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Abstract

Plasmonic nanostructures are widely utilized in surface-enhanced Raman spectroscopy (SERS) from ultraviolet to
near-infrared applications. Periodic nanoplasmonic systems such as plasmonic gratings are of great interest as SERS-
active substrates due to their strong polarization dependence and ease of fabrication. In this work, we modelled a
silver grating that manifests a subradiant plasmonic resonance as a dip in its reflectivity with significant near-field
enhancement only for transverse-magnetic (TM) polarization of light. We investigated the role of its fill factor,
commonly defined as a ratio between the width of the grating groove and the grating period, on the SERS
enhancement. We designed multiple gratings having different fill factors using finite-difference time-domain (FDTD)
simulations to incorporate different degrees of spectral detunings in their reflection dips from our Raman excitation
(488 nm). Our numerical studies suggested that by tuning the spectral position of the optical resonance of the
grating, via modifying their fill factor, we could optimize the achievable SERS enhancement. Moreover, by changing
the polarization of the excitation light from transverse-magnetic to transverse-electric, we can disable the optical
resonance of the gratings resulting in negligible SERS performance. To verify this, we fabricated and optically
characterized the modelled gratings and ensured the presence of the desired detunings in their optical responses.
Our Raman analysis on riboflavin confirmed that the higher overlap between the grating resonance and the
intended Raman excitation yields stronger Raman enhancement only for TM polarized light. Our findings provide
insight on the development of fabrication-friendly plasmonic gratings for optimal intensification of the Raman
signal with an extra degree of control through the polarization of the excitation light. This feature enables studying
Raman signal of exactly the same molecules with and without electromagnetic SERS enhancements, just by
changing the polarization of the excitation, and thereby permits detailed studies on the selection rules and the
chemical enhancements possibly involved in SERS.
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Introduction
Raman spectroscopy (RS) is a powerful vibrational spec-
troscopic technique and widely used as an analytical
method to reveal ‘chemical fingerprint’ of the probed
materials [1–7]. Surface-enhanced Raman spectroscopy
(SERS) is an improved version of RS with the presence of
a ‘surface’ underneath the probed materials to ‘enhance’
the weak Raman response of the probe. The ‘surface’ usu-
ally consists of plasmonic nanostructures possessing plas-
monic resonances with enhanced near-field localization
suitably tuned to spectrally match with the laser excitation
and the vibrational Stokes region [8–13]. In combination
with simultaneous rapid developments in computational
nanophotonics and nanofabrication processes, SERS has
become an established tool for bio-sensing [14–16] and
single-molecule studies [17–20].
Plasmonic nanostructures for SERS typically include

metallic nanoantennas with regular geometries such as
nanospheres, nanocubes, nanotriangles, nanorods, nano-
tips [21–23], as well as irregular-shaped nanoparticles
[24] and nanoparticle oligomers [25–27]. Periodic struc-
tures with lattice resonances, such as plasmonic gratings
[28–34] and nanoparticle arrays [35], are also used as
SERS substrates. In a plasmonic grating, excitations of
surface plasmon polariton (SPP) modes are shown as re-
flectance dips at the resonance energies. The SPPs can
provide local field enhancements up to the order of 103.
Unlike flat metal surfaces, excitation of SPP modes in
metallic gratings with well-defined periodicity does not
require special experimental arrangements and the res-
onance condition can be achieved with regular
transverse-magnetic (TM) polarized light [36–41].
Resonant sub-wavelength plasmonic gratings [42] are

important SERS substrates [43–45] due to their easy re-
producibility and stability as SERS-active media [46].
Such gratings have a controllable preference to the
polarization of the incident electromagnetic field [47]

and provide relatively high enhancement factors [48].
Thus, development of fabrication-friendly plasmonic
gratings with favorable structure and surface topology as
well as strong polarization sensitivity is essential for
optimum Raman intensification.
In this article, we study a polarization-sensitive silver

