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Abstract: Molecular overtones stretching modes that occupy the near-infrared (NIR) are weak compared
to the fundamental vibrations. Here we report on the enhancement of absorption by molecular vibrations
overtones via electromagnetic field enhancement of plasmonic nanoparallelepipeds comprising a
square lattice. We explore numerically, using finite element method (FEM), gold metasurfaces
on a transparent dielectric substrate covered by weakly absorbing analyte supporting N-H and
C-H overtone absorption bands around 1.5 um and around 1.67 pm, respectively. We found that
the absorption enhancement in N-H overtone transition can be increased up to the factor of 22.5 due
to the combination of localized surface plasmon resonance in prolonged nanoparticles and lattice
Rayleigh anomaly. Our approach may be extended for sensitive identification of other functional
group overtone transitions in the near-infrared spectral range.

Keywords: metasurface; localized surface plasmon resonance; surface-enhanced near-infrared
absorption; overtone spectroscopy

1. Introduction

Near-infrared (NIR) spectroscopy is a powerful method of non-destructive material analysis based
on the excitation of overtones and combination bands of molecular vibrations [1-4]. An important
advantage of NIR spectroscopy over the spectroscopes in the longer wavelengths is the availability
of effective radiation sources and sensitive detectors [5,6]. On the other hand, NIR transitions,
being forbidden in the harmonic approximation, are much weaker than the transitions corresponding
to the fundamental vibration modes [7,8]. Hence, to be applicable in small sample analysis,
NIR absorption should be substantially enhanced. Due to this fact, searching for the means of
NIR absorption amplification has recently become the focus of many studies [4,9-16].

Localized surface plasmon resonance (LSPR) excited in metal nanoparticles has been known
to provide substantial absorption enhancement by nearby molecules [17-19]. Previously, we have
shown that the size and the aspect ratio of prolate gold nanospheroids may be chosen in such a way
that their LSPR bands overlap with the first-order overtones of C-H and N-H stretching modes of
organic substances [20]. Next, the size and the shape of a rod-like gold nanoparticle was optimized
to achieve the maximum overtone absorption enhancement [21]. However, using the isolated gold
nanoparticles implies that only a very small fraction of the analyte is placed in the amplified near-field.
This circumstance limits the overall enhancement provided by LSPR. To get the most of the plasmon
field amplification, metal nanoparticles are to be arranged in a dense array forming a metasurface.
Consequently, the larger portion of the analyte molecules may be placed in the regions of enhanced
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near-field [22]. Moreover, an electromagnetic interaction between the adjacent nanoparticles leads to
an additional mechanism of local field enhancement when the conditions for the Rayleigh anomaly are
fulfilled [23-32]. Fabrication of nanoparticle arrays of required density is feasible via electron beam
lithography (EBL) [33,34], although the shapes of the nanoparticles defined by EBL on a substrate are
closer to the nanoscale parallelepipeds (NPs) rather than to the nanorods or nanospheroids.

Therefore, this study is devoted to planar metasurfaces consisting of nanoparallelepipeds
(NPs) that can be fabricated easily and prepared specifically for overtone detection in near-infrared.
The proposed structure utilizes a combination of localized plasmon resonance in isolated gold NP with
Rayleigh anomalies of their periodic array. By incorporating the plasmonic metasurface into a weakly
absorbing organic medium, a 22.5-fold enhancement of the first overtone of N-H stretching mode in
the NIR has been demonstrated for the first time. Application of the designed gold metasurface may
be beneficial in biomedicine [35], non-destructive testing [36], and food quality analysis [37-39].

2. Numerical Model

To obtain a realistic model we consider an infinite array of gold nanoantennas in the form
of parallelepipeds arranged in a square lattice on a dielectric substrate and covered by a thin
layer of analyte molecules. To be specific, as a probe molecule, we work with the well-known
organic compound and derivative of Ammonia, N-Methylaniline (C{HsNH(CH3)) [9,40]. Recently,
we have thoroughly studied the optical properties of N-Methylaniline in bulk samples and,
using Kramers—Kronig relations, obtained its complex dielectric permittivity in the NIR [4,9,10,41].
The absorption bands (Figure 1) at wavelengths of 1494 and 1676 nm are associated with the first
overtones of N-H and C-H stretching modes and accompanied by the anomalous dispersion.

1.57135 40.00014
1.57130 F 10-00012 %
< c
% | R 0.00010 -2
§ 1.57125 {7 &
P 0.00008 &
Z 157120 c
S n 10.00006 .S
© 157115} — 2
% {0.00004
L

1.57110 | 40.00002

1.57105 1 . . " 0.00000

1000 1200 1400 1600 1800 2000
Wavelength [nm]

Figure 1. Dispersion characteristic of the N-Methylaniline (NMA) molecules as a function of
the wavelength in the near-infrared.

