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Abstract: Surface-enhanced infrared absorption spectroscopy (SEIRA) is attractive for molecular
sensing due to its high sensitivity and access to molecular fingerprint absorptions. In this paper,
we report on refractive index sensing of monolayer molecules in a spectral band outside the molecular
fingerprint region. In a metagrating composed of a three-layer metal-insulator-metal structure,
both propagating surface plasmon resonances (PSPs) and local surface plasmon resonances (LSPRs)
are exited from free-space in a broad band of 3 to 9 um, and their sensing properties are characterized.
In response to a self-assembled monolayer of octadecanethiol (ODT) molecules, both PSPs and LSPRs
exhibit redshifts in wavelength. The shifts of LSPRs are larger than those of PSPs, as originated
from their stronger spatial confinement and larger field enhancement. Our proposed mid-infrared
molecular sensor is immune to frequency variations of plasmon resonance and more tolerant to
sample feature size variation.

Keywords: surface plasmon; plasmonic resonance; refractive index sensing; mid-infrared;
self-assembled monolayer

1. Introduction

Surface plasmons (SPs) are collective oscillations of electrons at the boundaries between materials,
which feature strongly confined and intensified fields well suitable for exploring fundamental
electromagnetic phenomena [1-5] and for addressing challenges in optical sensing [6—10], and many
other applications, such as photovoltaics and lasers [11-13]. Using either propagating or local surface
plasmon resonances, which are sensitive to refractive index change of environmental medium, a variety
of optical sensors have been demonstrated with sensitivity more than 103 nm/RIU in the structures
made of metal films [14,15], periodic gratings [16], and nanostructured metal surfaces [17-20].

Although SPs-based sensors thus far have been mostly developed in visible and near-infrared
regions, the mid-infrared spectral band has recently attracted considerable interest due to two main
reasons [21-24]. One is the presence of the “fingerprint region”, which refers to a spectral band
having absorption lines of molecular vibration and rotation modes. The unique molecular absorptions
can be used to access chemical bond information. The other one is related to the relatively longer
wavelength of the mid-infrared. As resonant wavelength in a plasmonic structure is generally scaled
with its feature size [25], by moving resonance to a longer wavelength in the mid-infrared, the sample
feature size can be made larger, which reduces difficulties in fabrication. Using structures such as
metallic nano-rods [26], nano-slits [27], split ring resonators [28], and patterned graphene [29,30] in
surface-enhanced infrared absorption spectroscopy (SEIRA), a number of molecular sensors have been
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reported in the mid-infrared, which revealed enhanced fingerprint absorptions of a wealth of molecules.
Recently, Mbomson et al. demonstrated asymmetric split H-shape nanoantennas, which showed not
only amplified vibrational absorptions of C-H bonds but also a large spectral resonance shift with a
high sensitivity value of 2335 nm/RIU [31]. These reported mid-infrared sensors all use local surface
plasmon resonances (LSPRs), whose frequencies are generally required to match molecular resonances
of target chemical bonds. This frequency matching condition imposes a strict requirement on control
over sample feature size in nano-fabrication. One way without this resonance matching requirement is
to detect refractive index change caused by molecules in a spectral band outside their fingerprint region,
where a significantly wider wavelength range is accessible. This method is, thus, tolerant to frequency
variations of plasmon resonance. In this paper, we demonstrate refractive index sensing of molecules
outside their fingerprint region using both LSPRs and propagating surface plasmon resonances (PSPs)
in a mid-infrared metagrating. Although the mid-infrared plasmon modes are generally considered
less spatially-confined as compared to their counterparts in the visible and near-infrared regions, here
they are shown to exhibit sensing ability with monolayer sensitivity. In response to a monolayer
octadecanethiol (ODT) analyte, both LSPRs and PSPs exhibit clear redshift in wavelength. Our results
offer a way of making mid-infrared sensors with reduced restriction on control over sample feature
size in fabrication.

