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Abstract: Optical materials with a high refractive index enable effective manipulation of light at
the nanoscale through strong light confinement. However, the optical near field, which is mainly
confined inside such high-index nanostructures, is difficult to probe with existing measurement
techniques. Here, we exploit the connection between Raman scattering and the stored electric
energy to detect resonance-induced near-field enhancements in silicon nanostructures. We
introduce a Raman setup with a wavelength-tunable laser, which allows us to tune the Raman
excitation wavelength and thereby identify Fabry-Pérot and Mie type resonances in silicon
thin films and nanodisk arrays, respectively. We measure the optical near-field enhancement
by comparing the Raman response on and off resonance. Our results show that tunable-
excitation Raman spectroscopy can be used as a complimentary far-field technique to reflection
measurements for nanoscale characterization and quality control. As proof-of-principle for the
latter, we demonstrate that Raman spectroscopy captures fabrication imperfections in the silicon
nanodisk arrays, enabling an all-optical quality control of metasurfaces.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Advancements in optical technology are fueled by our understanding and characterization of
optical materials at the nanoscale. Currently, there is a strong research focus on using high-
refractive-index dielectrics, such as silicon, to control light through optical Mie resonances [1,2,3].
Mie resonances arise when materials with a high refractive index n are structured on a length
scale comparable to the wavelength of light inside the material λ/n, where λ is the wavelength
of light in free space. When the wavelength of light matches the Mie resonance wavelength,
there is a buildup of electromagnetic field and energy inside the nanostructured material. The
strong light confinement enables control of different properties of light, such as polarization,
amplitude and phase. Mie resonances are therefore fundamental building blocks in constructing
nanostructured dielectric surfaces with engineered optical functionalities [4]. These metasurfaces
often contain multiple Mie resonances that act in concerto over extended lateral areas. As
such, the collective efficacy of the metasurface rests on the performance of the individual Mie
resonator, which are typically subwavelength in size and thus require near-field measurement
techniques. As an additional hurdle, Mie resonances confine most of the electromagnetic field
inside the nanostructure, which makes it challenging to probe them non-invasively with existing
near-field measurement techniques. The near-field enhancement of the Mie resonance, from
which properties such as resonance wavelength and phase can be determined, is therefore often
inferred from electromagnetic simulations, and subsequently used for interpretation of features
in reflectance or transmission spectra. Here, we show how far-field Raman spectroscopy – a
technique primarily known for sensing [5] – can be used as a versatile characterization tool
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for high-refractive-index nanostructures. Raman spectroscopy measures inelastic scattering
of photons from phonon and vibrational modes in materials and its signal strength depends
dramatically on the electric near-field enhancement [6,7,8]. This dependency has driven research
in surface-enhanced Raman spectroscopy to create surfaces that amplify the local electric field
outside nanostructures for sensing of nearby molecules [9]. Instead of sensing external material,
we exploit the phonons in the crystalline high-index material as a natural probe of the internal
near field. This enables us to use a far-field Raman measurement system to determine the internal
near-field enhancement created by Mie resonances without the need of any external or invasive
probes.

Optical Mie resonances facilitate nanoscale control of both electric and magnetic components
of light. This has been exploited to realize a plethora of exciting optical effects, including
metasurface-based control of light [4], meta-lenses [10], structural color [11], Huygens’ surfaces
[12], lasing [13], directional control of emitters [14,15] and fluorescence [16], and active
control of light [17]. These effects often involve structuring the high-index material on a scale
significantly smaller than the wavelength of operation. For silicon, this length scale is on the
order of few hundreds of nanometers for visible light. Such nanostructures can be realized with
state-of-the-art nanolithography, but their subwavelength sizes are below the spatial resolution
of optical microscopes, which makes their near-field characterization cumbersome. Scanning
near-field optical microscopy has been used to map the external near field of such nanostructures
[18,19], but the technique requires a tip near the surface which perturbs the system. Optical modes
of individual nanostructures have also been mapped with cathodoluminescence spectroscopy
[20], but this requires the sample to be conductive. Photocurrent measurements provide insight
into the absorption properties of individual Mie resonators [21], but require electrical contacts
for current read-out. Thus, a near-field spectroscopy tool, which is versatile, non-invasive and
does not set stringent requirements to the sample, would be advantageous for characterizing
high-refractive-index nanostructures.