Numerical simulations via finite-element-method (FEM) were conducted in the COMSOL
Multiphysics environment. The capabilities of the software allow us to calculate plasmonic properties
of gold metasurface of studied geometry with high accuracy based on a straightforward solution of
Maxwell’s equations under certain boundary conditions. Here, perfectly matching layers are used
to absorb reflected and transmitted light from the sample when the linearly polarized wave (Ey) is
launched perpendicular to the x — y plane through the excitation port placed immediately under
the top of a perfectly matched layer. This model also comprises an air gap, as well as the analyte
layer and a transparent BK7 glass substrate (see Figure 2). A 2D periodic array of NPs illustrated in
Figure 2a was modeled using the Floquet type boundary conditions that were imposed on the side
walls of an elementary cell shown in Figure 2b. More details on the model description are given in [22].
Thus, the gold metasurface is modeled as a square lattice of prolonged NPs with variable length L,
while width w and height I were fixed and equal to 20 nm (depicted in Figure 2a,b). The dispersion
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of dielectric properties of gold was obtained from the experimental work of Johnson and Christy for
bulk material [42] without modification because the nanoparticles dimensions are large enough for
the possible changes to be insignificant in our case [43,44]. Dispersion of BK7 used as a substrate was
taken from [45].

Since we used the periodic boundary conditions, the results are strictly valid for the infinite
structures, while all the real structures are finite. There are several studies devoted to the relation
between the optical properties of finite structures of different sizes and the corresponding infinite
structure [46—48]. Although there is no general solution, in most cases several hundreds of periods are
enough for the convergence.

To facilitate the comparison of the obtained theoretical results with the future experimental
data, we introduce the notion of ’Differential transmission’, which helps to explore the effect of
the gold metasurface on the overtone absorption intensity. The differential transmission is computed
as a difference between transmissions of analyte and immersion oil films of the same thickness.
Related notions of differential extinction and differential absorption were previously introduced
in [21,41]. A transparent dielectric film characterized by a negligible dispersion was used as a reference
for the differential transmission calculations. The refractive index of this film was chosen to be
the same as the mean value of the N-Methylaniline (NMA) refractive index in the actual spectral
range (14, = 1.5712). Experimentally, such a film may be readily realized utilizing an appropriate
immersion oil. Transmission spectra of plane parallel films without gold nanoparticles were calculated
analytically [49].

kl\ x\\%

BK-7

Figure 2. (a) 3D schematics of the gold metasurface modeled in COMSOL Multiphysics software.
The width and height of gold nanoparallelepipeds (NPs) in the array are of w = h = 20 nm, while
the length is varied. The longitudinal and transverse lattice constants are defined as A; and Aj.
t designates the analyte film thickness. The incident light propagation direction k and polarization E
are also shown. (b) Schematics of 2D cross-section of the model. Furthermore, the gold metasurface
submerged into the analyte layer, the structure involves a BK7 glass substrate and an air layer with
refractive index n = 1. The sample is placed between perfectly matched layers (PML).

3. Optimization of the Metasurface

When the lattice periods become comparable to the sizes of the individual nanoantennas, plasmon
resonances start to interact with the lattice resonances. Hence, the optimization procedure becomes
very complex. To facilitate the optimization, we study the Rayleigh anomaly that corresponds
to the first diffraction order which starts to propagate into the substrate with the refractive index
n = 1.5 at the wavelength of N-H overtone A = 1494 nm (in vacuum). The rough approximation of
the lattice constant is A; = A/n, as shown in Figure 2a, gives a value of 1 pm. Next, the length of
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the nanoantenna is to be chosen in such a way that the effective polarizability of the nanoantennas
comprising the metasurface a* reaches its maximum value. According to the well-developed theory
of diffractively coupled localized plasmon resonances in the framework of the coupled dipole
approximation (CDA) [24], «* may be calculated as follows:

ot = )