2. Materials and Methods

Our metagrating structure is illustrated in Figure 1a, which consists of a bottom metal, a ZnSe
dielectric layer, and a top metal strip array. LSPRs in such grating are determined by half wavelength
resonance condition, which is written as [32]:

A=2ngW/L (L=1,2,3,...) )

where A is the resonance wavelength in free-space, W is the width of gold strip, L is an integer, and nq
is the effective refractive index. These LSPRs can be regarded as standing waves formed underneath
the gold strips. Besides LSPRs, the metagrating also supports PSPs for incident TM polarization, whose
excitation is governed by momentum conservation and can be described by [33]:

2n . 2n 21 f emn?
Tnsme—l—m?:iT €m+n2, (m:il, 2, 3,) (2)

where 0 is the incident angle, 7 is the refractive index of surrounding environment, which we take as
air in our case. P is the period of the grating, m is an integer, and ¢, is the permittivity of gold. In order
to excite both LSPRs and PSPs within our interested wavelength range of 3-9 um, the width and period
of the metal strips are chosen to be W = 1.3 pym and P = 4.5 um, respectively. Other designed thickness
parameters are given in Figure 1 caption.

To fabricate the structure, we first deposited a 310 nm thick Cu film on a Si substrate as the
reflector, and then grew a 113 nm thick ZnSe film on top of the Cu using the electron beam evaporation
technique. The thickness of ZnSe was measured with ellipsometer SE850 (Sentech, Berlin, Germany).
After that, a 105 nm thick gold strip array was fabricated using stepper photolithography, metal
deposition, and lift-off processes. Scanning electron microscope (SEM) image of the fabricated sample
is shown in Figure 1b. The area size of the strip array is 8 X 8 mm. The geometric parameters of
the fabricated sample are listed in Table 1, which were obtained from SEM images and ellipsometry
measurements. These sample parameters are in good agreement with the designed parameters in
Figure 1a. To add ODT molecules as the analyte, the fabricated sample was immersed in 1 mM/L ODT
(>95%, Sigma-Aldrich, St. Louis, MO, USA) in ethanol solution for 24 hours at room temperature, and
then rinsed thoroughly with ethanol and dried with nitrogen gas. In the self-assembling process, ODT
molecules form a monolayer on surfaces of both Au strips and the ZnSe layer [34-36]. A SEM image
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of the sample with monolayer ODT is shown in Figure 1c. Due to some surface imperfections, local
aggregation of ODT molecules is evident.

The metagrating sample was characterized with angle-variable Fourier transform infrared (FTIR)
reflection spectroscopy [37]. The sample and the detector were mounted on two co-axial rotational
stages, which allowed for a continuous scan of the incident angle. The angles were selected from 30° to
60° to avoid complexity caused by dispersive fingerprint absorptions of ODT molecules. In such a
way, ODT can be regarded as a non-dispersive medium with a constant refractive index. Incident TM
polarization with an electrical field perpendicular to the metal strips is used to excite different resonant
modes in the measurement. The reflection from a copper mirror was used as the reference background
spectrum. To minimize noise arising from environmental disturbance in the optical system, each

spectrum was averaged over 64 scans with a resolution of 0.5 cm™.

(©

Figure 1. (a) Schematic of designed metagrating for octadecanethiol (ODT) detection. The relevant

dimension parameters are P = 4.5 um, W = 1.3 um, 1 = 100 nm, d = 110 nm, #; = 300 nm, and ¢, = 500 pm.
The incident light is TM-polarized in y-z plane. Top-view SEM images of the fabricated metagrating
before (b) and after (c) ODT adsorption.

Table 1. Geometric parameters of fabricated metagrating sample.

P(um) W (um) h(mm) d(@mm) ¢ (nm) £ (um)
4.502 1.28 105 113 310 520

3. Results

Reflection spectra of the sample before ODT adsorption are shown in Figure 2a for different
incident angles. At 30° angle, the reflection spectrum shows four reflection dips, corresponding to four
resonant modes. These modes can be understood via their angle-dependent behaviors. The modes at
8.557 and 4.356 um (labeled as L1 and L2) exhibit negligible angle-dependence, which, according to
Equation (1), using an effective refractive index of nqg = 3.29, are attributed to the LSPRs with mode
number L = 1 and 2, respectively. In addition, the other two modes at 6.714 and 3.385 um (labeled as P1
and P2) show significant redshifts as the angle increases, which are identified as the PSPs with m = -1
and -2, respectively, according to Equation (2). Figure 2b shows a reflectance contour plot of the
sample at different angles. The calculated angular dispersions using Equations (1) and (2) are shown
in dashed and dotted lines, respectively, which nicely support our analysis of the LSPRs and PSPs.

