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Plasmon localization and field enhancement in flexible metasurfaces
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We explore the optical properties of plasmon localization and local field enhancement in metal-plastic
metasurface. The flexible metal-dielectric metasurfaces are made from modulated polycarbonate substrate
coated by a thin silver film. Localization of an optical excitation is experimentally observed by near-field
scanning optical microscopy within subwavelength areas in the regular open-resonator metasurface. The
localized modes are seen as giant fluctuations of the local electric field spatially concentrated in hotspots,
where the local field is much larger than the amplitude of the incident light. Local near-field spatial spectra
consist of regularly distributed strong peaks. The maxima of the electric field are highly dependent on the
sample structure. The form of the regularly distributed strong resonance peaks follows the topography
obtained by atomic force microscopy. It is shown that strong electromagnetic field is concentrated in
recesses where the silver film is typically thinner than on the bumps. This experimental observation is
consistent with the results of computer simulations of a double-periodic metal-dielectric metasurface and
the predictions of our analytical theory. It is found the silver nanofilm has strong adhesion to polycarbonate

substrate.
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I. INTRODUCTION

Optical resonators and metasurfaces assembled from
them are relevant due to numerous applications in a variety
of fields including photovoltaics and photodetectors [1,2],
optical lenses and cloaks [3,4], near-field electromag-
netic (EM) energy transfer [5], second- and third-harmonic
generation [6,7], photocatalysis [8], refractive index sens-
ing [9], plasmonic nanopainting [10,11], surface-enhanced
Raman scattering (SERS) [12,13], and other applications,
which are presented in detail in Refs. [14—16]. Meta-
surfaces typically consist of ordered or quasi(dis)ordered
dielectric or plasmon nanoresonators whose size is smaller
than the wavelength. Implementation of a powerful analyt-
ical tool, SERS spectroscopy, requires the creation of a res-
onant plasmonic metasurface that multiplies the incident
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EM field. Modern lithography technologies make it possi-
ble to obtain a variety of regular plasmonic surfaces with
complex geometries. Such technologies include lithogra-
phy using a focused ion beam [17] or an electron beam [18,
19]. Low-cost technologies can be also employed as inter-
ference lithography (e.g., X-ray and UV [20-23]), nanoim-
print, and nanosphere lithography [24,25]. It is noteworthy
that multibeam interference lithography makes it possible
to produce the large surface area filled with of the res-
onators at low cost [26]. The shape and geometry of the
resonant metasurfaces determine the position of localized
plasmon resonances and electromagnetic enhancement,
which affects the sensitivity of SERS spectroscopy.
Metasurfaces for SERS have various unit cells. The sim-
plest metasurface morphology is a one-dimensional (1D)
periodic lattice with a sinusoidal profile or in the form
of stripes or bars [26-39]. A 1D metasurface made of
periodic Si(100) bars with a silver nanolayer was pre-
sented by Sarychev et al. [39]. The structure exhibits
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unusual reflectivity behavior in the visible and near-IR
spectral ranges due to excitation of dielectric resonances.
Later, the work in [40] demonstrated that such a meta-
surface is effective for SERS applications by detecting
4-mercaptophenylboronic acid (MPBA) molecules immo-
bilized on the surface due to its high Raman-to-
luminescence (signal-to-noise) ratio. In addition, it was
shown experimentally and theoretically that in such a
structure, hybrid metal-dielectric resonances were realized,
which manifested themselves in dips in the reflection. The
possibility of realizing of a bound state in the continuum
(BIC) in a hybrid plasmonic-photonic structure consist-
ing of a plasmonic grating coupled to a dielectric optical
waveguide with diverging radiation quality factor was
explored in Ref. [41]. The authors theoretically demon-
strated coupling of plasmonic and photonic resonances
and increasing of quality factor in a silver relief grating
coupled to a SiO; slab. SERS metasurfaces can be made
of silicon-gold nanocones [42]. The metasurface, com-
posed of the Si cones, show an enhancement of the local
optical field and the SERS effect from 5.5-dithio-bis(2-
nitrobenzoicacid) molecules, immobilized on silicon cones
covered by gold nanoparticles. In this work, the authors
developed the analytical theory of dielectric resonances
excited in microcones, as well as computer modeling of the
interaction of the dielectric microcone with gold nanoparti-
cles. It was shown that the maximum SERS effect occurred
when gold nanoparticles were not at the tip of the coni-
cal silicon resonator, but on the side wall, where dielectric
resonances were excited. This effect is due to the hybridiza-
tion of the dielectric and plasmon resonances predicted
by computer simulations. The result corresponds to that
obtained in the presented research.

A plasmon metasurface made of highly dense gold
nanopolyhedrons (AuNPHs) was presented by Chen et al.
[43]. The metasurface was obtained by self-assembly and it
achieved SERS of about 1.7 x 10° for 4-aminothiophenol
molecules. The Raman signals showed high homogene-
ity across the superlattice. The authors also demonstrated
by both experiments and simulations that the surface-
plasmon-induced hotspots are distributed uniformly across
the surface, facilitating its application as flexible SERS
sensors. Petty’s group envisioned a metasurface in the
form of periodic indentations in the form of inverted
pyramids [44]. The gold metasurface was shown to be
effective for SERS detection hepatitis A virus (HAV) and
4-mercaptobenzoic acid molecules. SERS reached 5 x 10°
in this case at the wavelength 532 nm, which the metasur-
face is tuned for. The same authors report observation of
the Shiga toxin via SERS. This toxin is often associated
with dysentery.

