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ABSTRACT

All-dielectric photonic structures are an important class of substrates in surface-enhanced Raman spectroscopy (SERS), utilizing optical reso-
nant modes to significantly enhance the electromagnetic field and amplify the Raman signals. In this study, we demonstrate the double-
resonance approach to realize significant Raman enhancement using all-dielectric photonic crystal (PhC) slab. The double-resonance condition
is satisfied by designing optical resonant modes in photonic bands to match frequencies of both excitation laser and Raman signals. By the
fabricated PhC slab, the significant enhancement for the Raman signal of silicon is demonstrated. The enhanced Raman signals exhibit a
uniform distribution on the PhC slab. The method of Raman enhancement via double optical resonances can advance the field of all-dielectric
SERS and holds potential for future SERS applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0226837

Raman spectroscopy is a powerful tool for real-time and nonde-
structive analysis of material composition due to the ability to identify
the unique spectral fingerprint of vibrations.1–4 Widely employed in
fields like chemistry,5,6 biology,7–9 and medical diagnostics,10,11 Raman
spectroscopy still suffers from the inherently weak intensity of Raman
scattering light.2,12 This limitation impedes its application, particularly
in situations requiring high sensitivity. Consequently, the enhance-
ment of Raman signals remains a critical objective in the field of
Raman spectroscopy.

Surface-enhanced Raman spectroscopy (SERS) is currently the
most common scheme for Raman enhancement. Typically, SERS is
bifurcated into two categories according to the substrate materials
used: metal-based SERS and all-dielectric SERS.13–15 In metal-based
SERS, the electromagnetic mechanism (EM) serves as the primary
driver for Raman enhancement.13,16 For electromagnetic field
enhancement, noble metals, such as Au and Ag, are used in the sub-
strate to create localized hotspots via surface plasmon resonances.
When the sample is located on the sharp hotspots, the Raman signal
from the sample can be significantly amplified, achieving a super-high
enhancement factor.2,15,17

Beyond metal-based SERS, there has also been considerable inter-
est and extensive research into all-dielectric SERS in recent years. This

approach not only reduces material costs but also introduces a series of
properties. In the past period of time, all-dielectric SERS substrates pri-
marily relied on the chemical mechanism (CM) like charge transfer as
the main mechanism for achieving Raman enhancement. The perfor-
mance of Raman enhancement through CM has been extensively stud-
ied with a wide variety of nonmetallic substrates, especially two-
dimensional (2D) material substrates.18–20

In addition to CM, achieving stronger electromagnetic field
enhancement is also expected in all-dielectric SERS. For the application
of EM in all-dielectric SERS, resonant modes are required for the non-
metallic substrate.14,21–23 In the field of nano-photonics, the resonant
modes can be constructed by the structural design, using all-dielectric
materials.24–26 Among various nanophotonic structures, photonic
crystal (PhC) slabs, featuring various optical resonant modes,27,28 have
emerged as a powerful platform for Raman enhancement through EM.
Constructed from periodic dielectric structures, PhC slabs can have
photonic bands due to the Bloch scattering. Considering optical modes
in the photonic band, which are above the light line (resonant modes),
they can couple with propagating waves in free space with the same
in-plane momentum. When light shines on the PhC slab and couples
with these resonant modes, optical resonances can lead to near-field
electromagnetic field enhancement, leading to enhancement
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applications in infrared absorption,29 nonlinear generation,30 etc.
Leveraging a similar optical resonance mechanism, Raman enhance-
ment has been initially explored in various dielectric structures. The
previous studies predominantly focused on the enhancement at the
excitation laser frequency [denoted as x in Fig. 1(a)]. When the excita-
tion laser is enhanced in the near-field region, a corresponding
enhancement in the Raman signal [with frequency x0, as denoted in
Fig. 1(a)] can be observed.31–33 In addition, the Raman signal can be
also directly amplified through the field enhancement supported by
resonance at x0 frequency. Then, if the optical resonances are concur-
rently available at the frequency of bothx andx0 (double resonances),
it is expected to achieve a better enhancement factor. However, to date,
there are rare reports of Raman enhancement by utilizing double opti-
cal resonances.

Here, we demonstrate a PhC slab with double-resonance design
for Raman enhancement. To match the double-resonance condition,
the photonic bands of the PhC slab are designed to overlap with both
the excitation laser frequency (x) and Raman signal frequency (x0).
By the fabricated PhC slab, the Raman enhancement induced by dou-
ble optical resonances for the first-order Raman peak of silicon is dem-
onstrated. This enhancement exhibits a uniform spatial distribution
due to the periodicity of the PhC slab. Comparatively, the Raman
enhancement induced by the double-resonance approach achieves a
higher enhancement factor than the single-resonance cases.