Figure 3a shows a comparison of reflection spectra of the sample before (black) and after (red)
adding the ODT molecules at an incident angle of 30°. From close-up views of the spectra shown
in Figure 3b-e, redshifts of the resonances are observed. In particular, the LSPRs, i.e., L1 and L2,
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are shifted by 10 and 9 nm, respectively. Meanwhile, the PSPs, i.e., P1 and P2, are shifted by 2 and
5 nm, respectively. As the angle increases, the wavelength shifts of these four modes are plotted in
Figure 4a, and their specific values are listed in Table 2. We can observe an overall trend of redshifts of
both LSPRs and PSPs caused by refractive index change of a monolayer ODT. In particular, the P1 and
P2 modes exhibit redshifts of 2-5 nm, while the L1 and L2 modes are shifted by 5-16 nm. Therefore,
the LSPRs exhibit larger wavelength shifts than the PSPs. In addition, the LSPRs, i.e., L1 and L2, work
only in narrow band with wavelength variations of less than 0.193 um, while the PSP modes, i.e.,
P1 and P2, operate in a broad band with a tuned wavelength range of more than 0.782 pm, as resulted
from their different angular dispersions.
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Figure 2. (a) Reflection spectra and (b) reflectance contour plot of the metagrating sample at different
incident angles.
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Figure 3. (a) Measured reflection spectra of the metagrating sample with and without octadecanethiol
(ODT) at 30° angle. Close-up view of the spectrum for propagating surface plasmon resonances (PSPs),
i.e.,, (b) P2 with mode number m = -2 and (d) P1 with mode number m = —1, and local surface plasmon
resonances (LSPRs), i.e., (¢) L2 with mode number L = 2 and (e) L1 with mode number L = 1.
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Figure 4. (a) Measured and (b) simulated wavelength shifts of both local surface plasmon resonances
(LSPRs) and propagating surface plasmon resonances (PSPs) in the metagrating sample.

Table 2. Measured wavelength shift values of local surface plasmon resonances (LSPRs) and propagating
surface plasmon resonances (PSPs) in the metagrating sample.

0 deg) Mode L1 Mode P1 Mode L2 Mode P2
e
8 A (um) AN (nm) A (um) AN (nm) A (um) AN (nm) A (um) AN (nm)
30° 8.557 10 6.714 2 4.356 9 3.385 5
40° 8.586 9 7.341 5 4.354 9 3.698 4
50° 8.64 14 7.881 3 4.359 9 - -
60° 8.75 16 8.209 5 4.383 5 4.167 2

4. Discussion

To physically understand the sensing properties of the metagrating sample, we calculated its
reflection spectra using a Lumerical FDTD Solver (Lumerical Solutions, Vancouver, BC, Canada). In
the calculations, refractive indices of different materials are plotted in Figure 5a, where the Cu and
Au are described with Drude Model. The plasma frequency and damping frequency of Cu are taken
as 6.38 x 10* em™! and 2.55 x 102 cm™!, and those of Au are 7.25 x 10* cm~! and 2.16 x 102 cm™!,
respectively, as given in a previous study [38]. The refractive index of ZnSe is taken as 2.42, as
reported in another study [39]. For the ODT, its refractive index is considered as a constant of 1.46 [40].
The thickness of ODT is taken as 3 nm, while the geometric dimensions of other layers are given in
Figure 1a.