where a denotes the polarizability of an isolated nanoantenna that depends solely on its size and
shape (at the fixed wavelength). The dipole sum S accounts for the dipole-dipole interaction between
nanoantennas and only depends on the lattice periods A1, Ay (see Figure 2a). According to Equation (1)
a* reaches its maximum when the real parts of S and a~! are equal. From the calculated results
presented in [24], we learn that S is very small anywhere but at the narrow window around % ~1it
has a maximum. On the other hand, the LSPR wavelength of NP of a fixed cross-section is a monotonic
function of its length as it may be seen in Figures 3 and Al. Hence, to maximize the effective
polarizability at the wavelength of the molecular overtone transition, the length of the nanoantenna
should vary together with the lattice periods. The length of the resonance antenna is expected to
have a minimum as a function of the lattice period. Considering this, we performed the numerical
simulation and found the structures of gold metasurfaces with certain LSPR bands optimized for
sensing of functional groups overtone transitions at A = 1494 nm and A = 1676 nm.
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Figure 3. Calculated transmission spectra of gold metasurfaces with NPs of lengths L varied from
100 (crimson curve) to 220 (purple curve) nm in 10 nm steps, whereas lattice periods were fixed at
A1 =400 nm and A; =200 nm. The extinction coefficient of NMA is shown below the transmission
curves. The gold metasurface was embedded in NMA with a thickness of 100 nm.

4. Dependence of the Collective LSPR Spectral Position on the Gold Metasurface Parameters

The dependence of the transmission dip location on the nanoparticle length has been investigated.
We performed the simulations for the light polarized along the length of gold NPs (x-axis) at normal
incidence. Figure 3 shows the transmission spectra of gold metasurfaces with fixed lattice periods
and varying lengths of nanoantennas. In close analogy to the well-known dependence of the LSPR
spectral position on the aspect ratio of an isolated prolate spheroid, the dip in transmission shifts
toward the long-wavelength range when the NPs length L grows. At particular values of length L
the transmission dip is defined by collective LSPR overlaps with and couples to the N-H and C-H
overtone absorption bands in near-infrared. The transmission dip location depends linearly on the NPs
length L, as can be seen in Figure Al.
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5. Near-Field Enhancement

In this section, we analyze the distribution of the enhanced near-field around the gold NP.
The incident field is polarized along the x-axis while the lattice constants are fixed at A; = 400 nm
and A, = 200 nm, respectively. Figure 4 shows the near-field distribution around one of the gold
nanoantennas in the array when the collective LSPR of the metasurface is tuned to coincide with
one of the analyte overtones at 1494 nm. The top (a) and side (b) views are both shown in Figure 4.
Electric near-field polarized along the long axis of the NP exhibits strong enhancement and localization
around the antenna tips. Figures 4c,d show the corresponding field distributions along the x and
z axes. We note that the calculated results shown in Figure 4 demonstrate the lightning-rod effect
(subplots a, b) as well as the rapid near-field decay (subplots ¢, d) inside the homogeneous layer of
organic molecules and the dielectric substrate. Indeed, the length of NP is more than eight times larger
than its width and height. Hence, the main prerequisite for the field concentration at the sharp edges
of the nanoparticle and the lightning-rod effect observation is fulfilled. Large jumps of the electric field
at the metal surfaces seen in Figure 4 is due to the large value of the real part of gold permittivity at
A =1494 nm (about minus one hundred).
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Figure 4. The electric field enhancement |Ey/ Ex0|2 distribution around the gold NP in an array
(A1 =400 nm and A, =200 nm) surrounded by NMA layer: top view (a) and side view (b). Normalized
electric field distribution along the x-axis goes through the NP center (c); the same for the z-axis
(d) at x = 87.5 nm. Color encoding in (c,d): blue—the BK-7 glass substrate, yellow—gold nanoparticle,
red—thin layer of NMA layer, white—air. The excitation wavelength is A = 1494 nm. The colorbar
corresponds for colormaps in (a,b) subplots.

6. Differential Transmission Computations

Computation of the differential transmission (DT) spectra is an important step in metasurface
design for sensing purposes where the crucial feature is the detection of a small amount of analyte.
In particular, the enhanced absorption of the analyte molecules in the near-field of the metasurface
is still much smaller than the own absorption of the metasurface in the absence of molecules. In this
regard, to reveal the contribution of the gold metasurface, the NPs absorption excluding the presence
of molecules must be subtracted from the measured absorption with molecules. Furthermore, it is
important to take into account that the metasurface absorption spectra shift when the permittivity of
surrounding changes. Therefore, measurement of the metasurface transmission in air seems infeasible.
Instead, the metasurface transmission in contact with a thin film of a transparent material should
be considered. The refractive index (RI) of this material should be chosen close to the RI mean
value of analyte in the actual spectral range and the film thickness should be the same as that of
an analyte. Based on that, calculation of DT becomes a reliable way to reveal the presence of analyte
and the spectral position of its absorption bands [22]. Figure 5 displays an example of the DT spectrum.
Compared to what is shown in the literature [50,51], the plasmon enhanced absorption DT spectrum
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demonstrates complex behavior (see Figure 5). DT changes its sign as a result of combined action
of absorption and anomalous dispersion of the analyte in the spectral ranges of overtone transitions.
The regions of enhanced and reduced transmission alternate. Figure A2a,b demonstrate the spectral
regions where the counterintuitive relation between transmission of the metasurface embedded in
NMA and transmission of the same metasurface embedded in immersion oil takes place. The structure
covered by a dispersive and absorptive NMA film transmits more light than the same structure
embedded in the transparent and dispersionless immersion oil film.
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Figure 5. Differential transmission (DT) of metasurfaces with 100 nm thick analyte overlayers.
The length of NPs varies from 100 (crimson curve) to 220 (purple curve) nm with steps of 10 nm while
the lattice periods are of A; =400 nm and A, =200 nm. The DT contrast is defined as the difference
between the maximum and minimum values of DT in the spectral range of the N-H overtone transition
and is shown by an arrow for one of the metasurfaces.

