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Surface-Enhanced Raman Scattering in BIC-Driven
Semiconductor Metasurfaces
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Semiconductor-based surface-enhanced Raman spectroscopy (SERS)
substrates, as a new frontier in the field of SERS, are hindered by their poor
electromagnetic field confinement and weak light-matter interaction.
Metasurfaces, a class of 2D artificial materials based on the electromagnetic
design of nanophotonic resonators, enable strong electromagnetic field
enhancement and optical absorption engineering for a wide range of
semiconductors. However, the engineering of semiconductor substrates into
metasurfaces for improving SERS activity remains underexplored. Here, an
improved SERS metasurface platform is developed that leverages the
combination of titanium oxide (TiO2) and the emerging physical concept of
optical bound states in the continuum (BICs) to boost the Raman emission.
Moreover, fine-tuning of BIC-assisted resonant absorption offers a pathway
for maximizing the photoinduced charge transfer effect (PICT) in SERS. High
values of BIC-assisted electric field enhancement (|E/E0|2 ≈103) are achieved,
challenging the preconception of weak electromagnetic (EM) field
enhancement on semiconductor SERS substrates. The BIC-assisted TiO2

metasurface platform offers a new dimension in spectrally-tunable SERS with
earth-abundant and bio-compatible semiconductor materials, beyond the
traditional plasmonic ones.
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1. Introduction

Surface-enhanced Raman spectroscopy
(SERS) is a highly sensitive, chemically
specific, and non-destructive analytical
technique that has garnered significant
attention in the fields of biophysics, chem-
istry, and medical diagnostics.[1–5] The
SERS substrate is at the core of SERS-
based technologies, providing large Raman
enhancement factors through two indepen-
dent mechanisms: electromagnetic (EM)
and chemical (CM).[2,6–8] So far, noble met-
als such as Au, Ag, and Cu have played a
dominant role in SERS applications due to
their ability to quench fluorescence and en-
hance the EM fields through plasmon res-
onances, achieving ultrasensitive and even
single-molecule-level SERS detection.[9–13]

However, there are some disadvantages for
noble metal SERS substrates such as high
cost, poor chemical and thermal stability,
lack of uniformity and biocompatibility,
low SERS signal reproducibility, and poor
selective recognition ability for probe

molecules.[9,14,15] Semiconductor SERS substrates are a promis-
ing alternative to metals due to their better chemical stability and
biocompatibility.[16] Semiconductor materials are capable of ma-
nipulating light at the nanoscale (using optical absorption en-
gineering, light trapping by total internal reflection, etc.),[17,18]

and they allow for straightforward surface modification with
a diverse range of functional groups (-NH2, -COO-, -PO4

3−, -
SH, etc.),[2] which have significantly broadened SERS applica-
tions across various fields.[4,9,15,19,20] In particular, semiconductor
SERS substrates benefiting from photoinduced charge transfer
(PICT),[9,15,21] have also demonstrated great potential for detect-
ing target molecules in complex environments and monitoring
interfacial chemical reactions with high sensitivity, making them
valuable tools in the fields of biophysics, chemistry, and medical
diagnostics research.[22]

However, compared to noble metals, semiconductor sub-
strates generally have a poorer limit of detection, which can
be attributed to weaker EM field enhancement and light-
matter interactions.[14,23–25] Therefore, it is crucial to explore
strategies to improve the SERS performance of semiconduc-
tor substrates.[26] To this end, several methods have been
reported to enhance the EM field and light-matter interac-
tion. Common approaches based on Mie resonances are to

Adv. Optical Mater. 2024, 2302812 2302812 (1 of 9) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

http://www.advopticalmat.de
mailto:andreas.tittl@physik.uni-muenchen.de
https://doi.org/10.1002/adom.202302812
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202302812&domain=pdf&date_stamp=2024-02-05


www.advancedsciencenews.com www.advopticalmat.de

Figure 1. BIC-driven TiO2 semiconductor SERS metasurface. a) Schematic of the TiO2-based BIC metasurface platform for SERS applications. b) Illus-
tration of BIC-assisted absorption enhancement and spectral tunability. The simulated absorbance spectra for the pure TiO2 film (top), BIC-assisted
TiO2 metasurfaces with the symmetrical geometry (middle), and asymmetrical geometry (𝜃 = 10°) as an example (bottom). The absorbance of the
metasurface can be enhanced with the excitation of quasi-BIC resonances in asymmetrical geometry. This can be further spectrally tailored through the
S (scaling factor), and the amplitudes can additionally be tuned by adjusting the degree of asymmetry factor (𝜃).