Our simulated wavelength shifts of the four modes in the metagrating are plotted in Figure 4b.
Their detailed wavelength shift values are given in Table 3. These simulated results are in general
agreement with the measured results in Figure 4a and Table 2. There are small quantitative discrepancies
in shift values between theory and experiment, which likely originate from uncertainties in optical
parameters of materials used in calculations. In addition, the P2 resonance is unresolved in Table 2 due
to insufficient signal-to-noise ratio in the measurement. The different sensing behaviors of LSPRs and
PSPs can be understood from their field properties, as shown in Figure 5b—e. The LSPRs L1 and L2
are generally more confined in space than the PSPs P1 and P2, and thus the LSPRs have larger field
enhancement. The surface field enhancement factor was obtained by calculating the mode field profile
first, and then by normalizing the maximum field at the top surface of the metagrating to the incident
light. In particular, surface fields of the L1 and L2 modes are enhanced by a factor of 140, while the P1
and P2 modes are enhanced by only 10. Besides this difference in field enhancement, the P1 and P2
modes, on the other hand, exhibit larger effective sensing area with their fields spreading not only on
Au strips but also on the ZnSe surface, which is beneficial for accessing more ODT molecules. Overall,
the field enhancement is the dominant factor, which explains the better sensitivity of the LSPRs. It is
noted that our comparison on sensing properties of LSPRs and PSPs is made for an ultrathin monolayer
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analyte. For bulky targets like thick embedding medium used in earlier reports [14], different results
might be expected, since both the field enhancement and the spatial overlap with the analyte molecules
likely play significant roles.
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Figure 5. (a) Refractive indices of the relevant materials used in simulation. Spatial field distributions
for propagating surface plasmon resonances (PSPs), i.e., (b) P2 with mode number m = -2, (d) P1 with
mode number m = -1, and local surface plasmon resonances (LSPRs), i.e., (¢) L2 with mode number
L =2, (e) L1 with mode number L = 1.

Table 3. Simulated wavelength shift values of local surface plasmon resonances (LSPRs) and propagating
surface plasmon resonances (PSPs) in the metagrating sample.

0 (deg) Mode L1 Mode P1 Mode L2 Mode P2
e
& A (um) AN (nm) A (um) AN (nm) A (um) AN (nm) A (um) AN (nm)
30° 8.487 8 6.759 0 4.285 4 3.402 1
40° 8.505 25 7.392 0 4.284 8 3.708 0
50° 8.584 7 7.931 0 4.302 4 3.976 0
60° 8.678 9 8.192 2 4.34 8 4.163 3

Finally, it is interesting to quantify the sensing performance of both LSPRs and PSPs in terms
of Figure of Merit (FOM). Since the analyte in our structure is an ultrathin monolayer instead of an
entire embedding medium, it is challenging to obtain the actual change of refractive index, which
depends on not only the optical constant of the ODT molecules but also the spatial coupling of the
monolayer film into the volume of the plasmon field. The regularly defined FOM = AN/(AnI’), as well
as sensitivity (AN/(An)) [41], where AA is the wavelength shift, An is the change of refractive index,
and I' is the width of the resonance, cannot be determined in experiment for our case of monolayer
analyte. In fact, Becker et al. proposed an alternative definition of FOM for thin-film target [41]:

FOMs1ayer = |dI/1]/dl ®)

where dI/I is the maximum relative intensity change at a fixed wavelength induced by spectral shift of
the resonance, and dl is the thickness of the analyte thin-film. This defined FOM*|;yr captures the
effective sensing volumes of various nanostructures, and we used it in our sample characterization.
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The experimentally determined FOM* |5y, values of both LSPRs and PSPs in our sample are plotted in
Figure 6. It is seen that the LSPRs L1 and L2 exhibit a maximum FOM*|,ye of 0.18, while the PSPs P1
and P2 have a smaller FOM"|,ye; of less than 0.1.
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Figure 6. Experimental figure of merit FOM*|ay; of different modes in the metagrating sample.

5. Conclusions

We demonstrated refractive index sensing of monolayer molecules outside their fingerprint region
using both LSPRs and PSPs in a mid-infrared metagrating. Within a broad band of 3 to 9 pm, PSPs
with mode numbers L =1, 2, and LSPRs with mode numbers m = —1, —2 were excited and their sensing
properties were examined. In response to monolayer ODT molecules, the PSPs exhibited wavelength
redshifts of 2-5 nm, while the LSPRs showed wavelength redshifts in the range of 5-16 nm. The
larger redshifts of LSPRs result from their larger surface field enhancement, as compared with the
PSPs. In addition, the LSPR modes worked at essentially fixed wavelengths, while the PSPs modes
operated in a broad band with a wavelength tuning range of more than 0.782 um, as originated from
their different angular dispersions. Our proposed metagrating sensor relies on refractive index change
caused by analyte molecules in a spectral band without fingerprint absorptions. This approach is
less sensitive to frequency variations of plasmon resonance, and thus is advantageous in terms of
fabrication tolerance.
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