For the sensing purposes, the difference between the DT maximum and minimum (hereinafter
referred to as ‘DT contrast’) is of paramount importance, since it is the variation magnitude that
determines the metasurface sensitivity. Then, the enhancement factor (EF) can be expressed as
EF = %' where DTj is the DT value of the same analyte film placed on a bare substrate without gold
metasurface. DTy values were obtained via elementary calculations and presented in Figure 6a for
a range of analyte film thicknesses up to t = 100 nm. Figure 6b shows the DT contrasts for the arrays of
nanoantennas of different lengths presented in Figure 5. We note that the EF provided by metasurface
utilization depends on the nanoantennas lengths. Hence, the optimization procedure is essential to
maximize the EF for the particular overtone transition.
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Figure 6. (a) DT of NMA films on a bare substrate as function of the film thickness. The insert
shows the structure of the parallel films used for the calculation under the normal incidence illumination.
(b) The DT contrast estimated from the data presented in Figure 5 as a function of the nanoantenna length.
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7. Enhancement Factors of the Optimized Metasurfaces

In this section, we discuss how the DT enhancement factor depends on the lattice periods.
While exploring the metasurface configuration optimized for the enhancement of the particular
overtone transition, the nanoantenna lengths as well as both periods of the square lattice were varied.
To reach the maximum field enhancement, the nanoantenna length that maximizes the collective
polarizability at the desired wavelength was found for a number of lattice periods combinations.
At the final step, the enhancement factors were calculated as presented in Figures 7 and 8. The analyte
film thickness was set to 35 nm. This choice provides reasonable utilization of the near-field
enhancement region. Indeed, according to Figure 4d, the maximum field enhancement is achieved at
the surface of the nanoparticle and rapidly drops with the distance. Hence, from the perspective of
the sensitivity enhancement, the analyte layers should not be thicker than 35 nm.
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Figure 7. Variation of the local field enhancement (blue curve) and the resonant nanoantenna length L
(red curve) with the lattice period A, when the other lattice period is fixed at A; = 200 nm and ensuring
constant collective Localized surface plasmon resonance (LSPR) band at A = 1494 nm. The analyte film
thickness f = 35 nm.

The red curve in Figure 7 shows the variation of the resonant nanoantenna length L with
the lattice period A, when the other lattice period is fixed at A; = 200 nm and ensuring constant
collective LSPR band at A = 1494 nm. In agreement with the numerical results presented in Figure 7,
L reaches a minimum near the wavelength corresponding to the Rayleigh anomaly at about 1000 nm.
Almost simultaneously, at Ay = 970 nm the near-field enhancement reaches its maximum (blue curve
in Figure 7). Qualitatively, this behavior may be understood as follows: if we assume that A, > 996 nm,
then the first diffraction order of the radiation with the wavelength A of 1494 nm (in vacuum) can
propagate in the substrate with refractive index ng,; = 1.5. However, when Ay <996 nm, all diffraction
orders becomes evanescent since Ay < Ang,;. The evanescent wave decays fast from the boundary.
In addition, it carries no energy. Therefore, its amplitude may exceed the incident wave amplitude
without violation of energy conservation law. This is the origin of the lattice contribution to the local
field enhancement.