synthesize semiconductor nanospheres to trap light,[27] or as-
semble homogeneous spheres to form 2D arrays or 3D colloidal
crystals.[28] Alternatively, semiconductor doping has also been
applied to generate surface plasmon resonance (SPR), which
inevitably introduces enormous optical loss.[2,29] However, these
methods have not fully harnessed one of the most distinc-
tive advantages of semiconductors: their optical engineering
capabilities.[2,30]

Metasurfaces constructed from 2D subwavelength arrays of
semiconductor nanostructures have shown tremendous poten-
tial for enhancing light-matter interaction at the nanoscale.[2,31–35]

In particular, metasurfaces underpinned by the physics of bound
states in the continuum (BIC) have seen a surging inter-
est due to their strong light confinement and remarkable
enhancement of electromagnetic fields,[36,37] stimulating appli-
cations across diverse fields, including nanoscale lasing,[38,39]

biomolecular sensing,[40–42] and nonlinear photonics.[43,44]

Hence, BIC-assisted metasurfaces serve as an ideal toolkit
for light manipulation in semiconductor SERS substrates
(Figure 1a), which, to the best of our knowledge, have not yet been
realized.

Here, we demonstrate BIC-driven semiconductor metasur-
faces as a new platform for high-sensitivity SERS. Through
precise nanophotonic engineering of quasi-BIC resonances
in the TiO2 BIC system, we successfully enhance both the
PICT effect (chemical mechanism) and the EM field con-
finement (physical mechanism) of SERS. Significantly, the
integration of metasurface nano-engineering techniques with
BIC physics offers a versatile approach applicable to a wide
range of semiconductor SERS substrate materials (with low
intrinsic losses), which can be adapted to diverse molecules
like methylene blue (MB), Rhodamine 6G, and adenine.[9,15,45]

This synergistic combination leverages the benefits of nanoscale
light manipulation (metasurface) and the remarkable chemical
effects empowered by photoinduced charge transfer (semicon-
ductor), thereby optimizing the SERS performance of these
substrates.

2. Results and Discussion

Conceptually, a BIC is a localized state existing in a continuum
of radiative modes.[36,46] This phenomenon originally appeared
in quantum mechanics and has later been applied to many other
areas of physics where resonant behavior is prevalent.[47] A true
BIC, with an infinite value of the quality factor (Q factor, defined
as the resonance position divided by the line width), can be ex-
plained by vanishing coupling constants with all radiation chan-
nels.

One way of making BICs usable in practical nanophotonic sys-
tems is to design symmetry-protected metasurfaces, where the
coupling constants to the radiation continuum are tailored using
structural asymmetry within the metasurface unit cell, leading to
the formation of quasi-BIC modes accessible from the far field.[36]

The narrow quasi-BIC could be a drawback from the perspec-
tive of scaling the EM enhancement of the Stokes-shifted field,
however, it offers several advantages for the SERS application. A
key advantage of symmetry-protected BICs is their ability to accu-
rately control the resonance position (Figure 1b). This attribute
is particularly crucial for semiconductor SERS platforms, since
matching the quasi-BIC resonance to the laser wavelength can
significantly enhance the SERS sensitivity.

2.1. Numerical Investigation of TiO2 BIC Metasurfaces

We implemented metasurfaces with two different geometries
(two ellipses and hole-in-disk) for our BIC metasurfaces designs
(Figure 2a,b). As introduced previously, for semiconductor SERS
applications, both the enhanced absorption of the incident light
source leading to the substrate-molecule PICT effect, and the in-
herent strong electric field enhancement of the nanomaterial are
vital to the amplification of the Raman signal. Hence, in our sim-
ulation, we evaluate the absorption and electric field enhance-
ment for these two metasurface geometries.

