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that are shifted from that of the incident 
laser light. In particular, peaks appear in 
the spectrum of the scattered light that 
correspond to vibrational resonances of 
the molecules/materials of which the 
sample is composed. These spectral peaks 
form the characteristic fingerprints of 
the molecules/materials under investiga-
tion; the study of such spectra is known 
as Raman spectroscopy and has become 
a well-established and powerful analytic 
technique.[5] Unfortunately, Raman signals 
are very weak with cross-sections of order 
10−30 cm2 for non-resonant Raman and 
10−24 cm2 for resonant Raman.[6] In many 
situations, these very weak signals are 
swamped by light produced by other pro-
cesses, notably fluorescence, which can be 
many orders of magnitude stronger than 
the Raman signal. Background fluores-
cence is particularly problematic when the 

samples to be investigated are dyes/pigments,[3] for example, 
resonant Raman,[6] and also when they involve metals.[7] In both 
cases, fluorescence can be so significant as to mask the desired 
Raman signals.

Various approaches have been adopted to try and deal with 
the background problem,[8,9] and they fall into three broad cate-
gories. First, post-processing can be used to try and subtract the 
background.[10,11] Although appealing and commonly used, this 
approach has its drawbacks, especially in that it does not over-
come the problem of noise in the background signal. Second, 
one can move to the time-domain. Raman scattering is an 
instantaneous process, whereas fluorescence occurs over a pro-
tracted time-scale; however, this approach comes at a very sig-
nificant increase in complexity.[12] Third, a differential approach 
can be adopted. Here, the idea is to modify the way the data are 
acquired so as to directly filter out the background and its asso-
ciated noise. A number of such approaches have been success-
fully deployed. One technique is based on acquiring spectra for 
slightly different grating settings in the spectrometer.[7] Another 
approach is to subtract two Raman spectra obtained with dif-
ferent polarization configurations.[13] Then, there are tech-
niques that make use of the fact that if the pump wavelength is 
shifted the Raman peaks will also move in wavelength, but the 
fluorescence will not. Spectra acquired at two or more closely 
spaced pump wavelengths can thus be processed to provide a 
differential signal that largely eliminates the background;[14] 
this technique is known as shifted excitation Raman differ-
ence spectroscopy (SERDS). We make use of one variant of 
this approach here, that of wavelength-modulated Raman spec-
troscopy (WMRS). WMRS[15] is a significant improvement on 
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1. Introduction

Raman spectroscopy has evolved into a powerful technique that 
is exploited in many areas of science, engineering, the arts, and 
the humanities. Recent examples include the use of Raman 
spectroscopy to identify the composition of atomic layer Van 
der Waals materials,[1,2] provide a tool in the diagnosis of dis-
ease,[3] and assist in the conservation and analysis of medieval 
pigments and manuscripts.[4] When a sample is illuminated 
by a monochromatic light source, for example, a laser, most of 
the scattered light has the same frequency (wavelength) as the 
laser; that is, it has been elastically scattered. However, a very 
small fraction of the scattered light emerges at wavelengths 
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SERDS and has already been successfully applied to a number 
of Raman applications largely in biomedical studies.[16–18]

Here, we show that WMRS is in fact an effective approach 
on samples that include metals. As an example, we employ this 
technique to probe a fascinating aspect of molecular strong 
coupling, a new field that spans physics, chemistry, and mate-
rials science and that promises to add cavity quantum electro-
dynamics to the chemistry/materials toolkit.[19–23] The key con-
cept in this new area, one that has come to be known as polari-
tonic chemistry,[19–21,23–27] is that large ensembles of molecules 
placed inside an optical microcavity (or other confined light 
field) may exchange energy with an electromagnetic mode of 
the microcavity, leading to the formation of new hybrid states 
known as polaritons.

Strong coupling between molecular vibrations and a micro-
cavity mode was reported in 2015 by Shalabney et  al.,[23] and 
since then a number of investigations of vibrational strong 
coupling have appeared.[22,23,28–30] Of particular relevance here 
is another work, also from Shalabney et  al. who reported that 
a large Rabi splitting could be seen in the Raman scattering 
signal from molecules strongly coupled to the infrared mode of 
a planar microcavity.[31]

In what follows, we first compare the Raman signals 
obtained using both conventional and wavelength-modulated 
Raman spectroscopy, using samples that comprise thin films 
of the materials we will use later; gold as the metal with 
which to make the mirrors of our planar Fabry-Perot micro-
cavities, that is, to make the confined light fields, and the 
polymer PMMA for the molecular vibrations—PMMA has a 
high density of the C=O bond, and a molecular vibrational 
resonance at 1732 cm−1 that has been employed to good effect 
in strong coupling experiments.[22,23,28–30] We then explore 
two strong coupling systems: First, we probe strong coupling 
in planar microcavities using WMRS; second, we then focus 
on another proven system, that of strong coupling mole-
cular vibrations to confined light fields arising from surface 
plasmon modes.[29]