Subsequently, we fixed A, at 970 nm and adjusted the second lattice period A; varying it from 50
to 220 nm, as it is illustrated in Figure 8 (blue curve). Simultaneously with A variation, the NPs length
L was adjusted to keep the collective LSPR of the metasurface at the resonance with the overtone
transition in NMA, as it is illustrated in Figure A3. The absolute maximum was found at A1 =75 nm that
corresponds to the field enhancement of 2 x 108. Finally, we checked that this metasurface design also
provides for the largest enhancement factor for sensing application which reaches an unprecedented
value of 22.5 (red curve, Figure 8). To double check that the absolute maximum of the DT enhancement
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factor is evaluated, we varied again the A around the value of 970 nm. The inset of Figure 8 supports
the conclusion that the absolute maximum is found.
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Figure 8. Variation of the local field enhancement (blue curve) and the DT enhancement factor (EF) with
the lattice period A1 when the other lattice period is fixed at A; = 970 nm. The inset shows EF against
the lattice constant Ay at fixed A =75 nm. Additionally, the direction and color of the horizontal arrow
indicate the corresponding axis for the red and blue curves.

8. Conclusions

In summary, we have numerically demonstrated the sensing capabilities of the rectangular lattice
of gold nanoparallelepipeds on a transparent substrate while tuned on the specific transitions in
the near-infrared. The shape of the metasurface unit-cells was adjusted to be readily manufacturable
by electron beam lithography or focused ion beam milling. To optimize the metasurface for a particular
overtone transition registration, we varied the periods of the lattice and the elements lengths
simultaneously. We found that one of the optimized lattice periods is very close to that corresponding
to the Rayleigh anomaly. As we are trying to anticipate the response of the actual applications, we do
not place the analyte within the near-field enhancement factor maxima, but rather, as a 35 nm thick
homogeneous film covering the whole metasurface. Because of that, relatively small proportion
of the analyte experiences the largest field enhancement. Consequently, the structure optimized for
the sensing of N-H overtone transition at 1494 nm has shown the differential transmission enhancement
factor of 22.5. This rather large enhancement may be explained by the concerted action of the LSPR,
the lattice resonance and the high surface density of gold nanoparticles on the substrate. Thus,
we have demonstrated the way to optimize the gold metasurface for sensing the weak overtone
transitions in the near-infrared. This approach may be extended for sensitive registration of other
functional group overtones in the near-infrared by tailoring the lattice periods and the aspect ratios of
a metasurface unit-cells.

To conclude, we leverage the rapid spectral variation of the refractive index in the spectral
range of the analyte anomalous dispersion. As the anomalous dispersion is associated with its
overtone absorption band, by measuring the differential transmission of a metasurface tuned to
the specified spectral range the tiny amount of an analyte may be detected. In practice, several
arrays of nanoparallelepipeds tuned to different spectral ranges may be fabricated on a single chip [1].
In this case, the combination of the responses of all arrays in the chip will lead to the recognition and
characterization of the analyte.
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Abbreviations

The following abbreviations are used in this manuscript:

NIR Near-infrared

LSPR  Localized surface plasmon resonance
EBL Electron beam lithography

NPs Nanoparallelepipeds

NMA N-Methylaniline

DT Differential transmission
RI Refractive index
Appendix A

Figure A1 shows the dependence of LSPR spectral position as a function of NPs length. The gold
metasurface was covered by a 100 nm-thick NMA film. The long-wavelength shift of LSPR in
longer nanoparticles corresponds to the known from the quasistatics theory behavior of LSPR in
prolate particles.
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Figure A1. The LSPR spectral position as a function of NPs length L. The metasurface parameters were
set to the following values: w = h = 20 nm, { = 100 nm, A; = 400 nm, and A, = 200 nm.

Figure A2 clarifies the origin of the negative values obtained for the differential transmission.
Transmission of the NMA covered metasurface is larger than that of immersion oil covered metasurface.
Transmission spectra in (a) and (b) were computed for the NPs lengths optimized for sensing of
the corresponding overtone transitions.
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Figure A2. A closer look at the transmission spectra of metasurfaces covered by the NMA layer
(black curves) and immersion oil with n,, = 1.5712 (red curves) of the same thickness t = 35 nm.
The NPs lengths L were chosen to provide for the coincidence of the collective LSPRs of the metasurfaces
with the NMA overtone transitions: (a) L = 196 nm for N-H band and (b) L = 234 nm for C-H band .

To keep the collective LSPR of a metasurface in resonance with the chosen overtone transition of
NMA, the length of the NPs L must be adjusted correspondently. Figure A3 illustrates how the length
of the resonant antenna L depends on the lattice period Aj. As A; < A, the Rayleigh anomaly is far
away. Because of that, the resonance L depends on the inter-particle distance in the predictable from
quasistatic arguments monotonic way.
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Figure A3. Dependence of the resonance antenna length L on the longitudinal lattice period A; at
the fixed Ay =970 nm.
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