As mentioned above, a true BIC is a mathematical concept
characterized by infinite quality factor and vanishing spectral
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Figure 2. Numerical design of semiconductor SERS metasurfaces and their far/near field properties. a) Top: Sketch of a BIC unit cell with the two ellipses
geometry (A, B, Px, and Py will scale linearly according to scaling factor S). The geometrical parameters of the unit cell are A = 302 nm, B = 115 nm, Px =
Py = 366 nm (S = 1). The symmetry can be broken by tuning the tilting angle (𝜃). Bottom: Color-coded simulated absorbance maps of TiO2 metasurfaces
as a function of tilting angle 𝜃 and wavelength. b) Top: Sketch of the unit cell with hole-in-disk geometry (Di, Do, Px, and Py will scale linearly according
to scaling factor S). The geometrical parameters of the unit cell are Di = 90 nm, Do = 263 nm, Px = Py = 366 nm (S = 1). Here we can shift the hole along
the y-axis (𝛽) to break the symmetry. Bottom: Color-coded simulated absorbance maps of metasurfaces as a function of offset value (𝛽) and wavelength.
c) The simulated electric field enhancement of metasurfaces with different geometries (two ellipses, and hole-in-disk) under different asymmetry factors.
For ellipses and hole-in-disk geometries, we normalize the asymmetry parameter 𝜃 and 𝛽 as follows, normalized asymmetry factor = 𝜃 / 20 = 𝛽 / 60.
We set the tuning range of 𝜃 from 0 to 20 degrees, and 𝛽 from 0 to 60 nm, which are consistent with the above simulated absorbance maps. Inset: The
electric near field at the resonance frequency for unit cells (two ellipses, and hole-in-disk) of TiO2 metasurfaces, corresponding to maximum absorption,
and field enhancement.

line width. In practice, true BICs can be converted to quasi-
BICs with finite resonance width by breaking the in-plane
inversion symmetry within the unit cell, allowing the reso-
nant mode to be excited from the far field. For the unit cell
with two ellipses, the symmetry breaking can be achieved by
tilting the ellipses at an angle 𝜃 with respect to each other. In
the hole-in-disk geometry, the symmetry is broken by shift-
ing the hole from the center along the y-axis by a specific
value (𝛽).

Through the quasi-BIC resonance, we can achieve a signifi-
cant enhancement in absorption after breaking the CZ

2 symme-
try in the metasurfaces. The absorbance spectrum is calculated
from the simulated reflectance (R) and transmittance (T) spectra
(A = 1 – R – T). Here, we emphasize one of the most important
advantages of BIC metasurfaces in SERS applications, namely

that the light confinement at the interface (characterized by ab-
sorbance) can be maximized through tuning the asymmetry pa-
rameter. Specifically, we used numerical simulations for calcu-
lating absorbance maps of TiO2 metasurfaces with different ge-
ometries (two ellipses and hole-in-disk) as a function of the asym-
metry parameters 𝜃 and 𝛽. The absorbance enhancement of the
quasi-BIC resonances is found to be strongly dependent on the
asymmetry parameter, reaching maximum magnitudes at spe-
cific values (𝜃 = 10 degrees, and 𝛽 = 30 nm, respectively), as deter-
mined by the critical coupling condition explained by the tempo-
ral coupled-mode theory. In brief, the BIC-enabled semiconduc-
tor SERS metasurface platform can be described as a single-mode
cavity with two mirror-symmetric ports, where the interaction be-
tween the far-field and the cavity mode at each port is determined
by the coupling rate 𝜅, which can be derived from the radiative
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Figure 3. Experimental metasurface fabrication and spectral tuning. a) SEM images of experimental metasurfaces with two ellipse geometry (scaling
factor S = 1). b) Statistical measurements of the length of long and short axes (A and B) of the ellipses in different unit cells (100 in counting), where
average values for A and B are 294 ± 7.51 and 114 ± 7.62 nm, respectively. The ± notation indicates the standard deviations associated with the average
dimensions of A and B. The surface area of a single unit cell (Smetasurface) is calculated based on these values according to the proximate formula shown
in the figure, which is compared with the surface area of the unstructured pure film (Spure) with the same size as the periodic of the single unit cell (366
× 366 nm), resulting in a factor of 1.9 (Smetasurface/Spure). c) Measured transmittance spectra for metasurfaces with different scaling factors (0.994 to
1.006 for fine tuning). Both the dashed and solid lines are measured spectra.