The intensity of Raman scattering is amplified by the internal near-field enhancement produced
by Mie resonances in silicon nanoparticles [7,8,22]. This has been exploited for detecting these
resonances, but also for other applications such as thermometry, crystallinity characterization
and nonlinear spectroscopy [23,24,25,26,27]. In addition, the external near-field enhancements
produced by Mie resonances in silicon nanoparticles has also been used to enhance the Raman
signal from nearby material for sensing purposes [28,29,30,31,32]. However, these previous
results are all based on Raman spectroscopy at a single fixed Raman excitation wavelength.
Consequently, the identification of optical resonances would require the fabrication of many
nanostructures of different sizes to gradually shift the resonance across the Raman excitation
wavelength. This hinders the potential of Raman spectroscopy as a versatile characterization tool
for detecting resonance-induced near-field enhancements. Here, we introduce a custom-built
Raman setup that incorporates a tunable Raman laser, allowing us to tune the Raman excitation
wavelength and thereby spectrally map out resonances in silicon nanostructures. In particular, we
use tunable-excitation Raman spectroscopy to measure the internal field enhancement induced
by both Fabry-Pérot resonances in thin silicon films and Mie resonances in silicon nanodisk
arrays. By comparing the Raman signal on and off resonance, we are able to map out the optical
resonances and the internal near-field enhancement. Inspired by the recent theoretical description
of Raman scattering [7,8], we explain our experimental observations using a model based on
the enhancement of the stored electric energy in the nanostructures. Our theoretical model is
in excellent agreement with our measurements. By leveraging the dependence of the Raman
signal on the internal near field, we also provide proof-of-concept experimental results of Raman
spectroscopy as a tool for quality control of silicon nanostructures. We envision that tunable
Raman spectroscopy can be scaled up for fast and non-invasive characterization and quality
control of optical metasurfaces.
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2. Results

To benchmark tunable-excitation Raman spectroscopy, we first demonstrate that Raman spec-
troscopy with a fixed excitation wavelength can successfully detect resonance-induced near-field
enhancements. We consider two systems with different types of optical resonances, namely,
silicon thin films, which support Fabry-Pérot resonances, and silicon nanodisk arrays, which
support Mie resonances. They provide a suitable introduction to resonance-enhanced Raman
spectroscopy and enable a clearer understanding of the subsequent experiments with tunable-
excitation Raman spectroscopy. We compare our fixed-excitation-wavelength results with earlier
reports on similar systems [7,33,34].

2.1. Thin films of silicon

A simple Fabry-Pérot resonator is formed by depositing a thin film of polycrystalline silicon on a
fused silica substrate (Fig. 1(a)). We prepare films of different thicknesses and measure both
reflectance and Raman spectra. The reflectance spectra are acquired over the visible range at
normal incidence and Raman spectroscopy is performed with a fixed excitation wavelength of 785
nm (see Methods). The reflectance spectra show a dip due to light coupling to the second-order
Fabry-Pérot resonance (Fig. 1(b)), which shifts to longer wavelengths with increasing film
thickness (Fig. 1(c)). Note that the electric field intensity is maximum at the thin film surfaces
(Fig. 1(b)), which is in contrast to the electric field minima seen in the classical Fabry-Pérot
cavity formed by two nearby mirrors. By using data for the dispersive refractive index of our
polycrystalline silicon film measured by ellipsometry (not shown), we find that well-known
thin-film theory (see below) accurately captures the Fabry-Pérot resonance dips of the different
film thicknesses (Fig. 1(c)).