2. Results and Discussion

In Figure 1, we show the two types of structure we consider here 
to create confined light fields. On the left (a) is a standard planar 
microcavity that is formed of two semi-transparent 30 nm gold 
mirrors on a silicon substrate. The cavity material is a thin film, 
made by spin coating the polymer PMMA. To ensure that the 
lowest order waveguide mode is resonant with the 1732 cm−1 
vibrational mode of the C=O bond, we chose a thickness for 
the cavity of ≈ 2 μm. The middle panel (b) shows a planar gold 
layer on a silicon substrate overlain by a thin film of PMMA. 
The gold film here is in the form of a grating, a 1D stripe array. 
We employed a grating structure so as to allow grating coupling 
to be used to map the dispersion of the surface plasmon mode 
using angle-resolved infrared transmittance.[29,32,33] Further 
details of sample fabrication are given in Experimental Section 
and Figures S2 and S3, Supporting Information.

The right hand panel (c) of Figure 1 shows two spectra asso-
ciated with the PMMA. The red curve shows the infrared trans-
mission spectrum of a 2 μm thick PMMA layer on a silicon 
substrate. The spectrum was acquired using Fourier transform 
infrared spectroscopy (FTIR); details are given in Experimental 
Section. Of particular interest here is the strong absorption at 
1732 cm−1 corresponding to the C=O stretching mode.[34,35] It 
is this vibrational resonance that was the subject of the pio-
neering work on the effect of strong coupling on vibrational 
resonances.[23] The black curve in Figure  1c is an example of 
a Raman spectrum, acquired using a laser pump wavelength 
of 532 nm, from a 2 μm thick layer of PMMA, again on a sil-
icon substrate. Many of the features that appear in the FTIR 
spectrum also appear in the Raman spectrum, but their relative 
strength varies, reflecting the different selection rules appro-
priate for Raman and infrared absorption processes.[5]

Before looking at Raman spectra acquired from samples 
based on both the microcavity and surface plasmon structures 
shown in Figures 1a and 1b, respectively, it is useful to compare 
the standard and wavelength-modulated Raman approaches 
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Figure 1. Schematics. Left: a) A planar optical microcavity comprising two semi-transparent gold mirrors on a silicon substrate. The mirrors are 
separated by a 2 μm thick layer of the polymer PMMA; a cartoon of the PMMA chemical repeat unit is shown inside the cavity. The pump laser for 
Raman measurements is incident from above (red arrow). Middle: b) A 1D metal grating supports a surface plasmon mode. The stripe array nature 
of the gold film allows grating coupling to the surface plasmon mode for FTIR measurements. The thin layer of gold was added to the bottom of 1D 
metal grating for Raman measurements in reflection mode. Right: c) A Raman spectrum (black) of a bare PMMA film on a silicon substrate, and a 
transmission spectrum (orange) of a similar film.
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by looking at the different materials involved. In Figure  2, 
we show three panels. In the top panel (a), we show standard 
Raman spectra acquired with a commercial set-up (Horiba 
Xplora), employing a laser pump wavelength of 532 nm, expo-
sure time 30 s, and laser power 75 mW; four spectra are shown. 
The Raman spectrum of the bare silicon substrate is shown as a 
black line. The two clear Raman peaks at ≈ 500 and ≈ 1000 cm−1  
are due to silicon.[36] The red curve is the Raman spectrum from 
a sample that comprised a 30 nm thick layer of gold deposited 
on the silicon substrate; notice here that the strength of the Si 
peaks has been suppressed and that there is now a significant 
background signal. The green curve corresponds to a sample 
made from a 2 μm film of PMMA on Si; the silicon features are 
now strong again and a number of other prominent features 
associated with PMMA are visible; these include: the previ-
ously mentioned C=O stretch mode at 1732 cm −1 and the CH3 
vibrational resonances at ≈ 1445 cm−1.[34,35] The brown curve is 
for a sample where a layer of gold was inserted between the 
silicon and the PMMA. The effect of adding the top gold layer 
has been to reduce the strength of the silicon features and to 
increase the background level; this is the background signal we 
wished to avoid.