grating that manifests a subradiant plasmonic resonance
as a dip in its reflectivity with significant near-field en-
hancement only for TM-polarized light. We investigate
the role of its fill factor, commonly defined as a ratio be-
tween the width of the grating groove and the grating
period (as illustrated in Fig. 1a), on the SERS enhance-
ment. The grating is modelled and optimized for Raman
applications using finite-difference time-domain (FDTD)
method [49–51]. Riboflavin is used as a probe analyte,
and the excitation wavelength is chosen to be 488 nm,
since it yields a strong resonance Raman signal of the
analyte. Riboflavin has prominent Raman lines [52] at
1321 cm− 1 and 1345 cm− 1 that are targeted in the grat-
ing design. Our FDTD simulations show that by varying
the fill factor of the grating one can improve the SERS
enhancement significantly by spectrally tuning the grat-
ing reflection dips to match energetically with the Ra-
man excitation. The more the reflection minimum
spectrally overlaps with the intended excitation, the
higher the Raman enhancement one can obtain. More-
over, by changing the polarization of the excitation light
from transverse-magnetic to transverse-electric, one can
disable the SPP resonance of the gratings. These numer-
ical predictions are confirmed by optical and SERS ex-
periments on the fabricated gratings.
Overall, our reported results not just show a way to

optimize fabrication-friendly nanostructures to reach
high sensitivity in Raman detection, but also demon-
strate an extra degree of control through the polarization
of the excitation light. This feature enables studying
Raman signal of exactly the same molecules with and

Fig. 1 a Schematic of a single unit cell of the gratings. The geometrical parameters are h1 = 1 μm, h2 = 225 nm, h3 = 275 nm and d = 300 nm; b
Simulated reflection spectra of the grating with ff = 0.47. The red and black curves present the cases for TM and TE polarizations, respectively; c
Effect of ff on the ‘bluest’ reflection minimum of the gratings in the case of TM polarization
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without electromagnetic SERS enhancements, just by
changing the polarization of the excitation, and thereby
permits detailed studies on the selection rules and the
chemical enhancements possibly involved in SERS.

Materials and methods
FDTD simulations
Plasmonic gratings were modelled and optimized using
the FDTD method [49–51] implemented by Lumerical
FDTD Solutions [53]. The optical responses of the grat-
ings were computed using the two-dimensional (2D-
FDTD) simulations on XZ plane, as defined in Fig. 1a,
by assuming that the grating volume extends uniformly
in Y direction. In the simulation setup, a single unit cell
of the grating (in air), as depicted in Fig. 1a, was consid-
ered with the geometrical parameters: h1 = 1 μm, h2 =
225 nm, h3 = 275 nm and d = 300 nm. Four different fill
factors (0.47, 0.50, 0.55 and 0.61) were considered where
the fill factor is defined as ff =Λ/d with Λ being the
width of the silver layer on top and d as the period of
the grating. Periodic boundary conditions (PBCs) and
perfectly matched layers (PMLs) were used in the X- and
Z-direction, respectively. Normal incidence of light (plane
waves) with transverse-electric (TE) and transverse-
magnetic (TM) polarizations, as defined in Fig. 1a, were
considered as excitations. The dispersive dielectric func-
tion of silver (Ag) was extracted from the experimental
data reported by Johnson and Christy [54]. The nondis-
persive refractive indices of air and glass (SiO2) were con-
sidered as 1.00 and 1.45, respectively.

Fabrication
Fabrication of the designed gratings with four different fill
factors was done using electron-beam lithography (EBL).
Chromium was used as a hard mask and it was deposited
on top of a glass (SiO2) substrate by thermal evaporation
technique. After the deposition, a standard e-beam resist
was spin-coated on top of the chromium-masked sub-
strate. The spin-coated resist was then patterned in an
EBL system (Raith EBPG 5000+) according to the opti-
mized design parameters obtained from the FDTD simu-
lations. After the resist-development, the patterns were
transferred to the chromium layer by inductively coupled
plasma reactive ion etching (ICP-RIE). A similar technique
was used to transfer the patterns from chromium to the
SiO2 substrate. After that, chromium wet etching was per-
formed to remove the remaining mask. Finally, silver was
deposited on top of the patterned SiO2 substrate by ther-
mal evaporation technique. After the fabrication, scanning
electron microscope (SEM) imaging has been carried out
using LEO 1550 Gemini SEM (operated at the acceler-
ation voltage of 5 kV) to determine the structural parame-
ters of the fabricated gratings.