The Raman spectra from the thin silicon films show a peak at a Stokes shifted wavenumber of
518 cm−1 (Fig. 1(d)), which corresponds to an emission wavelength of 818 nm for our excitation
wavelength. The Raman peak is due to the optical phonon mode in silicon [35], and its measured
energy of 518 cm−1 is a signature of the polycrystalline nature of our thin films [36]. The stable
spectral position of the phonon band across the different thin films shows that local optothermal
heating is weak and can be neglected [24]. We observe that the Raman peak intensity depends
strongly on the film thickness. To correct for non-resonant Raman enhancements due to increased
silicon thickness, the Raman intensity is scaled with the Fabry-Pérot resonance wavelength, which
is proportional to the film thickness. By correlating the Raman spectra to the reflectance spectra,
we find that the strongest Raman peak intensity occurs when the reflectance dip is spectrally
located in between the Raman excitation and emission wavelengths (Figs. 1(c)–1(d)). In this
case, the Fabry-Pérot resonance enhances both the excitation and emission processes of Raman
scattering. To convert the Raman intensity into an enhancement that can be compared with theory,
we must specify a reference Raman intensity. To this end, we normalize the Raman intensities
to the off-resonant case (i.e., reflectance minimum of 635 nm). We measure a clear eight-fold
enhancement of the Raman signal (Fig. 1(e)), which is in agreement with our theoretical model,
see below. Since the Fabry-Pérot resonance wavelength scales linearly with the silicon film
thickness, this all-optical characterization requires no a priori knowledge of the film thickness
and is thus a powerful tool for determining the near-field enhancement produced by a given
resonance.

To explain our experimental observations, we now develop a theoretical model to estimate the
Raman enhancement. The Raman signal stems from two incoherent processes: (i) the excitation
of the phonon modes, which is enhanced by the electric field intensity inside the film, and (ii) the
Stokes-shifted emission of light, which experiences a boost due to the decay rate enhancement
(i.e., the Purcell factor) [8,33]. Both of the processes depend on the enhancement of the local
electric field intensity E2 at the corresponding wavelengths of excitation and emission [6]. We
therefore calculate the Raman enhancement as the product of the electric field intensity inside
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Fig. 1. Raman spectroscopy on silicon thin films. (a) A Fabry-Pérot resonator is formed
by depositing a poly-crystalline silicon film of thickness t on a fused silica substrate. The
microscope-based Raman experiment is performed with an excitation wavelength of 785 nm.
(b) Enlarged view showing the electric-field intensity of the second-order Fabry-Pérot
resonance inside the thin film. (c) Optical reflectance spectra measured on silicon films of
different thicknesses. The reflectance minima, corresponding to the Fabry-Pérot resonance,
have different offsets compared to the Raman excitation wavelength. (d) Raman spectra
measured for different film thicknesses. The silicon Raman peak is observed at 518 cm−1

(corresponding to 818 nm emission wavelength) and the signal strength shows strong
dependence on the film thickness. (e) Intensity of the silicon Raman peak plotted as function
of wavelength of reflectance minimum and compared to the calculated Raman enhancement
S. The Raman intensities of both the theoretical and experimental results are normalized to
the off-resonant case (i.e., reflectance minimum of 635 nm).
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the silicon film at the excitation and emission wavelengths. However, since we detect Raman
signal from the entire volume of the film, we use the stored electric energy enhancement W as a
measure for the electric-field-intensity enhancement. This leads to the following expression for
the Raman signal S

S ∝ W(λexc) ·W(λemi) (1)

where λexc and λemi denote the excitation and emission wavelengths, respectively. The stored
electric energy enhancement is defined as W = n2 ∫V dr|E|2/(VE2

0), where V is the volume of
nanostructured silicon material, n is the refractive index, and E0 is the incident electric field
amplitude.
The theoretical expression for the Raman signal in Eq. (1) assumes a scalar and wavelength-

independent Raman polarizability, which is suitable for the polycrystalline silicon used in our
samples. In addition, the Purcell factor is determined through the stored energy enhancement,
based on the reciprocity theorem [22]. The latter is applicable to our experimental setup, which
detects the Raman emission in reflectance with a low-NA objective (NA= 0.3). Finally, the
proportionality relation of Eq. (1) requires a normalization procedure for accurate comparison
with experimental results. As discussed, we use the off-resonant Raman intensity as our reference
intensity.