In the middle panel (b) of Figure 2, we show spectra acquired 
with our home-built wavelength-modulated Raman setup, but 
here operating in standard mode, employing a laser pump 
wavelength of 785 nm, at 100 mW power and with a 1.0 μm spot 
size at the sample plane, with 1 s integration time per spectrum. 
Data from a bare silicon substrate are again shown as a black 
curve. We see that there is a very marked difference with the 
spectrum acquired for the 785 nm laser pump, panel (b), and 
that acquired for a 532 nm laser pump wavelength, panel (a). In 
particular, there is a striking background signal for the 785 nm 
pump, a background whose strength increases with increasing 
Raman shift. This signal is well known and arises from fluo-
rescence from the silicon when illuminated at 785 nm.[37] The 
data from the silicon + gold (red) sample shows few if any dis-
cernible features owing to a strong background level. (Notice 
how the presence of the gold has strongly attenuated the silicon 
Raman features, but not completely eliminated the silicon flu-
orescence.) The spectra for silicon + PMMA + gold (magenta) 
and silicon + gold + PMMA (brown) both show features that 
can be associated with PMMA, but again, there is a very sig-
nificant background level to contend with. The lower panel (c) 
shows the differential Raman signal acquired for the same sam-
ples as in panel (b) and using the same set-up, but this time 
using the wavelength-modulated technique (see Experimental  
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Figure 2. Raman spectra for different material combinations. Top:  
a) Standard Raman spectra acquired using a laser pump wavelength 
of 532 nm; the spectra are: bare silicon substrate (black), Si substrate 
+ gold layer 30 nm thick (red), Si substrate + PMMA layer 2 μm thick 
(green), and Si substrate with 30 nm gold layer followed by 2 μm PMMA 
layer (brown). Middle: b) Standard Raman spectra acquired using a laser 
pump wavelength of 785 nm; the spectra are: silicon substrate (black), 
Si substrate + gold layer 30 nm thick (red), Si substrate with 30 nm gold 
layer followed by 2 μm PMMA layer (brown), and Si substrate + 2 μm 
PMMA layer with 30 nm of gold on top (magenta). Lower: c) The WMRS 
differential spectra for two samples: Si substrate with 30 nm gold layer 
followed by 2 μm PMMA layer (brown); Si substrate + 2 μm PMMA layer 
with 30 nm of gold on top (magenta).
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Section for details). Here, we have plotted data for just two of 
the samples, those most relevant to the work that follows below. 
In magenta, we show the differential Raman spectrum for the 
silicon + PMMA + gold sample; in brown, we show the differ-
ential Raman spectrum for the silicon + gold + PMMA sample. 
The use of the differential technique has removed the back-
ground signal, as desired. In addition, the spectral features asso-
ciated with the Raman modes are no longer peaks; the signal is 
instead differential in nature so that the position of the modes 
may be found from the zero-crossing points. We note that 
although Figure 2 shows that by using WMRS the background 
has been significantly reduced, all of the key features visible via 
WMRS were also visible via the standard Raman approach; this 
can be seen below by comparing panels (e) and (f) of Figure 3.

Having established the use of wavelength-modulated Raman 
spectroscopy to look at the vibrational modes of thin polymer 
films, we next set out to see if this technique could be used 
to help us explore strong coupling. The strong coupling of a 
molecular resonance and a confined light field has been the 
subject of intensive recent investigation.[19–21,23–27,38,39] Here, 
specifically, we wanted to see if WMRS could help us under-
stand how the Raman fingerprint of a molecular vibrational 
resonance might be altered when the vibrational resonance is 
strongly coupled with a confined light field. Only two previous 
experimental reports concerning this are available, and they 
present very different results. Shalabney et al. presented Raman 
spectra from which they inferred a very significant signature 
of a lower polariton, at an energy difference from the bare  
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Figure 3. FTIR and Raman spectra from microcavity. Left section of the figure focuses on OFF-resonance microcavity. a) FTIR transmission plot at 
angle 0°. The thickness of PMMA is 1.5 μm. Thinner cavity was prepared to get the first order cavity mode far from C=O vibrational mode which 
appears at around 1732 cm−1. b) (Unmodulated) Standard Raman signal of the structure. c) Wavelength-modulated Raman signal. ON-resonance: 
d) FTIR dispersion plot at angle 0°. The splitting of the mode shows that the system is in strong coupling. e) (Unmodulated) Standard Raman spectra. 
f) Wavelength-modulated Raman spectra. The addition feature around 1590 cm−1 can be seen in ON resonance case. The vertical dashed black line 
indicates the C=O vibrational mode.



www.advancedsciencenews.com www.advopticalmat.de

2102065 (5 of 11) © 2021 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

molecular resonance that was twice that associated with the 
lower polariton seen in FTIR from the same sample.[31] A flurry 
of subsequent theoretical activity did not manage to resolve 
this discrepancy between the position of the lower polariton as 
inferred from Raman and FTIR.[38,39] Since then, another report 
on Raman scattering and strong coupling found that the effect 
of strong coupling on the same vibrational bond investigated by 
Shalabney et  al. was much more modest, leading primarily to 
change in line-shape.[40]

In the work reported here, we make use of two kinds of con-
fined light fields, those associated with the modes of planar 
microcavities (see Figure  1a), and the surface plasmon modes 
associated with metal surfaces (see Figure 1b). We first look at 
the planar microcavity.

To investigate whether strong coupling influences the Raman 
fingerprint of molecules strongly coupled to the fundamental 
(first-order) mode of a Fabry–Perot microcavity, we made use of 
two samples with thicknesses of 1.5 and 2.0 microns. At a thick-
ness of 1.5 microns, the cavity resonance is <2500 cm−1, well 
away from the vibrational C=O stretch mode at 1732 cm−1; we 
refer to this as the OFF-resonance sample. For the 2.0 micron 
thick sample, the cavity mode matches that of the vibrational 
resonance; we refer to this as the ON-resonance sample. The 
results of measurements on the OFF- and ON-resonance sam-
ples are shown in Figure 3, where the left-hand column is for 
the OFF-resonance sample, the right-hand column for the 
ON-resonance sample.