decay rate 𝛾 rad. Additionally, an intrinsic decay rate 𝛾 int accounts
for the energy loss through material absorption, and the far-field
absorbance can be calculated according to:

A =
2 𝛾int 𝛾rad(
𝛾int + 𝛾rad

)2
(1)

which reaches its maximum value when the intrinsic decay rate
𝛾 int is equal to the radiative decay rate 𝛾 rad, referring to the critical
coupling condition.[48]

Although both geometries can achieve the maximum ab-
sorbance magnitude (A = 0.5) under the critical coupling condi-
tion, they present different near-field EM enhancements, which
is also an important aspect for SERS.[49] It can be clearly seen
that the unit cell with two ellipses geometry exhibited stronger
electric field enhancement (|E/E0| = 32) than the hole-in-disk ge-
ometry (|E/E0| = 12) even though both of them operate at the crit-
ical coupling condition (Figure 2c). It’s worth noting that semi-
conductor SERS substrates typically rely on the chemical mecha-
nism (PICT) to amplify the Raman signal, but often suffer from
extremely weak EM enhancement.[14,23,24] Here, our semiconduc-
tor metasurfaces, empowered by the BIC resonances, allow for

strong electric field enhancement. Conducting the SERS experi-
ment on these metasurfaces of different geometries could deepen
our understanding of how the BIC metasurface geometry affects
SERS performance.

2.2. Experimental Fabrication of TiO2-Based Metasurfaces

While bottom-up methods can provide scalable production and
produce a wide variety of nanostructures, considering the impor-
tance of precise control over the shape and spatial distribution
of all metasurface elements, we employed top-down nanofabri-
cation. TiO2 thin films with a thickness of 140 nm were fabri-
cated by sputter deposition, followed by high-resolution electron
beam lithography and anisotropic reactive ion etching (see Meth-
ods section for details).

We experimentally implemented the metasurfaces designs
composed of two ellipses (Figure 3a) and hole-in-disk geometries
(Figure S1, Supporting Information). Here, we took two ellipses
metasurfaces as an example to confirm their fabrication quality
using electron microscopy (Figure 3a). We performed statistical
measurements on the long and short axes (A and B) of 100 unit
cells, obtaining average values of±294 and±144 nm, respectively

Adv. Optical Mater. 2024, 2302812 2302812 (4 of 9) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Raman spectra of methylene blue on the BIC-assisted semiconductor SERS metasurface. a) Schematic layout of the laser illuminating on
the TiO2 BIC metasurfaces (two ellipses, and hole-in-disk geometries), and the pure TiO2 film, where BIC metasurfaces pattern (32 × 32 μm2) can be
successfully excited by a laser (14 μm in diameter). b) Raman spectra for MB were measured on the BIC metasurfaces with different geometries (two
ellipses, and a hole-in-disk), and on the pure TiO2 film, where the concentration of MB solution is 10−7 M, and the excitation laser wavelength is 633 nm.
c) The Raman spectra for MB at different concentrations (10−5 to 10−9 M) on the BIC-assisted TiO2 semiconductor SERS substrate with two ellipses
geometry. d) The maximum Raman signal of MB (at 1624 cm−1) at different concentrations measured on themetasurfaces with two ellipses geometry
(data extracted from Figure 4c), and the analysis of the signal-to-noise ratio (inset). The noise signal background is gathered from the unstructured TiO2
film under the same settings.

(Figure 3b). We increased the effective surface area of semicon-
ductor metasurfaces by approximately two times compared to the
non-structured pure TiO2 film, which provides a greater active
contact surface area for analyte molecules to form surface com-
plexes and generate stronger Raman signal.[45]

The presence of quasi-BIC resonances has been confirmed
through white light transmittance measurements (see the Meth-
ods section). We experimentally demonstrate broad spectral tun-
ability of the semiconductor BIC metasurfaces by scaling the size
of the unit cell (S), which enabled us to control the position of
the quasi-BIC resonance throughout the whole visible spectrum
(Figure 3c), and cover several widely used Raman laser sources
(532, 633, and 785 nm). Fine-tuning the S factor around the target
laser wavelength (633 nm here) ensured that we could precisely
excite the quasi-BIC resonance. We applied the temporal coupled-
mode theory (TCMT) model to fit the experimental transmittance
spectrum,[50] which characterizes the spectral mode energy den-
sity and is directly related to the enhancement of light-matter
interaction.[51]