For our thin-film system, the stored electric energy enhancement is a tractable problem, which
permits an analytical solution. We consider a film of thickness t with a refractive index n on
a semi-infinite substrate with refractive index nsub. The semi-infinite superstrate is air with a
refractive index of unity. Plane-wave light of wavelength λ is normally incident on the thin film
from the air side. The incident electromagnetic wave gives rise to a reflected wave, forward- and
backward-propagating waves in the film, and a transmitted wave in the substrate. By applying
Maxwell’s boundary conditions at both of the thin-film interfaces, we determine the electric field
inside the thin film to be

E(z) = E0
tair

1 + rairrsubei2kt [e
ikz + rsubei2kte−ikz]x̂, (2)

where tair = 2/(1 + n) and rair = (1 − n)/(1 + n) denote the Fresnel transmission and reflection at
the air-silicon interface respectively, rsub = (n − nsub)/(n + nsub) denotes the Fresnel reflection at
the silicon-glass interface, and k = 2πn/λ is the wavenumber in the thin film. Here, the z-axis
is defined as shown in Fig. 1(b) and the polarization is set along the x direction, although this
is arbitrary since we only consider normal incidence. For our experimentally relevant case of
negligible material losses in the thin film, we find the stored electric energy enhancement in the
thin film to be

W(λ) =
n2 ∫ t0 |E(z)|

2dz
E2
0t

=
n2 |tair |2

|1 + rairrsubei2kt |
2 [1 + |rsub |

2 + 2|rsub |sinc(2kt)] (3)

The denominator in Eq. (3) expresses the Fabry-Pérot resonance condition, which is satisfied
when the sum of the propagation and reflection phases equals an integer value of 2π. This is
approximately satisfied whenever a half-integer value of wavelengths fit in the thin film.

The theoretical Raman enhancement expressed in Eqs. (1) and (3) show excellent agreement
with our experimental observations (Fig. 1(e)). The model accurately captures the spectral
dependence of the measured Raman enhancement and confirms that the maximum Raman
enhancement occurs when the reflectance minimum (i.e., the Fabry-Pérot resonance) is located
in between the Raman excitation and emission wavelengths. Our theoretical model provides
physical insight into the observed Raman enhancement by linking it to the enhancement of the
near field in the silicon thin film.
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2.2. Nanodisk arrays of silicon

Having established the link between the enhanced Raman signal and thin-film Fabry-Pérot
resonances, we now turn our attention to Mie resonances that occur in nanostructured high-
refractive-index materials. Mie resonances are an essential part of the design of metasurfaces,
which are expected to play a significant role in future optical devices [37]. Their characterization
is therefore relevant for quality control purposes, and we show here how Mie-induced near-field
enhancements can be detected by Raman spectroscopy. For this task, we prepare judiciously
sized silicon nanodisk arrays, which support the magnetic dipole Mie resonance. The nanodisk
diameters range from 90 nm to 200 nm, while the height and period are kept constant at 200 nm
and 400 nm, respectively (Figs. 2(a)–2(c)). These subwavelength nanodisk sizes allow us to
tune the magnetic dipole resonance, which features large internal field enhancements, across our
fixed Raman excitation wavelength. Reflectance measurements show two distinct peaks (Fig.
2(d)), where the peak at the longest wavelength is due to the magnetic dipole resonance of the
nanodisk. The peak at the shorter wavelength corresponds to the excitation of the magnetic
quadrupole resonance. Both peaks shift to longer wavelengths with increasing nanodisk diameter,
but only the magnetic dipole crosses our Raman excitation wavelength. Numerical simulations
of the reflectance spectra of the nanodisk array (see Methods) accurately capture the resonance
wavelength of the magnetic dipole, but differ in case of the magnetic quadrupole resonance.
The discrepancy in the magnetic quadrupole resonance wavelength is due to a thin residual
silicon layer in our samples. Through additional simulations, we find that even a residual layer
of only 10 nm, which is within the fabrication tolerance of our samples, redshifts the magnetic
quadrupole significantly (Fig. 3). Importantly, the thin residual layer has little influence on the
magnetic dipole resonance, which is the mode we have access to in our Raman experiments. The
magnetic dipole resonance is associated with a large stored electric energy (Fig. 2(e)), which
peaks at a slightly longer wavelength than the reflectance maximum. An important feature is
that the maximum stored energy enhancement decreases with increasing disk diameter. This
is due to increased radiation losses, which is visible by the increase in maxima and width of
the reflectance peaks. This decrease in the stored energy enhancement with increasing Mie
resonance wavelength suggests that the largest Raman enhancement will occur for a particle
diameter, which has its magnetic dipole resonance closer to the excitation wavelength than the
emission wavelength. This is in contrast to the silicon thin film measurements (Fig. 1), where
we observed the maximum Raman enhancement when the excitation and emission wavelengths
were positioned symmetrically around the Fabry-Pérot resonance. The Raman measurements of
the nanodisk arrays confirm our expectations (Fig. 2(f)), showing that the maximum Raman
enhancement indeed occurs when the magnetic dipole resonance is close to the Raman excitation
wavelength (785 nm). The magnetic dipole produces a remarkable 90-fold Raman enhancement,
which is in good agreement with both our numerical simulations using Eq. (1) and earlier
experiments on silicon nanospheres [7,34].