The top row of Figure  3, panels (a) and (d) show FTIR 
transmission plots at normal incidence for the OFF- and ON-
resonance PMMA-filled planar microcavities. As expected, the 
OFF-resonance sample shows a transmission maximum associ-
ated with a cavity resonance at ≈2000 cm−1. At the frequency of 
the C=O stretch resonance 1732 cm−1, indicated by the vertical 
dashed line, there is a small dip in transmission due to absorp-
tion by this vibrational resonance in the PMMA. In contrast, 
the ON-resonance spectrum shows a clear splitting of the cavity 
mode; there are now two new hybrid modes, the lower and 
upper polariton. The creation of these hybrid polariton modes 
is a result of strong coupling between the cavity mode and 
the C=O vibrational resonance. Further details about meeting 
the strong coupling criterion are given in Sections S4 and S5, 
Supporting Information.

Standard Raman spectra are shown in the middle row, 
panels (b) and (e). Comparing the standard Raman spectra for 
OFF- and ON-resonance samples, panels (b) and (e), we see 
that the Raman peaks evident in the OFF-resonance sample 
are also present in the ON-resonance sample. In addition, there 
appears to be an extra feature, albeit rather weak, at ≈1590 cm−1.

Wavelength-modulated Raman spectra are shown in the 
lower row, panels (c) and (f), and now, in the WMR spectrum, 
the difference between the OFF-resonance case (panel c) and 
the ON-resonance case (panel f) is clearer; an extra zero-
crossing is evident at ≈1590 cm−1 in the ON-resonance case. 
This extra Raman feature is similar to that seen by Shalabney 
et al.[31] in a very similar microcavity; it is a feature that does not 
appear in the OFF-resonance sample. However, this ≈ 1590 cm−1  
feature is not coincident with the spectral position of the lower 
polariton seen in FTIR data at ≈1675 cm−1, panel (d). This differ-
ence in frequency was also noted by Shalabney et al.,[31] as was 

the lack of a Raman feature associated with the upper polariton. 
To investigate this feature further, we made use of a different 
Raman setup (Horiba Xpolra) that employed a different pump 
wavelength (532 nm, rather than 785 nm), a different numerical 
aperture objective (0.55 rather than 0.9), and a different pump 
intensity (75 mW with 0.5 μm spot size, rather than 100 mW  
with 1.0 μm spot size). The results for the 4.7 μm pitch grating 
structure are shown in Figure S11, Supporting Information. The 
data show that where we see the 1590 cm−1 feature using the 
785 nm Raman setup (Figure 3), we also see it with the 532 nm  
set-up (Figure S11, Supporting Information). The 1590 cm−1 fea-
ture thus appears not to be specific to the measurement system 
used. Before discussing these results further, it is interesting to 
first exploit another capability of our Raman spectroscopy set-
up, that of recording a spatial map.

Returning now to the discussion of the cavity results, we 
recorded standard Raman and wavelength-modulated Raman 
signals at different positions on our samples, data being 
recorded every 0.5 μm along a line scan; data of this type are 
shown in Figure 4. In Figure 4a, the Raman features of PMMA 
for the OFF-resonance cavity are reasonably clear; the WMR 
spectra in Figure  4c for the same sample are also very well 
defined. Recall that in WMR spectra, Raman peaks are indi-
cated by zero crossings of this differential signal; this is clearly 
seen in these data for the vibrational resonances of PMMA and 
for silicon. For each resonance, as one goes up in energy, that 
is, moves to higher wave-numbers, the signal is first positive 
(yellow) and then negative (blue). Similar data for the ON-res-
onance sample are shown in Figure 4b,d. The standard Raman 
features, Figure 4b, are rather overwhelmed by what appears to 
be a strong background signal in the middle of the figure, per-
haps due to some sample imperfection or dust; it is not clear 
whether the feature at ≈1590 cm−1 is a Raman peak or not. The 
power of the WMR approach becomes clear when looking at 
the data in Figure 4d; no trace of this background remains, and 
it is now clear that the feature at ≈1590 cm−1 is a Raman signal, 
the transition from yellow to blue signal being evident as one 
goes from the low energy side of the feature to the high energy 
side. At a spatial position of approx 4.5 microns in Figure  4d, 
the sign of the differential signal changes. Up to 4.0 microns, 
the signal is first positive, then negative as the energy increases; 
at 5.0 microns, the negative comes before the positive. Which 
sign the differential signal takes is determined during the data 
processing for the WMR data (see Experimental Section). Noise 
in the spectra can lead to the sign of the modulated signal 
being flipped. There is thus no physical significance associated 
with the sign changes seen in panel (d).