Matching the excitation wavelength to the semiconductor sub-
strate absorption has been a long-standing challenge for SERS
semiconductor substrates,3 which has now been experimentally
achieved in our semiconductor BIC metasurfaces. Additionally,

when the laser wavelength matches the molecular absorption res-
onance, the Raman signal can be amplified by several orders of
magnitude due to the resonant Raman effect (as discussed in the
following section).[49]

2.3. BIC-Assisted Semiconductor SERS Metasurface

We utilized MB as a test molecule for SERS investigations to-
gether with a 633 nm laser as the excitation source (see Methods).
Taking advantage of the high spectral tunability of our semicon-
ductor SERS substrate, we engineered the resonance position of
metasurfaces with different meta-units (two ellipses, and a hole-
in-disk) to match the pump wavelength (633 nm) by finely tuning
the S factor (discussed in Figure 3). The target BIC metasurfaces
pattern with the size of 33 × 33 μm2 is illuminated by the ex-
citation laser with a spot size around 14 μm in diameter passing
through a 20 X water-immersed objective, which ensured the suc-
cessful excitation of quasi-BIC resonance (Figure 4a). It is well
known that in SERS applications, the excited molecules can emit
also fluorescence in addition to the Raman emission. This is par-
ticularly important in semiconductor SERS substrates which, un-
like metals, do not quench the fluorescence emission.[26] Hence,
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in this research, we employed an automated algorithm for flu-
orescence removal based on modified multi-polynomial fitting
(see Methods, and Figure S2a,b, Supporting Information).[52]

To better understand the SERS application of the BIC-assisted
semiconductor TiO2 metasurfaces, we compared the SERS en-
hancement on the two ellipses and hole-in-disk metasurfaces.
Specifically, for the same MB concentration (10−7 M), the semi-
conductor BIC metasurface with two ellipses exhibited a SERS
signal approximately seven times higher than that of hole-in-
disk geometry, which is attributed to the higher EM field en-
hancement associated with the two ellipses geometry (discussed
in next section) in the vicinity of BIC metasurfaces. Outstand-
ing SERS enhancement by the BIC metasurfaces was observed
when we compared it with the non-patterned pure TiO2 film
where no appreciable Raman scattering was detected, thereby
proving the fundamental advantages offered by the BIC metasur-
faces engineering technique for semiconductor SERS substrates
(Figure 4b). Additionally, to confirm that the SERS enhancement
is indeed induced by the BIC resonance, we deactivate the res-
onance by rotating the BIC metasurfaces by 90°, which conse-
quently resulted in no SERS enhancement (Figure S2c, Support-
ing Information), despite having the same surface area (i.e., equal
amount of molecules interacting with the platform).

The SERS detection sensitivity of the two ellipses semicon-
ductor BIC metasurfaces was further investigated by perform-
ing Raman measurements at different MB concentrations (10−5

to 10−9 m). It can be clearly seen that the Raman signal in-
tensity decreased sharply with decreasing MB concentration
(Figure 4c). The detection sensitivity for MB on our BIC-assisted
semiconductor SERS metasurfaces was 10−8 M, which was eval-
uated from the signal-to-noise ratio, in accordance with IUPAC
recommendations.[53] We estimated the detection sensitivity of
our SERS metasurfaces by considering both the processing error
induced by mathematically removing the autofluorescence back-
ground signals (see Methods) and the noise level associated with
our experiments, which includes detector noise, source stability,
and optical alignment.[41] Specifically, we captured a total of n =
5 reference Raman measurements, using BIC metasurfaces that
mismatched the excitation laser (633 nm) and proceeded with the
same mathematical background noise removal treatment. Based
on the obtained Raman spectra, we calculated the standard devi-
ation for each reference Raman spectrum and obtained the aver-
age value for the amplitude of the noise background (see Meth-
ods). The signal-to-noise ratio (STN, in dB) was calculated ac-
cording to the following formula (Equation (2)), where Asignal is
the amplitude of the specified Raman signal (1624 cm−1) mode,
and Anoise is the amplitude of background noise, which can be
obtained as described earlier.