Besides the impressive on-resonant Raman enhancement, we also find a strong suppression of
the Raman signal for off-resonant nanodisk geometries. In fact, the Raman intensity of the silicon
peak for off-resonant nanodisk diameters (i.e., below 150 nm) is below our detection sensitivity.
As such, the Raman enhancement may be even larger than shown in Fig. 2(f). For a reasonable
comparison with our simulations, we choose the reference point to be the smallest nanodisk
diameter where we can detect the Raman signal from the phonon mode in silicon. This occurs
for a nanodisk diameter of 150 nm, which has the magnetic dipole resonance at a wavelength of
approximately 750 nm (Fig. 2(f)). The simulated Raman enhancement is in good agreement
with the experimental results and confirms that the maximum Raman enhancement occurs when
the magnetic dipole resonance matches the Raman excitation wavelength.
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Fig. 2. Raman spectroscopy on silicon nanodisk arrays. (a) Schematic of lithographically-
defined polycrystalline silicon nanodisk arrays on a fused silica substrate. The nanodisks of
diameter D (ranging from 90 nm to 200 nm) and height h= 200 nm form a square array of
period p= 400 nm. (b) Scanning electron microscopy and (c) optical microscopy images of
the nanodisk arrays. (d) Measured and simulated reflectance spectra of nanodisk arrays of
three different diameters. Inset: Magnetic field intensity of the magnetic dipole resonance.
(e) Calculated stored energy enhancement spectra for the same nanodisk geometries. (f)
Intensity of the silicon Raman peak plotted as function of wavelength of the magnetic-
dipole reflectance peak. The experimental results are compared to the simulated Raman
enhancement S.
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Fig. 3. Effect of thin silicon residual layer. (a) Schematic of the nanodisk unit cell with a
silicon residual layer of thickness tres. (b, c) Reflectance and stored energy enhancement
spectra for different residual layer thicknesses (D= 180 nm). The magnetic quadrupole
resonance wavelength is strongly influenced by the residual layer and shifts to longer
wavelengths for increasing layer thickness. Importantly, the magnetic dipole resonance
wavelength and its stored energy enhancement is weakly influenced by the thin silicon layer.
The stored energy peak at the shortest wavelengths is due to a Fano resonance, enabled by a
coupling of the array and the localized resonance in the nanoparticle due to the thin residual
layer.

2.3. Raman spectroscopy with tunable excitation

Our results show that Raman spectroscopy at a fixed excitation wavelength can successfully detect
both Fabry-Pérot and Mie resonances in silicon nanostructures, in accordance with earlier results
[7,22,33,34]. However, the fixed wavelength necessitates the fabrication of different samples
of varying thickness and diameter to tune the resonances of interest. To alleviate this issue and
increase the versatility of Raman spectroscopy, we modify our Raman setup to include a tunable
Raman laser with customized filters (see Methods), which enables us to acquire Raman spectra
in a range of excitation wavelengths (760 nm to 810 nm). This enables us to spectrally map a
fixed resonance in detail and study the delicate interplay between the excitation wavelength and
the resonance-induced Raman enhancements.