Figure 1(a) shows the schematic view of Raman scattering in a
PhC slab made of silicon. In this case, the Raman signals of silicon are
applied to exhibit our proposed method of Raman enhancement via
double optical resonances. We employ a laser with a wavelength of
785nm as the excitation light, corresponding to the frequency of x in

Fig. 1(a). Upon incidence of this laser, the Raman scattering light from
silicon’s first-order optical phonon will be emitted with a wavelength
of 818.4 nm, corresponding to the frequency of x0 in Fig. 1(a). The fre-
quency difference between the scattered light and incident light,
520.7 cm�1, corresponds to the vibration frequency of the first-order
optical phonon. This signal is the typical first-order Raman peak for
silicon.

To start, we designed a PhC slab to match the double-resonance
condition of the mentioned experimental setup. The PhC slab is fabri-
cated by a 100-nm monocrystalline silicon film on the sapphire sub-
strate. It has a two-dimensional periodic square lattice structure, with
period a ¼ 340 nm.Within each unit cell, a cylindrical hole is etched on
the silicon layer with diameter d ¼ 190 nm. The simulated photonic
bands of this PhC slab are depicted by black lines in Fig. 1(b). The pho-
tonic bands of the PhC slab are simulated using the finite element
method. The orange and red lines in Fig. 1(b) represent the wavelength
of the excitation laser (x) and the first-order Raman peak (x0). Both
lines intersect with the photonic band of PhC slab, meaning the double-
resonance condition is matched. In Fig. 1(c), we exhibit the electric field
distributions in a cross section of the structure (outlined by dashed
lines), corresponding to the dot-marked resonant modes in Fig. 1(b).
For both modes, the fields are confined and overlapped in the etched sil-
icon layer. Based on the designed resonant-induced field enhancement
for frequencies of both excitation light and Raman signal, we can expect
the double-resonance-induced Raman enhancement.

To experimentally characterize the Raman enhancement effect,
we fabricated the designed PhC slab. Figure 2(a) shows the scanning
electron micrograph of the sample. Then, we measured the angle-
resolved transmittance spectra using a homemade momentum-space
imaging spectroscopy based on the Fourier optics34,35 (see the experi-
mental setup in the supplementary material, Fig. S1). The results are
shown in Fig. 2(b). The dispersion of the sample is exhibited clearly in
the spectra. The results agree well with the simulated photonic bands
in Fig. 1(b). The red solid line and dashed line represent the frequen-
cies of excitation laser (x) and the first-order Raman peak (x0),
respectively. We can see both lines overlap with the photonic bands of
the PhC slab, meaning that the condition of double resonance is satis-
fied in this sample.

Next, we measured the Raman spectra of the sample (see the
experimental setup in the supplementary material, Fig. S2). The result
is shown in Fig. 2(c). The orange and blue lines present the Raman
spectra of the PhC slab and the unstructured flat silicon film. The first-
order Raman peak is marked by the red dashed line. It is significantly
enhanced in the Raman spectrum of the PhC slab, comparing with the
spectrum of flat silicon film. To identify and exclude the influence of
substrate, we also measured the Raman spectrum of a bare sapphire
substrate, as depicted by the black line. It presents typical Raman peaks
of sapphire, and all of these peaks do not overlap with silicon’s first-
order Raman peak. Then, we calculated the enhancement factor (EF)
of the PhC slab by EF ¼ IPhC=ISi, where IPhC is the intensity of the
Raman spectrum of the PhC slab and ISi represents the intensity of the
Raman spectrum of the flat silicon film. The results are shown in
Fig. 2(d). Under the double-resonance condition, the PhC slab pro-
vides a maximum enhancement up to 180 times for the Raman signal.
The effective enhancement area can be also taken into account when
calculating the enhancement factor.36 Due to the etched holes in the
PhC slab, the amount of silicon participating in the Raman scattering

FIG. 1. (a) Schematic view of Raman scattering in a PhC slab. (b) Simulated pho-
tonic bands of the PhC slab. The wavelengths of excitation laser and silicon’s
first-order Raman peak are marked by orange and red dashed lines. (c) Simulated
electric field distribution of the modes marked by dots in (b). The dashed lines out-
line the interface between air, silicon, and the Al2O3 substrate. The width plotted
corresponds to the period of the PhC slab.
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process is less, compared to the case of the flat silicon film. When con-
sidering the area ratio occupied by silicon (about 75%), the maximum
enhancement factor provided by the PhC is 240. The enhancement
factors vary for different frequencies, and it causes a slight deviation in
the line shape of silicon’s first-order Raman peak (see details in the
supplementary material, Fig. S3). We also measured the Raman spectra
of the PhC slab under different power of excitation laser. The results
are shown in the supplementary material, Fig. S4. The intensity of
enhanced first-order Raman peak is proportional to the laser power,
which is commonly seen in the spontaneous Raman scattering.