Optical characterization
Fabricated gratings were optically characterized using a
microscopy (Olympus BX51) setup with a 5X objective
(Olympus MPLN5x-BD, NA = 0.15) used for the excita-
tion and the collection. The reflection spectra of the fab-
ricated gratings were collected in a regular bright-field
configuration with linearly polarized light. The desired
excitation polarization was set by rotating the sample.
The polarization at the detector end was tuned separ-
ately using an analyzer-polarizer filter. Collected light
was focused into a fiber and guided to a spectrometer
(Acton Spectrograph SP2150i with Andor iVAC CCD).
The recorded reflectance spectra from the gratings were
normalized by the instrument response spectrum ob-
tained as a reflectance from a highly reflective silver mir-
ror. The excitation light was incident on the gratings
from all directions up to the angles of 23.6°. More details
on the experimental setup can be found elsewhere [55].

SERS measurements
Raman response of riboflavin on top of the fabricated
gratings was recorded using a commercially available Ra-
man setup (WITec alpha300 confocal Raman micro-
scope) where the wavelength of the excitation light was
488 nm. A 20X objective (NA = 0.40) was used to illu-
minate the sample for 5 s with 150 μW excitation power
while collecting the Stokes-side Raman spectrum
through the same objective. The correct polarization of
the focused excitation beam was maintained by rotating
the sample stage. Ten microliters aqueous solution of
riboflavin (1.0 μM concentration) was deposited on top
of the fabricated gratings and incubated for 10 min
under normal humidity. After incubation, the riboflavin
solution was blown away with compressed nitrogen flow
to avoid the coffee-ring effect resulting in an uneven
coverage of the riboflavin molecules on the gratings.
Raman spectra were collected from four different
positions on each grating as an average of a 5 × 5 array
of single shots (i.e. 25 shots) on each position. The
collected spectra were further averaged over those four
positions for each grating. Averaged spectra were baseline-
corrected with the help of a commercially available data
analysis software OriginPro 2017 [56].

Results and discussion
We carried out 2D-FDTD simulations to optimize the
geometrical parameters of the gratings. Figure 1a sche-
matically represents a single unit cell of the gratings with
pictorial definitions of the fill factor (ff), TE/TM polari-
zations, and the simulation plane (XZ). During the
optimization process, we varied the ff of the gratings as a
key parameter while keeping all other parameters fixed
(i.e. h1 = 1 μm, h2 = 225 nm, h3 = 275 nm and d = 300
nm). Four different fill factors (ff = 0.47, 0.50, 0.55 and
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0.61) were chosen for the fabrication. The broad-range
reflection spectra of a grating with ff = 0.47 are pre-
sented in Fig. 1b for TE and TM polarizations. From the
figure, we can see that in the case of TE polarization
(black curve), the grating act as a highly reflecting sur-
face since only TM polarization of light can excite the
SPP modes [36]. For TM-polarized light (red curve), the
excitation of SPP modes is clearly manifested as the re-
flection dips close to 450 nm, 600 nm and 800 nm. The
effect of ff on the bluest reflection minimum i.e. around
450–500 nm, is reported in Fig. 1c showing a clear red
shift with increasing ff. Therefore, by choosing four dif-
ferent ff values in an increasing order, we set different
amounts of spectral detuning in the ‘bluest’ reflection
minima of the gratings from our Raman excitation (488
nm). The grating with ff = 0.61 has the lowest detuning
since its ‘bluest’ reflection minimum is closest to the ex-
citation (488 nm). Similarly, the grating with ff = 0.47 has
the highest detuning while the other two gratings are in
between.
The reason behind our choice towards the ‘bluest’ re-

flection minima (~ 450 nm) of the gratings for this study,
instead of the other two reflection minima at higher
wavelengths, can be explained with the help of Fig. 2.
Figure 2a shows the near-field enhancement (NFE) map
for the grating with ff = 0.47 while illuminated with 488
nm TM-polarized excitation light. The NFE was calcu-
lated as |Eloc/E0| where Eloc is the electric-field ampli-
tude of the local field and E0 is the same for the incident
field. We chose two detection lines (they are lines since
the simulations were in 2D) D1 and D2 on the NFE map,
as illustrated in Fig. 2a, where the field localizations are
maximum. Then, we calculated the average and

maximum values of the near-field intensity enhancement
(NFIE), defined as |Eloc/E0|