STN = 10 × log10

(
Asignal∕Anoise

)
(2)

The calculated STN of the Raman mode (1624 cm−1) with
maximum amplitude is approximately 7 dB (Figure 4d), which
exceeds the common threshold for minimum acceptable SNR
(3 dB).[54]

In summary, we have experimentally demonstrated signifi-
cant SERS enhancement of MB on our BIC-assisted semicon-
ductor metasurfaces, achieving detection sensitivity of 10−8 M
which is higher than the reported TiO2 semiconductor SERS sub-

strates for MB sensing (10−6 M).[23,24] To deepen our understand-
ing of mechanisms underlying the SERS enhancement achieved
through BIC-assisted semiconductor metasurfaces, we will dis-
cuss the chemical and EM enhancement mechanisms in the fol-
lowing section.

2.4. Hybrid Effects on BIC-Assisted Semiconductor SERS
Metasurface

Enhancing the photoinduced charge transfer (PICT) effect be-
tween semiconductors and molecules is an established gen-
eral strategy for achieving a high enhancement on semicon-
ductor SERS substrates.[55] When the molecules are bound to
the semiconductor surface by weak covalent bonds, the charge
can be transferred across the interface between the semicon-
ductor and molecule, which can generate strong Raman en-
hancement if the excitation frequency resonates with the PICT
transition.[2,21,23,56,57] Specifically, when the energy levels of the
semiconductor are coupled with the absorbed molecules, the
charge can be transferred from the valence band states (|V≥) of
the semiconductor to the molecular excited states (|K≥) via the
transition moment, μVK, or from the molecular ground state (|I>)
to the conduction band states (|C>) of the semiconductor via the
transition moment, μIC, which can be further enhanced through
borrowed intensity either from exciton transition μVC or molec-
ular transitions μIK, through the Herzberg-Teller coupling term
(hCK or hVI), as shown in Figure 5a.[21,23]

As discussed above, matching the excitation laser with the
molecular resonance is pivotal for achieving high PICT rates, and
consequently high SERS enhancement factors, typically by 3–4
orders of magnitude.[2] This enhancement can be further am-
plified by absorption engineering in tailored SERS substrates.
Due to the diversity of molecular analytes, conventional semi-
conductor SERS substrates face challenges in maximizing the
absorption of the excitation visiable laser source which matches
the molecular resonance. To address this limitation, the absorp-
tion of the two-ellipse TiO2 metasurface can be optimized to its
maximum value by precisely tailoring the radiation loss via tun-
ing the asymmetry factor (𝜃) to match intrinsic losses, thus sat-
isfying the critical coupling condition.[58] Tailoring our BIC reso-
nance to match the molecular resonance in the UV region poses
challenges due to the intrinsic loss characteristics of TiO2 in that
range. Therefore, we have strategically targeted the visible region,
ensuring alignment with the corresponding molecules and effec-
tively leveraging the advantageous properties of TiO2 BIC meta-
surfaces.

We obtained the maximum absorption on the TiO2 metasur-
face for 𝜃 = 10° (Figure 5b). After successfully achieving the
maximum absorption enhancement of TiO2 metasurface at the
molecular resonance position, the charge-transfer resonance and
molecular resonance can couple to each other by the Herzberg-
Teller coupling constant,[2] which can further boost the PICT ef-
fect and provide stronger SERS activity of our BIC-assisted semi-
conductor SERS metasurface.

Even though the chemical mechanism (PICT) plays an impor-
tant role in semiconductor SERS technologies, here, we also em-
phasize the importance of the physical mechanism brought by
BIC metasurfaces to the field of semiconductor SERS substrates.