Let us focus on the ≈1590 cm−1 feature, the one that Shal-
abney et  al.[31] associated with a lower polariton. Since the 
original observation by Shalabney et  al.,[31] two theoretical 
investigations have been carried out, but could not explain this 
observation.[38,39] Returning now to our data, the fact that we 
see a Raman feature at ≈1590 cm−1 only for the ON-resonance 
sample and not the OFF-resonance sample leads to a tempta-
tion to think that this feature is associated with a lower polar-
iton. However, we still have to explain why the Raman feature 
at ≈1590 cm−1 is so far removed from the position of the lower 
polariton as seen in FTIR, for which the lower polariton energy 
is ≈1675 cm−1. Then there is the recent work of Wonmi and 
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Simpkins[40] who also explored Raman scattering in the con-
text of vibrational strong coupling of PMMA in a planar optical 
cavity. They found that only small changes in the Raman peak 
associated with the C=O bond could be associated with strong 
coupling. Then, we should also consider the possible influence 
of the dispersion of the polariton modes in our systems. Vur-
gaftman et  al.[41] recently investigated the effect of the disper-
sion of polaritons in the context of trying to modify chemical 
reactions through strong coupling of vibrational modes, basing 
their discussion on a density of states argument. The dispersion 
of the polaritons as a function of in-plane wavevector is well 
known, and an example for the ON-resonance sample shown 
here can be seen in Figure S6, Supporting Information, where 
as expected we see that the frequency of the lower polariton is 
not constant with wavevector. In common with most Raman 
measurements, we used a relatively high NA objective to collect 
the Raman scattered signal, the effect of which will be to collect 
light from different parts of the polariton branch at different 
energies. We might expect that the net result will thus be to 
smear out, that is, to make less obvious any Raman signal that 

might originate from a polariton.[41] The fact that ≈1590 cm−1 
matches that of “damaged” PMMA is also of concern ; the issue 
of whether damage to the PMMA is the cause of these addi-
tional features will be discussed further below.

To explore the question of Raman scattering and strong 
coupling further, we used the wavelength-modulated Raman 
approach to look at strong coupling between the same vibrational 
resonance in PMMA (C=O at ≈1732~cm−1) and a surface plasmon 
mode. Surface plasmon modes are trapped surface modes that 
cannot usually be coupled to incident radiation[42,43]; they have 
too much momentum in the plane of the surface that supports 
them. Some form of momentum matching is required, and 
two common techniques are very effective; Memi et al.[32] made 
use of prism coupling; here we adopted a second well known 
approach, that of grating coupling.[44] We chose to use metal 
stripe gratings[45] made of gold, as shown in Figure 1b. These 1D 
arrays have been used to great effect before to study strong cou-
pling between surface plasmons and molecules, both excitonic[46] 
and vibrational.[29] Further details of sample fabrication are given 
in Experimental Section and Supporting Information.

Adv. Optical Mater. 2021, 2102065

Figure 4. Spatial maps of Raman data from planar microcavities. a) Standard Raman spectra from the OFF-resonance cavity are shown as a function 
of position along a 5 micron line-scan. b) Wavelength-modulated Raman spectra from the OFF-resonance cavity. c) Standard Raman spectra from the 
ON-resonance cavity. d) Wavelength-modulated Raman spectra from the ON resonance cavity. The addition feature is seen around 1590 cm−1. The 
color scale indicates the strength of the Raman signal.
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We chose two samples, one with a period of 4.7 μm and 
another with a period of 13.8 μm for our gold stripe array; this 
choice ensured that grating coupling to the surface plasmon 
mode could be achieved in the spectral range we required (see 
Figure 5). The samples were chosen to couple C=O vibrational 
mode with first-order and third-order of scattered plasmonic 
mode with 4.7 μm pitch and with 13.8 μm, respectively.

We used FTIR measurements made as a function of angle 
to compile a dispersion plot, that is, a plot of transmittance as 
a function of energy (wavenumber) and in-plane wavevector 
(kx). The left-hand panel in Figure  5 shows experimental data 
acquired in this way. The maximum polar angle for these data 
is 12°. The frequency of the vibrational resonance of interest 
here is shown as a brown dashed line. To help identify the fea-
tures seen in this plot, it is useful to compare them with data 
calculated using COMSOL (See Experimental Section); such 
data are shown in the right-hand column. We also used a cou-
pled oscillator model (see Section S5, Supporting Information) 
to calculate the position of the polariton bands, as indicated 
on the figure; the black dashed line is for the upper polariton 
band, the white dashed line is for the lower polariton band. 

The dashed lines are repeated on the experimental data shown 
in panel (a) and (c) as well as on computational data shown in 
panel (b) and (d) of Figure  5. Doing this allows us to see the 
position of the grating scattered surface plasmon mode, indi-
cated by the dashed red line. The anti-crossing of the surface 
plasmon mode with the vibrational resonance to produce two 
hybrid polariton bands is now apparent.

To check whether we are in the strong coupling regime, we 
need to determine whether Ωa > (γ + κ)/2, where Ωa is the cou-
pling strength (Rabi splitting) and κ and γ are the widths of the 
plasmon mode and the molecular resonance.