We first study the Raman enhancement produced by a fixed Fabry-Pérot resonance positioned
at a wavelength of 800 nm corresponding to a silicon film of thickness t= 205 nm, see Figs.
4(a)–4(c). The reflectance spectrum shows the characteristic Fabry-Pérot dip (Fig. 4(a)), which
is associated with a stored energy enhancement at the exact same wavelength (Fig. 4(b)). We
tune the excitation wavelength across the Fabry-Pérot resonance (Fig. 4(c)) and find that the
maximum Raman intensity occurs at an excitation wavelength of approximately 785 nm (emission
wavelength of 818 nm). This places the excitation and emission wavelengths symmetrically
around the Fabry-Pérot resonance. From Eq. (1), we can infer that this symmetry comes from
two properties of the Fabry-Pérot resonance: (i) the resonance and its associated stored energy is
spectrally symmetric, and (ii) the resonance width is much larger than the silicon phonon energy
due to the low quality factor (QFP = 4.8) of the Fabry-Pérot resonance. The former property gives
rise to the symmetric Raman intensity profile as seen in Fig. 3(c), while the latter explains why
the maximum Raman intensity occurs when the mean of the excitation and emission wavelengths
(and not when either of them) matches the Fabry-Pérot resonance wavelength.
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Fig. 4. Tunable excitation Raman spectroscopy. (a) Measured reflectance spectrum and (b)
simulated stored energy enhancement for a silicon thin film sample with thickness t= 205 nm,
which supports a Fabry-Pérot resonance at 800 nm. (c) Measured Raman intensity of the
silicon peak as a function of excitation wavelength (with step size of 5 nm). The dashed line
is a guide to the eye. (d-f) Similar to (a-c) but for a nanodisk array of diameter D= 170 nm,
which supports a magnetic-dipole Mie resonance at a wavelength of 780 nm.

This picture is different for the nanodisk array, which supports the magnetic dipole resonance
(Figs. 4(d)–4(f)). Here, the reflectance spectrum shows a peak due to the magnetic dipole Mie
resonance (Fig. 4(d)), with its resonance wavelength at approximately 780 nm as deduced from
the simulated stored energy (Fig. 4(e)). By tuning the Raman excitation wavelength across
the Mie resonance, we notice that the maximum Raman intensity occurs when the excitation
wavelength matches the Mie resonance wavelength, which is quite different from the Fabry-Pérot
case. The experimental result suggests that the excitation enhancement is significantly stronger
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than the emission enhancement, thus favoring the former in the Raman enhancement. Although
beyond the scope of this work, we speculate that interference effects due to Mie resonances can
lead to directional light scattering and emission [14,15,38], which may decrease the emission
enhancement by directing the Raman emission outside the collection angle of our microscope
objective. Nonetheless, Raman spectroscopy is still sensitive to the excitation enhancement,
which enables us to locate the magnetic dipole resonance wavelength. The Raman measurements
confirm that the magnetic dipole resonance indeed occurs at a slightly longer wavelength than
the reflectance maximum, which is an important near-field insight that we would otherwise only
be able to infer through simulations.

2.4. Raman spectroscopy for quality control

Wehave shown that complementing reflectance spectroscopywith Raman spectroscopy is valuable
as the far and near field can be probed in the same optical system. Raman spectroscopy may
therefore serve as an all-optical and non-invasive characterization tool for metasurface devices