2, over the D1 and D2 lines
with excitations at three reflection minima (i.e. at 450
nm, 600 nm and 800 nm). Figure 2b reports the max-
imum NFIE values at three reflection minima over the
D1 (blue) and D2 (red) lines. Figure 2c depicts the same
for the average NFIE values.
From Fig. 2b and c it is clear that both the maximum and

average values of NFIE are highest at the ‘bluest’ reflection
minimum for both detection lines. Similar trend was found
in the case of other three gratings (not shown). Since the
electromagnetic enhancement factor of SERS is a product
of NFIE at the excitation and the Stokes wavelengths, i.e.
GSERS = |Eloc(excitation)/E0|

2 × |Eloc(Stokes)/E0|
2 [25, 26], the

‘bluest’ reflection minimum will always provide the highest
GSERS among the three reflection minima. Therefore, we
optimized the spectral position of the ‘bluest’ reflection
minimum of the gratings with different detunings from the
excitation line to systematically study their effect on SERS.
Four gratings with fill factors 0.47, 0.50, 0.55 and 0.61

were fabricated using EBL where all other geometric
parameters were similar with the values used in the nu-
merical simulations. The SEM image of a fabricated
grating having a ff of 0.61 is shown in Fig. 3a. Reflection
spectra of the fabricated gratings were measured by a
microscope under the bright-field configuration. The ex-
perimental reflection profiles of the gratings, shown in
Fig. 3b and c, are in good agreement with the simulated
responses. However, the reflection minima were found
to be a bit deeper in the experimental curves (Fig. 3b)
compared to the simulated ones (Fig. 1b). In addition,
the ‘bluest’ reflection minimum of the gratings for all fill
factors were found slightly blue-shifted in the

Fig. 2 a Simulated NFE map for the grating with ff = 0.47 under 488 nm TM-polarized excitation. D1 and D2 present the detection lines over
which the NFIE values were calculated. The geometrical parameters are h1 = 1 μm, h2 = 225 nm, h3 = 275 nm and d = 300 nm; b Maximum and c
average values of NFIE at 450 nm, 600 nm and 800 nm calculated for the same grating with ff = 0.47. In b and c, the blue (square) and red
(triangle) discrete data points show the NFIE values at the corresponding wavelengths calculated over D1 and D2, respectively, while the blue and
red vertical axes correspond to the blue and red data points
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experimental spectra (Fig. 3c) compared to the simulated
profiles (Fig. 1c). Such a small discrepancy between the
experimental and 2D-FDTD results could be due to the
effect of surface topology on the reflectance. In the 2D-
FDTD simulations, all surfaces of the gratings were con-
sidered perfectly smooth while in the fabricated gratings,
significant amount of surface corrugations were present
as one can see in Fig. 3a. Taking into account that the
surface corrugations with varying roughness can induce
changes in the amplitude and spectral position of the re-
flection minima due to the changes in the dispersion re-
lation of the SPP modes [37], our experimental findings
showed relative minor deviation from the 2D-FDTD
results. Nevertheless, like in our FDTD results, we
achieved the desired detunings in the optical responses
of the fabricated gratings, and their surface roughness
neither affect the polarization sensitivity of the reson-
ance, as shown in Fig. 3b, nor the NFE due to the SPP
modes, as will be seen below.
We investigate the role of the fill factor on the SERS

enhancement by computing GSERS for the four simulated
gratings over the D1 and D2 lines. In the computation,
the TM polarized excitation wavelength was 488 nm
while the Stokes wavelength was 522 nm for 1321 cm− 1

and 1345 cm− 1 Raman lines of riboflavin [52]. Figure 4a
reports the maximum values of GSERS with increasing fill
factors over the D1 (blue) and D2 (red) lines. Figure 4b
depicts the same for the average values of GSERS. From
Fig. 4a and b we can conclude that both the maximum
and the average values of GSERS are increasing with the
increment in fill factor for both detection lines. The
higher the fill factor, the lower the detuning, the stron-
ger the Raman enhancement. Our simulated GSERS