We used the same coupled oscillator model as for the cavity, 
and found the coupling strength Ωa to be 90 ± 30 cm−1 for both, 
4.7 μm pitch and 13.8 μm pitch samples. The C=O molecular 
resonance width, γ, is 60 cm−1 (±5 cm−1), and the plasmon 
mode linewidth, κ, 60 cm−1 (±5 cm−1). Based on the criterion 
that for strong coupling we require Ωa > (γ + κ)/2, this is satis-
fied for both the 4.7 and 13.8 μm pitch samples[47,48]

We now turn to the Raman results. For the 1D array, we 
recorded standard Raman and wavelength-modulated Raman 
signals at different positions along the sample, data again 

Adv. Optical Mater. 2021, 2102065

Figure 5. Surface plasmon dispersion with the plane of incidence orthogonal to the grating groves, and the incident electric field in the plane of 
incidence. Left side of the figures shows experimentally calculated transmittance data and right side shows computationally calculated transmittance 
data. The period of the grating for top row is 4.7 μm and for bottom row is 13.8 μm, with a 1.0 μm gap between metal stripes. The PMMA thickness is 
1.0 μm. Also shown are the calculated positions (colored dashed lines) of the polariton branches from the coupled oscillator model: lower polariton 
(white), grating mode (red), and upper polariton (black). The horizontal dashed red lines indicate the energy of the C=O (1732 cm−1) vibrational reso-
nance. a) The measured infrared transmittance of the 4.7 μm sample shown is plotted as a function of frequency (cm−1) and in-plane wavevector (kx). 
b) Numerically modeled data using COMSOL Multiphysics. The calculated transmittance is shown as a function of frequency (cm−1) and in-plane 
wavevector kx. c) The measured infrared transmittance of the 13.8 μm sample is plotted as a function of frequency (cm−1) and in-plane wavevector (kx). 
d) The calculated transmittance is shown as a function of frequency (cm−1) and in-plane wavevector kx. The Rabi splitting for both the cases is 90 cm−1.
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being recorded every 0.5 μm nm along a line scan normal to 
the stripes. The top row of Figure 6 shows Raman spectra for 
the 4.7 μm pitch sample and bottom row shows spectra for the  
13.8 μm pitch sample. Figure  6a,c shows standard Raman 
spectra as a function of position along the grating. As for the 
microcavity (Figure 4), data are plotted as a colour scale, that is, 
the colour indicates the strength of the signal, the abscissa (x-
axis) indicates the position, and the ordinate (y-axis) indicates 
the wavenumber. The dashed white lines indicate the approxi-
mate positions of the grating grooves, that is, those regions of 
the stripe array without metal.

These standard Raman spectra show a number of features. 
In the regions between the grooves we see the usual Raman 
features associated with PMMA. In regions in the vicinity of 
the grating grooves, the data are very different; we see what 
look like extra features between ≈1200 and ≈1600 cm−1. The 
value of the WMR technique now becomes clear from the 
wavelength-modulated Raman data shown in Figure  6b,d. In 
Figure 6b, for the 4.7 μm pitch sample, it is now clear that there 
are two additional Raman features, one at ≈1590 cm−1, and one 
at ≈1320 cm−1. These features are not well confined to the the 
gap regions, although they do appear to be associated with the 
gaps. This lack of resolution may be the result of a combination 
of the pump laser spot size (1 μm) being comparable to the gap 
size of the grating (1 μm), and greater than the step size of the 
spatial scan (0.5 μm); there might also be problems associated 

with scattering form imperfections in the grating grooves, per-
haps due to uneven lift-off in the fabrication process.

In Figure 6d, for the 13.8 μm pitch sample, no additional fea-
tures are immediately evident in the Raman spectra, either in 
the region of the gaps, or elsewhere. This was true for many, but 
not all of the samples/measurements we made. One possible 
explanation is that while the grating coupled plasmon mode 
we see for the 4.7 μm, this pitch is first-order; for the 13.8 μm 
pitch, it is a third order scattering that renders the mode visible. 
We also note that for the 4.7 μm pitch sample, the de-tuning 
at k = 0 is very small, whereas for 13.8 μm, it is more signifi-
cant. If we analyze the line spectra in the region of the grooves, 
then we find that they do show additional Raman features at 
≈1590 and ≈1320 cm−1 (see Figures S9 and S10, Supporting 
Information). Notice also that in these data (Figure 6b,d) as for 
the cavity (Figure  4b), the sign of the differential signal often 
swaps. As before, we attribute this to the WMR data processing, 
and there is thus no physical significance associated with the 
sign changes seen in panels (b) and (d).