Fig. 5. Raman spectroscopy for quality control. (a) Measured reflectance and (b) Raman
spectra of partially etched silicon nanodisk arrays with different nominal diameters D. The
reflectance spectra show two peaks, which is characteristic for Mie-type optical response.
Inset: Schematic of partially etched silicon nanodisks. (c) Intensity of the silicon Raman
peak (at 518 cm−1) plotted as function of the nominal nanodisk diameter. The Raman
intensities are normalized to the minimum Raman intensity measured (i.e., nominal diameter
of 120 nm). The Raman excitation wavelength is 785 nm. The dashed line is a spline fit
as a guide to the eye. (d) Top: Atomic-force microscopy image of the partially etched
silicon nanodisk array. Bottom: Linescan of AFM image which shows that the height of
the nanodisks are only around 50 nm, instead of the designed 200 nm (i.e., fully etched
nanodisks).
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based on crystalline high-refractive-index materials. To exemplify its potential, we consider
silicon nanodisk arrays where we intentionally introduce a fabrication flaw. A critical step in
the fabrication procedure is the etching procedure, which defines the nanodisk arrays. Here, we
purposely disrupt the etching procedure prematurely to create ill-defined nanodisk arrays, which
we expect to produce low-quality Mie resonances. We prepare partially-etched nanodisk arrays
with different diameters and measure their reflectance spectra (Fig. 5(a)). Interestingly, the
reflectance spectra show a double peak with slightly broader resonances than the results shown in
Fig. 2(d). Based on the reflectance data alone, it is difficult to conclude that the nanodisk arrays
are imperfect. Commonly, such imperfections are revealed using additional sample imaging
techniques, such as atomic-force microscopy, or through comprehensive simulations, but here we
offer an alternative route. By tracking the intensity of the silicon Raman peak (Figs. 5(b)-5(c)),
we notice markedly different results than seen for the defect-free nanodisk arrays (Fig. 2(f)). In
particular, we measure that the maximum Raman enhancement is quite weak, which suggests
low quality factor Mie resonances. With both the reflectance and Raman measurements at hand,
it becomes clear that these samples are faulty, which we verify using atomic-force microscopy
(Fig. 5(d)). Indeed, we find that the silicon nanodisk arrays have only been partially etched,
producing nanodisks with a height of only 50 nm placed atop a continuous silicon thin film of
approximately 150 nm thickness. Due to the dominant thin film, this nanostructure geometry
confines light only mildly below the nanodisks, producing resonances similar in quality factor
to Fabry-Pérot thin-film resonances. This all-optical characterization enables a fast inspection
of the fabricated sample and may potentially circumvent the need to perform time-consuming
simulations to reproduce the reflectance data.

3. Conclusion

We have provided compelling experimental evidence that tunable-excitation Raman spectroscopy
can be used to probe the optical resonances of crystalline high-refractive-index nanostructures.
In particular, we have studied silicon thin films and silicon nanodisk arrays, which confine light
through Fabry-Pérot and Mie resonances, respectively. These resonances produce enhancement
of the near field inside the silicon, which we successfully detect with Raman spectroscopy. We
have also introduced a theoretical model, which uses the stored electric energy as a measure for
the Raman excitation and emission processes. Our theoretical model is in good agreement with
the experimental results.

Tunable-excitation Raman spectroscopy is a far-field measurement technique, which is versatile,
non-invasive and fast. Our setup used a tunable laser in the near infrared, but other tunable laser
sources exist which permit to cover a broad part of the visible spectrum [39]. Combined with
reflectance measurements, we have shown that Raman spectroscopy can identify faulty samples.
This all-optical characterization may avoid the need for time-consuming sample imaging and
comprehensive theoretical modelling. As such, Raman spectroscopy may find use as a metrology
tool for inline control of future metasurface production.