values are in the order of 103 on average and in the
order of 105 at maximum which are consistent with the
existing literature [36, 37, 39, 48]. However, it is worth
to mention here that further increment in the fill factor
can red-shift the ‘bluest’ reflection minimum of the

grating so much that the detuning again tends to in-
crease when the spectral position of the reflection mini-
mum will reach longer wavelengths than the region of
interest i.e. red side of 488 nm. Therefore, careful
optimization of the fill factor is required to achieve the
highest possible GSERS.
To experimentally confirm the aforementioned find-

ings, we performed Raman spectroscopy of riboflavin
with an excitation at 488 nm where the molecule also
has an electronic transition. Therefore, even without the
plasmonic grating, we detect its resonance Raman signal.
When the grating resonance also matched with 488 nm
(or very close to it), the resonance Raman signal became
‘surface-enhanced’ by the SPPs. The Raman responses of
riboflavin on top of the fabricated gratings are shown in
Fig. 5a where our targeted Raman lines (around 1321
cm− 1 and 1345 cm− 1) were profound for TM polarized
excitation. For TE polarized excitation (black curve in

Fig. 3 a SEM image of the fabricated grating with ff = 0.61; b Bright-field reflection spectra of the fabricated grating with ff = 0.47. The red and
black curves present the cases for TM and TE polarizations, respectively; c Effect of ff on the ‘bluest’ reflection minimum of the fabricated gratings
for TM polarized excitation

Fig. 4 Simulated a maximum and b average values of GSERS as a
function of grating fill factor. In a and b, the blue (square) and red
(triangle) discrete data points show the GSERS values at the
corresponding fill factors calculated over D1 and D2 lines,
respectively, while the blue and red vertical axes correspond to the
blue and red data points
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Fig. 5a) Raman signal intensities were insignificant for
all gratings. The observed Raman peaks are consistent
with the earlier reported works [52, 57, 58]. Of particular
note is that our Raman measurements of the bare ribo-
flavin molecules (i.e. without any gratings) with utilized
concentrations yielded unreliable results due to the lim-
ited sensitivity of the experimental setup and the signal
level was basically zero. Such limitation, however, does
not affect our study because the detection sensitivity and
the number of molecules were same during all the mea-
surements and only the underlying gratings were chan-
ged in terms of fill factor while maintaining all other
geometrical parameters identical. Moreover, in all grat-
ings, the molecules were excited at 488 nm and hence,
yielded similar resonance Raman signal. Therefore, the
induced increase in the collected SERS signal directly re-
flects the relative increase in the enhancement factor
due to the fill factor of the gratings, which was our inter-
est. The quantitative values for the SERS enhancements
are out of the scope of this article.
Even we minimized the coffee-ring effect on depos-

ition by applying the high nitrogen flow after the incuba-
tion, we might not have avoided it completely, which
can result in an uneven coverage of riboflavin. To ad-
dress this reproducibility issue, Fig. 5b reports Raman
spectra collected at four different measurement positions
on one of the gratings (ff = 0.47). From the figure, we
see that the Raman intensities vary between different
measurement positions clearly implying uneven coverage
of molecules. However, the intensities were not varied a
lot (means the nitrogen flow was able to minimize the

coffee-ring effect) and no change in the spectral peak
positions was found. We deduce that such intensity vari-
ations at different measurement positions is not due to
any local plasmonic effect (such as surface roughness,
wrinkles or holes) since then that would be polarization
independent and should show the same variation for TE
and TM polarized excitations. However, in our case,
only TM polarized excitations resulted the intensity vari-
ation and thereby confirmed the uneven coverage of
molecules. Such findings also confirmed that the grating
SPP mode is the dominating factor for our obtained en-
hancements and the local plasmonic effects (if any) due
to the corrugated surfaces, have negligible contribution.
Since, the Raman intensities were not varied a lot at dif-
ferent measurement positions for each grating and main-
tained the spectral peak positions intact, a spectral
averaging over the four positions was employed to com-
pensate the local variations of molecular coverage.
An insight on the qualitative trend of SERS enhance-

ment, with respect to the fill factor of the gratings, can
be inferred from Fig. 5c. In the case of TE polarized ex-
citation, the gratings have no SPP modes or optical reso-
nances (i.e. reflection dips) and eventually, negligible
SERS enhancement was obtained in this case. The grat-
ings provide significant SERS enhancement only for TM
polarized excitation, which also clearly implies the SPP
mode being the main reason for the enhancement. Thus,
we quantified ‘relative’ SERS enhancement at the tar-
geted Raman lines as ITM/ITE where ITM and ITE are the
Raman intensity counts collected from the correspond-
ing gratings for TM and TE polarizations, respectively.