3. Summary and Discussion

We have shown that wavelength-modulated Raman spec-
troscopy is a powerful technique with which to probe Raman 
scattering in molecular samples where the desired signals are 

Adv. Optical Mater. 2021, 2102065

Figure 6. Spatial maps of Raman data from grating 4.7 μm pitch. a) Standard Raman spectra of grating sample 1b. b) Wavelength-modulated data 
with respect to position on grating. The separation between two successive data sampling points is 0.5 μm. The grating pitch is 4.7 μm and 1 μm gap. 
13.8 μm pitch. c) Standard Raman spectra of grating sample 1b. d) Wavelength-modulated data with respect to position on grating. The separation 
between two successive data sampling points is 0.5 μm. The initial 18 position were covered outside the grating region. The vertical white dashed lines 
show the periodic grating of the structure.
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degraded by fluorescence from metals. We applied this tech-
nique to probe the strong coupling of vibrational modes and 
confined light fields, using the photonic modes of planar micro-
cavities and the surface plasmon modes of metallic diffraction 
gratings as the confining light fields, and the C=O double bond 
in the polymer PMMA as the molecular resonance.

For the planar microcavities, we found an additional fea-
ture in the Raman spectrum, beyond that usually observed for 
PMMA, occurring at 1590 cm−1. This feature appeared when 
the cavity was tuned to be on-resonance with the the C=O  
(1730 cm−1) vibrational mode; it was not observed for an off-
resonance cavity sample. The additional feature at 1590 cm−1 
is consistent with the previous work of Shalabney et al, and 
those authors attributed this extra feature to the lower polariton 
arising from hybridization of the C=O molecular resonance 
with the cavity mode. Such an explanation might apply here, 
but there are a number of reasons for doubt.

First, as noted by Shalabney et  al., the Raman feature at 
1590  cm−1 is not matched in energy with the position of the 
lower polariton seen in FTIR, which in our case occurs at ≈ 
1675 cm−1. There has been no theoretical prediction/under-
standing yet of this discrepancy. Another recent report suggests 
that any changes in Raman spectra arising from strong cou-
pling in this type of sample is likely to be very small, producing 
primarily a change in the shape of the Raman peak, rather 
than a significant shift in frequency.[40] It is thus important to 
consider alternative explanations for this 1590 cm−1 feature, 
and damage to the PMMA layer is perhaps the prime candi-
date. Shalabney et  al. did consider this possibility, and con-
ducted tests on bare polymer films to try and ensure they were 
working below any photo-damage threshold. Nonetheless, we 
find it striking that our on-resonance sample shows a Raman 
feature at 1590 cm−1, similar to that which has been shown to 
arise from thermal degradation,[49] as determined from thermal 
analysis FTIR, and from ion-implantation,[50] as determined by 
Raman scattering. In the case of the ion-implantation study, the 
presence of extra features was found to depend on the Raman 
pump wavelength, but the 1590 cm−1 feature was seen for a 
pump wavelength of 785 nm, the wavelength used in our WMR 
setup. Why the extra Raman feature shows up only for the on-
resonance cavity remains a mystery. We note that the pump 
laser we used had a high numerical aperture (NA) and is thus 
incident over a wide angle range, spanning several modes at 
laser (pump) wavelength, so the observation of this Raman fea-
ture for the on-resonance cavity is unlikely to be a consequence 
of being on resonance with a visible mode of the cavity. Meas-
urements conducted using a different (standard) Raman setup 
and employing a different numerical aperture, see Figure S11, 
Supporting Information, showed a similar feature at 1590 cm−1. 
Another mystery is the absence of any Raman feature associ-
ated with an upper polariton band, although theoretical work 
indicates this might be expected.[39]

For the grating-coupled surface plasmon samples, we also 
found additional Raman features, again at ≈1590 cm−1, but also 
at 1320 cm−1, and they seem to be associated with the periodic 
grooves in the metal stripe arrays we used.[51] The additional 
features did not appear in the planar regions of these samples. 
We note that these features were not very reproducible, that is, 
they did not arise in every gap investigated and were largely 

absent from the longer pitch samples we examined, despite 
both samples (4.7 μm and 13.8 μm pitch) ostensibly being in 
the strong coupling regime. One possible explanation might be 
that the first-order coupling is likely to lead to the creation of 
a surface plasmon band edge that may provide an additional 
degree of field enhancement.[29]

Is the fact that for the grating structures the extra Raman 
features appear at the same frequencies as those for the planar 
microcavity a coincidence? (It is not clear whether a 1320 cm−1 
feature is present for the planar ON-resonance microcavity; the 
data are too noisy to make any claim in this regard (see Figure S7,  
Supporting Information). Is the 1590 cm−1 feature a lower 
polariton associated with the PMMA resonance at 1730 cm−1, 
and could the 1320 cm−1 be a lower polariton associated with 
the PMMA resonance at 1450 cm−1, or might it too be due to 
damage?[50] More work is needed to answer these questions.

Overall, the results of our investigation are inconclusive 
regarding any change in Raman scattering as a result of the 
strong coupling of molecular vibrational modes. On the one 
hand, our results might be interpreted as showing features 
associated with photo-damage to the polymer, rather than 
providing evidence for polaritons formed as a result of strong 
coupling. On the other hand, the fact that the extra features we 
see are only evident for samples in the strong coupling regime 
might be construed as indicating otherwise, and if one could 
gain some confidence that the 1590 cm−1 feature is a lower 
polariton, we still have to account for the mismatch between 
the energy of the Raman feature and the FTIR feature.