Adv. Optical Mater. 2024, 2302812 2302812 (6 of 9) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Hybrid effect of BIC-assisted semiconductor SERS metasurface. a) Schematic PICT transition in the semiconductor-molecule system. b) Left:
Simulations of absorbance at the resonance (𝜔 = 𝜔0) for the TiO2 BIC metasurfaces (two ellipses geometry) at different tilting angles (𝜃 = 1–20°). Right:
Enhanced absorption of TiO2 BIC metasurfaces (𝜃 = 10°), aligned with the absorption of MB (10−3 M). c) Simulations of the electric field enhancement
in TiO2 BIC metasurfaces at various tilting angles (𝜃 = 1–20°), where the maximum field enhancement is achieved at 𝜃 = 10°, satisfying the critical
coupling condition (radiation loss equals intrinsic loss). d) Left: The logarithm of the gradient of the squared electric field enhancement, based on
simulation results, which can be used to estimate the optical trapping effect on the MB molecular. Right: Map of the Purcell factor values for a single
unit cell to evaluate the enhanced light-matter interaction in the BIC nanocavity.

Because the SERS signal is proportional to the enhancement
of the EM field,[59] achieving high EM field enhancements has
been a long-standing challenge in the semiconductor SERS com-
munity. As already described above, strong EM field enhance-
ment can be achieved by engineering the semiconductor TiO2
substrate into a BIC metasurface, thereby benefiting from strong
light localization provided by the BIC resonances. Our BIC-
driven TiO2 substrate produces maximum EM field enhance-
ment at 𝜃 = 10° (Figure 5c), where |E| represents the absolute
magnitude of the local electric field with the metasurface, and
|E0| represents the incident field without structure. The highest
electric field enhancement (|E|/|E0|) is found to be around 35 at
the resonance frequency. Additionally, the large gradient of the

squared electrical field Fgrad ∝ ∇|E⃗(r)|2 at the hot spots region
(Figure 5d) suggests a possible molecule trapping effect.[60] The
contribution of enhanced EM field to the amplification of radia-
tive spontaneous emission can be explained by the Purcell effect
as given below,[51,61]

Fp =
3

4𝜋2

(
𝜆c

nc

)3
(

Q
Veff

)
(3)

where 𝜆c is the resonance wavelength, nc is the refractive index of
the medium, Q is the resonance quality factor, and Veff is the ef-
fective mode volume. This is the classical definition of the Purcell

factor, however, Veff is not straightforward to define and evaluate
for open optical systems.[61,62]

Alternatively, the Purcell factor can also be defined as the
change of the total radiated power at the frequency of the
emitter.[63,64] The method is based on numerical simulations of
the power radiated by an active dipole coupled to the resonators
(Prad) divided by the radiated power of the same emitter in free
space (P0,rad) (see Methods section for calculation details)

Fp =
Prad

P0, rad
(4)

Figure 5d shows the Purcell factor map in a unit cell at the res-
onant frequency. Comparing the values of the Purcell factor, one
can clearly see that the Purcell factor around the vertices of the
ellipses is much higher (Fp ∼ 20). Hence, through mapping the
Purcell factor over the whole unit cell region, we can clearly ob-
serve larger Purcell factors around the hot spot region of the BIC
resonators, illustrating the strong capability of enhancing the Ra-
man signal in this area, which highlights the active role of BIC
resonance in amplifying Raman activity.

3. Conclusion

We have developed TiO2-based semiconductor SERS meta-
surfaces, and demonstrated that the synergistic integration of

Adv. Optical Mater. 2024, 2302812 2302812 (7 of 9) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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semiconductor materials and BIC-resonant photonic metasur-
faces offers tremendous potential for advanced sensing and
detection applications. We challenge the preconception that
the conventional semiconductor SERS substrates suffer from
inefficient EM field enhancement, by showing high electric
field enhancement (|E/E0|2 ≈ 103) on our BIC platform. Addi-
tionally, due to the possibility of fine-tuning the BIC resonance
across a wide range, it is easy to match it with the absorption
wavelength of the analyzed molecule resulting in the enhanced
PICT effect. Based on our BIC-assisted semiconductor SERS
metasurfaces, we demonstrate a detection efficiency for the
molecule MB at 10−8 M, two-fold higher than the one re-
ported for TiO2 semiconductor SERS substrates (10−6 M).[23,24]

Finally, our BIC-assisted semiconductor SERS metasurfaces
platform circumvents the long-standing drawbacks of many
semiconductor SERS substrates, such as the poor spectral
tunability of light absorption, weak electromagnetic field en-
hancement, and lack of strong light-matter interaction, and
shows that improved SERS activity can be extended to multiple
sensing systems with different semiconductor substrates and
analytes.

