodisk
geometry, another avenue for tunability lies in the introduction of symmetry breaking in the
nanostructure design.”” ** As demonstrated in our simulations in Figure S13, elliptical
nanodisks with a tilted geometry exhibit distinct polarization-dependent optical responses,
exhibiting a shift in the spectral positions of the hybridized resonance modes under different
polarization states. This polarization-dependent response could potentially be leveraged for

applications such as polarization-sensitive UV photodetectors and optical filtering devices.*"

45

Conclusions
Our study explores the design of IBP Si nanodisk and nanohole arrays with high
Q-factor plasmon resonances within UVB and UVC spectral regions. The incorporation of a

F-P-type SiO:2 cavity into the antenna design enables the hybridization between the LSPR
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modes and the cavity modes. The Q-factor of the interband plasmon resonance can be
significantly improved from ~1 to as high as 43 by variation of the cavity thickness. Using
experimental measurements and FDTD simulations, we explored the absorption enhancement
capabilities of Si arrays coated with a UV-absorbing lignin-PEG polymer. Our findings
revealed that the hybrid polymer-silicon cavity has a 5.4-fold enhanced absorption as compared
to the flat substrate with F-P cavity, at the peak absorption wavelength of 278 nm. These results
highlight the potential of Si nanodisk arrays as IBP materials with high plasmon resonances
with high Q-factors, which may pave the way towards enhanced performance in UV sensors,

photodetectors and other optoelectronic devices.*! *0-**
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