4. Methods

4.1. Optical setup

A custom-built Raman microscopy setup is used in this work, which consists of three major
components: a tunable near-infrared laser for optical excitation (DL Pro, Toptica Photonics,
Munich), an inverted microscope (Nikon-Ti, Japan) for inspection of the sample surface and a
Shamrock 303i spectrometer equipped with a deep-cooled Newton 920 CCD camera (Andor
Technology, Northern Ireland) for Raman analysis and corresponding broadband reflectance
measurements. All spectra are acquired with a 10x objective (NA= 0.3) in focus with the
nanostructured sample surface.
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The tunable diode laser enables sweeps of the Raman excitation wavelength from 760 nm
to 810 nm. For effective laser tail suppression, the cut-off wavelength of a band-pass filter
needs to be tuned to go hand in hand with the actual laser wavelength in Raman spectroscopy.
In order to cover the entire wavelength range with one laser line filter, a tunable band-pass
filter (BP01-796/12, Semrock, New York) is installed in the optical path and its upper cut-off
wavelength can be tuned by adjusting its angle with respect to the optical axis. The tunable laser
line filter is accomplished by a Raman edge filter, either designed for 785 nm or for 808 nm
Raman experiments. With these two exchangeable Raman edge filters and the tunable band-pass
filter for the laser line, Raman experiments on polysilicon (at the wavenumber 518 cm−1) can be
performed at all laser wavelengths in the range from 760 nm to 810 nm. In practice, the sample
is mounted at a fixed position while the laser wavelength is tuned. This fixed alignment allows a
comparability in Raman intensity measurements. Power changes at different laser wavelengths
are considered by reference measurements of the respective laser power. The maximum laser
intensity in our measurements is approximately 9 mW/µm2, which is modest compared to the
intensities required for laser-induced reshaping [24]. The low-NA objective used for focusing
the Raman laser provides a beam area of approximately 9 µm2, which means that on average 55
silicon nanodisks are illuminated.

4.2. Data analysis

Reflectance data are background subtracted and then normalized to the intensity of the lamp
(acquired using a silver mirror, Thorlabs PF10-03-P01). All Raman data are corrected for dark
counts. The Raman data from the thin film samples are further background corrected to ensure a
similar Raman signal at wavelengths after the silicon peak. Each data set is normalized with
respect to the Fabry-Pérot resonance wavelength (which scales linearly with the film thickness)
to correct for non-resonant Raman enhancements due to increased silicon volume. To evaluate
the near-field enhancement, the silicon Raman peak signal is normalized to the off-resonant case
(thin film sample with resonance wavelength of 635 nm). The Raman data from the nanodisk
array is normalized to the nanodisk sample with a resonance at 750 nm, where a peak is still
observed. Nanodisk arrays with smaller diameters completely suppress the silicon Raman signal
and therefore lead to unrealistic large enhancement factors.

4.3. Sample fabrication

The thin film samples are prepared by depositing polycrystalline silicon on fused silica four inch
wafers using a low pressure chemical vapour deposition (LPCVD) oven at a temperature of 630
°C. The deposition time determines the thickness of the resulting film (deposition rate, 9.5 nm pr.
min).
The nanodisk array samples follow the same initial step as the thin film sample. To avoid

interference effect in the optical measurements, the silicon layer on the backside of the wafer is
removed by reactive ion etching. Afterwards positive e-beam resist (CSAR) is spin coated onto
the silicon film followed by the deposition of a thin aluminum layer to avoid surface charging.
Electron beam lithography is performed with a 100 kV JEOL JBX-9500FSZ. The aluminum
layer is then stripped and the resist is developed. A second aluminum layer is deposited (40 nm),
followed by a lift-off process which removes the remaining e-beam resist and leaves disk-shaped
islands of aluminum. With the aluminum as an etch mask, the silicon is etched (reactive ion
etcher, DRIE Pegasus) to define the nanodisk arrays. Finally, the aluminum etch mask is removed.

4.4. Numerical simulations

Simulations of the reflectance and stored electric energy spectra of the nanodisk arrays are
performed using the finite-element software COMSOL Multiphysics 5.4. A single unit cell
is simulated using periodic boundary conditions and a port in the superstrate (air domain)
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is used to send in a linearly polarized plane wave at normal incidence. We use interpolated
ellipsometry-measured data for the refractive index of silicon, while the refractive index of glass
is taken to be constant at 1.45. The stored electric energy is evaluated by integrating the electric
energy density over the volume of the silicon nanodisk. To determine the enhancement, we
normalize the stored electric energy to the stored energy in the same volume V in free space:
W0 = ∫V dV 1

4ε0 |E0 |
2, where E0 is the amplitude of the incident plane wave. The simulated data is

then multiplied by the volume of the nanodisk to make accurate comparison with experiments. As
the volume of the nanodisk arrays is exactly known, it is more accurate to multiply the simulated
data than divide the experimental data.
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