Our aim in presenting these rather confusing results is to 
spur others to investigate these effects more deeply so as to 
help resolve these intriguing questions. Further investigations 
are underway to look in more detail at the spatial dependence 
of the Raman scattering signal for the grating-coupled surface 
plasmon structures. Looking ahead, we can identify several 
areas worthy of exploration. First, it would be advantageous to 
combine some kind of independent assessment of any damage 
to the polymer, perhaps by carrying out control experiments in 
which damage is induced thermally[49] so as to provide a direct 
comparison. Second, a worthwhile alternative might be to 
change to a different vibrational system, for example, moving 
away from a polymer and making use of a more robust system. 
For such a study, a resonance that is both IR active and Raman 
active is needed; such a situation applies to the 1730 cm−1 mode 
of PMMA and is one of the reasons this material was attractive 
for such work in the first place. Third, it would be interesting 
to try and measure the Raman signal in an angle-resolved way, 
so as to better compare the Raman signal with the measured 
dispersion. Finally, during submission of this paper, Takele 
et  al.[52] showed that even in the vibrational strong coupling 
regime, changes in Raman spectra may result from surface 
enhancement (SERS) effects and do not necessarily result from 
strong coupling.

4. Experimental Section
Wavelength-Modulated Raman Spectroscopy: The experiments were 

carried on the similar Raman system as described in the previous 
work.[53,54] Five Raman spectra were acquired over 5 s with 1 s integration 
time for each spectrum, at different excitation wavelengths with the 
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central wavelength at 785 nm and a tuning step of 0.2 nm. Using principal 
component analysis, these five Raman spectra were reconstructed into 
one single wavelength-modulated Raman (WMR) spectrum. In such a 
single WMR spectrum, zero-crossings are equivalent to peak positions 
while the peak-to-valley corresponds to the peak intensity in a standard 
Raman spectrum.

Optical Microcavities: The cavity mirrors were both made of gold 
by e-beam assisted evaporation and each had a nominal thickness of 
12 nm. The PMMA (molecular weight 950K) was spin coated from a 
solution diluted in 11% Anisole to achieve a layer thickness of 2 μm. The 
microcavity was formed on a silicon substrate that had a minimal oxide 
thickness layer.

Grating Fabrication: 100 nm of thin gold film was deposited on 
silicon substrate, so that the gold mirrors were 100 nm thick, with a 
calculated reflectivity of greater than 0.95. Later, 1D grating structures 
were produced using electron beam lithography. Briefly, an e-beam resist 
(PMMA: 950K A9) was spun (4000 rpm) onto a 20 mm square silicon 
wafer substrate to obtain a thickness of ≈400 nm. The substrate was 
then heated to 180° C for 10 min to remove the solvent. For the electron 
beam lithography, a ≈20 nA beam current was used to write the desired 
pattern. Following exposure, the resist was developed (MEK+MIBK+IPA) 
for 40 s. A thin 100 nm gold film was then deposited by thermal 
evaporation, followed by a lift-off process to leave the desired gold stripe 
grating (see Figure 1b).

FTIR Measurements: The IR transmission of the samples was 
determined using an FTIR set-up (Bruker V80). To produce dispersion 
curves, spectra were acquired for a range of incident angles, typically 
in the range –12°   to +12°. All measurements were performed with a 
spectral resolution of 8 cm−1 and an angular resolution of 2°. To improve 
the signal-to-noise, averaging over 128 scans was carried out. Sample 
transmittance spectra are shown in Figure 5a,c.

Numerical Modeling: To model the response from these structures, 
finite-element-modeling was employed through the use of COMSOL 
Multiphysics. An example in Figure  5a,c, for which the COMSOL 
calculations involved a modeling volume that comprised a 3 μm 
layer of CaF2 overlain with a 30 nm gold grating, covered by 1 μm 
layer of PMMA and finally followed by 3 μm layer of air. Periodic 
boundary conditions were added in the grating (x) direction. For the 
meshing, a minimum mesh element size of 0.22 nm was used, while 
the maximum mesh element size was 185 nm; a curvature factor of 
0.2 was used to smooth the vertices so as to better represent the 
fabricated samples.

Material Parameters: For the frequency-dependent permittivity of both 
gold and PMMA, Drude-Lorentz
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models, respectively, were made use of. For gold, parameters taken 
from Olmon et  al.[55] were used, specifically, ωp  = 1.29 × 1016 rad s−1, 
and γ  = 7.30 × 1013 rad s−1, with εb  = 1.0. For PMMA, single oscillator 
parameters from Shalabney et al.[23] were taken, specifically, ω0 ≡ 3.28 ×  
1014 rad s−1, and γ ≡ 2.45 × 1012 rad s−1, with f0 = 0.0165, and εb = 1.99. 
The parameters for silicon in the infrared were based on data compiled 
by Edwards[56] and were taken to be, ε  = 11.76 + 0.001i, while for air,  
ε = 1.0 was taken.

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