In addition to the first-order Raman peak, a signal from silicon’s
second-order Raman scattering is also observed in the spectrum of
PhC slab, as denoted by the green dashed line in Fig. 2(c). In the trans-
mittance spectrum in Fig. 2(b), we can see that the wavelength of this
signal (804nm) also overlaps with the photonic bands, indicating that
the double-resonance condition is satisfied for this signal as well.
However, in the case of the flat silicon film, this signal was not
observed under the same experimental condition, as demonstrated by
the blue line in Fig. 2(c). Via the method of double resonance, the sub-
merged signal becomes discernible due to the Raman enhancement
provided by the PhC slab.

Further, we measured the spatial distribution of the Raman inten-
sity using Raman spectral mapping techniques. Figure 3(a) shows the

schematic of experimental setup for Raman mapping. The laser is
focused onto the sample plane through an objective lens (20X,
NA¼ 0.25). Figure 3(b) displays the image of the focused laser spot,
which has a size of approximately 4lm. The sample is moved by a
translation stage along X and Y directions to facilitate position scan-
ning across the plane. The step of the position scanning is set as 1lm.
At each position, the Raman spectrum is measured under the excita-
tion of the focused laser spot. Then, the spatial distribution of Raman
intensity can be mapped using the intensity of first-order Raman peak
in each spectrum. Figure 3(c) shows the Raman intensity map of the
PhC slab. For comparison, Fig. 3(d) shows the Raman intensity map
measured from an unstructured silicon film region, which is scaled by
120 times. It demonstrates that the Raman enhancement induced by
double optical resonances is uniformly distributed due to the periodic-
ity of the PhC slab. This suggests that the PhC slab can serve as a uni-
form platform for SERS sensing applications.

In addition, we performed experiments to compare the Raman
enhancement induced by single-resonance and double-resonance
approach. We fabricated samples that match single-resonance condi-
tions by adjusting the period and hole diameter of the PhC slab.
Figures 4(a) and 4(b) show the measured transmittance spectra of
these samples. For the sample corresponding to Fig. 4(a), the photonic
band overlaps with the frequency of excitation laser (x). For the sam-
ple corresponding to Fig. 4(b), the photonic bands overlap with the fre-
quency of silicon’s first-order Raman peak (x0). The scanning electron
microscope (SEM) images of these two samples are shown in the
supplementary material, Fig. S5. We measured the Raman spectra for
these samples under the same experimental condition as in Fig. 2(c).

FIG. 2. (a) Scanning electron micrograph of the PhC slab sample (scale bar,
500 nm). (b) Measured angle-resolved transmittance spectrum of the PhC slab. The
wavelengths of laser and first-order Raman peak of silicon are marked by solid line
and dashed line, respectively. (c) Measured Raman spectra. Black line: Raman
spectrum of sapphire substrate, scaled by 10 times; blue line: Raman spectrum of
flat silicon film, scaled by 10 times, intensity offset: þ2; and orange line: Raman
spectrum of the PhC slab, intensity offset: þ4. Red dashed line: first-order Raman
peak; and green dashed line: the signal from second-order Raman scattering. (d)
Enhancement factor of the PhC slab.

FIG. 3. (a) Schematic of the experimental setup for Raman mapping. (b) The image
of the focused laser spot. Scale bar: 5lm. (c) Raman intensity map for the PhC
slab. (d) Raman intensity map for the flat silicon film. The intensities are scaled by
120 times.
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Figure 4(c) shows the first-order Raman spectra of all three samples.
Spectrum S1 corresponds to the sample with the double-resonance
condition shown in Fig. 2(b). Spectra S2 and S3 correspond to the
sample with the single-resonance condition shown in Figs. 4(a) and
4(b), respectively. The enhancement factors for each sample are
calculated and presented in Fig. 4(d). It shows that the approach of
double resonance provides a larger enhancement for Raman signals
compared to the single-resonance case. The enhancement factors that
take into account the area ratio of silicon for each sample are also
shown in the supplementary material, Fig S6. It shows that the sample
with the double-resonance condition still presents a larger enhance-
ment factor than the other two samples using this calculation method.

In conclusion, we have designed and fabricated a PhC slab that
satisfies double-resonance conditions to enhance the Raman signals of
silicon. The enhancement is uniformly distributed across the PhC slab.
Compared with single-resonance cases, the double-resonance
approach achieves a larger enhancement factor for the Raman signal.
It provides a perspective for the design of all-dielectric SERS substrates
and may have potential applications in chemical sensing, biological
analysis, and medical diagnostics.

See the supplementary material for the information including (1)
the experimental setup for angle-resolved transmittance spectra and
Raman spectra, (2) the experimental results for the line shape deviation

of Raman peak under double-resonance enhancement, (3) the experi-
mental results for the response of enhanced Raman intensity to the
power of excitation laser, (4) the SEM images of samples S2 and S3,
and (5) the enhancement factor that take into account the effective
enhancement area for all three samples.
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