4. Experimental Section
Numerical Simulation: Simulations were performed using the finite-

element frequency-domain Maxwell solver included in CST Studio Suite
2021, and Lumerical FDTD software taking into account the experimen-
tally measured optical constants of TiO2. The default value (n = 1.5) im-
plemented in CST Studio Suite for the SiO2 substrate was utilized. The
optical far-field absorbance in an aqueous environment was calculated via
A = 1 − T − R, where transmittance (T) and reflectance (R) spectra were
simulated under linearly polarized normally incident illumination. The E-
field monitor with the corresponding eigenfrequency was added for the
electric near-field simulation. The Purcell factor was calculated using the
COMSOL Multiphysics package. A dipole source located along the y-axis
was moved along the central unit cell of the finite (15 × 15 unit cells) BIC
metasurface. The Purcell factor was calculated as the ratio of the integral
power flux through the sphere surrounding the dipole in the presence of a
metasurface and in a vacuum.

Materials: Polymethyl methacrylate (PMMA), a high-resolution posi-
tive resist for direct write e-beam, was applied. Specifically, PMMA was
chosen with 950 000 (950k) molecular weight (MW) resins in anisole with
a concentration of 4% (A4), sourced from AllRESIST. The developer formu-
lation was a blend of methyl isobutyl ketone (MIBK) and isopropyl alcohol
(IPA) with a ratio of 1:3 (Sigma–Aldrich). The methylene blue is sourced
from Sigma–Aldrich.

Nanofabrication of Metasurface: Sputter deposition (Angstrom) was
applied to produce TiO2 (140 nm) films. Before the electron-beam lithog-
raphy step, the sample was spin-coated with a layer of photoresist (PMMA
950K A4) followed by spin-coating a conducting layer (ESpacer 300Z). The
unit cells with different geometries (two ellipses, and hole-in-disk) were
patterned with electron-beam lithography (Reith Eline Plus) with an accel-
eration voltage of 20 kV and a 15 μm aperture. The samples were trans-
ferred to a 3:1 MIBK: IPA solution for developing for 135s, followed by the
deposition of a 50 nm chrome layer as the hard mask. Lift-off was con-
ducted in Microposit Remover 1165 overnight at 80 °C, followed by reac-
tive ion dry etching in an RCP-RIE system with a SF6/Ar plasma for 135s.
The chrome hard mask was removed through wet etching with chromium
etchant (Sigma–Aldrich).

Optical Measurements: Transmittance measurements of the fabri-
cated metasurface samples were carried out with a WiTec optical micro-
scope comprising a water immersion objective (20X, NA = 0.5, Zeiss, Ger-
many), where the metasurfaces were immersed in methylene blue solution

(10−7 m, 150 μL) illuminated by a Thorlabs OSL2 white light source with
linear polarization.

SERS Measurement: Raman measurements were carried out with the
WiTec optical microscope equipped with three linear polarized CW lasers
532, 633, and 785 nm. As shown in Figure S4 (Supporting Information),
the sample was aligned to ensure the electric field was polarized along the
short axis of the ellipses, which is referred to as x polarization excitation.
When the sample was rotated by 90°, the electric field was polarized along
the long axis of the ellipses (y polarization), where the quasi-BIC resonance
was not excited. The TiO2 BIC metasurfaces were immersed in 150 μL of
methylene blue (Sigma–Aldrich) water solution (10−7 m) illuminated with
633 nm laser (spot size of 14 μm in diameter) through a water immersion
objective (20X, NA = 0.5, Zeiss, Germany) on the corresponding meta-
surfaces pattern (33 × 33 μm2) with matching resonance wavelength. For
spectra acquisition, the incident power on the sample was set to 1 mW
with a dwell time of 50 s. The Raman signal was computationally derived
from the fluorescence background through the literature-reported subtrac-
tion algorithm, where modified multi-polynomial fitting was applied, which
suppresses the undesirable artificial peaks that might occur in polynomial
fitting by taking the effects of noise level and peak contribution into ac-
count.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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