Fig. 5 a SERS spectra (averaged and baseline-corrected) of riboflavin on top of the fabricated gratings with an excitation at 488 nm; b SERS
spectra (without averaging and baseline-correction) at four different measurement positions of the grating with ff = 0.47; c Relative SERS
enhancement at 1321 cm− 1 and 1345 cm− 1 Raman lines as a function of fill factor calculated from the data reported in (a)
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Such quantification is reasonable since ITE values were
almost equal for all four gratings (black curve in Fig. 5a).
Figure 5c presents the relative SERS enhancement (SERS
EF) at 1321 cm− 1 and 1345 cm− 1 Raman lines of ribofla-
vin as a function of fill factor. Interestingly, Fig. 5c
manifests very similar trend of Raman enhancement,
which we already estimated from our FDTD calculations
(Fig. 4a and b). However, the experimental SERS en-
hancement includes also the chemical enhancement
factor [59, 60], so our simulated GSERS values give only
the minimum achieved enhancement. It is worth to
highlight here that in the case of the grating with ff =
0.61, we are optimally enhancing the resonance Raman
response of riboflavin. The same grating can provide the
maximum Raman enhancement (among all other grat-
ings) for any other molecule if using the same excitation
wavelength matching the grating resonance (i.e. SPP as
reflection dip). The grating efficiently improves the
light-matter coupling at the excitation wavelength always
when its SPP resonance is spectrally tuned with the exci-
tation. Therefore, it does not matter if the molecule is
non-resonant with the grating resonance as long as the
grating resonance and the excitation wavelength are
tuned. If this requirement is achieved, the same grating
will provide an optimum Raman enhancement for any
molecule even if the molecule is non-resonant with the
substrate and the excitation wavelength. In this case, the
grating will similarly enhance a normal Raman signal in-
stead of resonant Raman signal as in our case.
Strong correlation between our numerical and experi-

mental outcomes confirms that spectral tuning of the
strongest reflection dip (i.e. the bluest one) of the grating
with the Raman excitation can significantly improve the
SERS enhancement. The more the reflection minimum
overlaps with the intended excitation regime, the higher
the Raman enhancement factor one can obtain. In
addition, by changing the polarization of the excitation
light from TM to TE, one can disable the SPP resonance
of the gratings, i.e., their electromagnetic Raman en-
hancement capability and hence, study the molecular
properties as well as the effect of bare chemical enhance-
ment of SERS in the same experimental setup. Therefore,
our reported findings are important in the context of de-
signing fabrication-friendly polarization-sensitive SERS
substrates to reach high sensitivity in Raman detection.

Conclusions
Concisely, we modelled and optimized optical responses
of four gratings with different fill factors with the help of
FDTD simulations such a way that they would have dif-
ferent amounts of detunings in their bluest reflection dip
from the intended excitation regime of Raman spectros-
copy. Our numerical studies revealed that the bluest re-
flection dip of the gratings has the highest NFIE among

all the reflection minima and the more it overlaps with
the excitation region, the higher the Raman enhance-
ment factor one can obtain. To experimentally verify our
estimation, we fabricated the gratings by EBL. Our
bright-field reflection measurements of the fabricated
gratings showed good agreement with the simulated re-
flection spectra and thereby confirmed the presence of
the desired detunings. Finally, by performing Raman
analysis of riboflavin, we obtained very similar trend in
the relative SERS enhancement of the gratings, which we
already estimated from our FDTD calculations. Strong
correlation between our computational and experimental
results clearly indicates that one can achieve optimum
SERS performance from a plasmonic grating by tuning
its strongest optical resonance (via modifying its fill fac-
tor) with the Raman excitation. Our study on an easily
fabricated plasmonic substrate provide a feasible way to
realize optimal SERS with convenient polarization de-
pendency to switch the SERS enhancement on or off.
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