A metasurface composed of gold octupolar nanostruc-
tures was proposed in Ref. [45]. SERS reached 9 x 107
due to the excitation of double plasmon resonance close to
the laser wavelength of 785 nm. Caligiuri et al. proposed a

metasurface made of a cellulose sheet covered by the silver
nanolayer, where the arrays of holes were punched [46].
The authors demonstrated SERS from 1,4-benzenedithiol
molecules. The Raman signal is six times larger in compar-
ison with the silver-on-cellulose film. The sixfold enhance-
ment is estimated for very few main Stokes lines while
all other lines became detectable only when the holes are
punched. Therefore, the array of holes allows the SERS
signature of a benzenedithiol molecule to be obtained.
Gabinet and Osuji presented a metasurface based on a ver-
tical zinc oxide (ZnO) nanorod array covered by the gold
surface layer. The 2 x 10* SERS was demonstrated from
rhodamine 6G (R6G) molecules. The SERS was due to the
tuning plasmonic nanorods to the excitation wavelength of
532 nm [47].

Yang et al. presented a metasurface made of the hexag-
onal array of gold nanoholes on the SiO; film with the
mirror gold substrate. This metasurface was designed for
SERS detection of benzenethiol molecules with SERS of
about 10° [48]. Zhao et al. suggested a metal-dielectric
metasurface consisting of layered particles, where gold
layers are alternated with aluminum oxide layers. The
absorption and scattering were demonstrated in the opti-
cal and IR range. SERS of 10° from 4-ATP molecules
was reached by tuning nanorods to a wavelength of 785
nm [49]. Ma et al. fabricated the plasmonic metasurface
whose optical properties can be changed by applying the
constant voltage. Gold nanoparticles are deposited from an
optical-electrochemical cell to the silver substrate covered
by titanium nitride nanolayer that operates as the base elec-
trode. The variation of electrode potential by less than 1 V
led to increased density of deposited Au nanoparticles and
decreased optical reflectivity from 93% to 1%. In this way,
the base electrode gets blacker and blacker. SERS simulta-
neously increased by up to five orders of magnitude. SERS
from 4-mercaptobenzoic acid molecules for the potential
of 0.7 V was 103 times larger compared with SERS with
the potential equal to zero charge (PZC) [50].

Kovalets et al. fabricated a metasurface by deposition of
gold and silver on track membranes followed by its stretch-
ing. This approach allowed microcracks to be obtained
in the metal layer, where the enhanced electric field was
focused. The number of cracks increased with increasing
the stretching. SERS from malachite green molecules was
demonstrated [51]. Nguyen et al. presented a metasurface
made of a silver mirror where polystyrene microspheres
were deposited. The spheres are covered by the silver
nanolayer. SERS of 10® was obtained from R6G molecules
deposited on the metasurface [52]. Zhang’s group real-
ized a broadband SERS substrate for the detection of
R6G molecules consisting of a plasmonic metasurface
composed of large silver nanoparticles on which small
aggregates of silver were obliquely deposited. SERS of
107 was achieved due to the matching of the broadband
plasmonic resonance in the metasurface with resonance in
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the silver aggregates [53]. Wang ef al. presented a plas-
monic metasurface fabricated as silver nanocube arrays
with an average intercube gap of about 1 nm. The giant
fields, generated in the gaps, result in SERS of 107. Crys-
tal violet molecules, the drug lidocaine, and methotrex-
ate were detected using the cubic metasurface [54]. Luo
et al. presented a plasmonic metasurface made by size-
tunable adhesion lithography from parallel nanogap arrays
containing 100 million ring-shaped nanogaps of con-
trollable diameter, width, and pitching. SERS for R6G
molecules is reported to reach 10® due to collective plas-
mon resonance [55]. Bauman et al. presented a plasmonic
metasurface based on gold nanospheres with a tunable
nanogap between them [56]. They declared that tunable
gap plasmonic metasurfaces generate a field enhancement
of the order of 10* over measurements on bare silicon
substrate.

Zhang et al. presented a plasmonic metasurface consist-
ing of the array of sub-10-nm chiral nanogaps between
nanocrescents [57]. There is a strong plasmonic coupling
between gaps and tips, which results in circular dichro-
ism (CD) activity. Such a metasurface is used to detect
L-cysteine and D-cysteine molecules absorbed on the chi-
ral nanogaps. It was shown that chiral nanogaps with a
gap size of 5 nm were optimal for the SERS detection due
to their CD activity and g-factor. These L-chiral nanoslits
allowed the SERS spectrum of L-cysteine to be obtained
with more-intense peaks than that of D-cysteine, and R-
chiral nanoslits allowed the SERS spectrum of D-cysteine
to be obtained with more intense peaks than that of L-
cysteine. Thareja et al. presented an anisotropic plasmonic
metasurface consisting of an array of parallel nanogrooves
in the gold film [58]. It was proposed that gap plasmons,
excited in the metasurface, generate enhanced electric
fields in controlled directions. Using such a metasurface,
Raman peaks (G and 2D) of graphene were studied, which
were found to be enhanced by a factor of 25-50. Jiang
et al. fabricated a plasmonic metasurface made of gold-
coated silicon nanoflowers for SERS detection of benzoic
acid molecules. SERS of 10° was achieved by the excit-
ing enhanced electric fields between the petals of the
nanoflowers [59]. Flexible metasurfaces are of particular
interest [29,60—63] due to their benefits compared with
rigid substrates [64,65].

Indeed, flexible metasurfaces can be employed on irreg-
ular surfaces for in situ biodetection, thus surmounting
the issues associated with complex analyte extraction.
Furthermore, this flexibility of the substrates can enable
the realization of sensors in the form of patches, which
can be deposited on skin and on facial masks for con-
tinuous tracking [60]. Choo’s group has created a flexi-
ble metasurface of quasi(dis)ordered metal-insulator-metal
(MIM) disk-shaped nanostructures whose electromagnetic
hotspots are spatially controlled, and also allow the Raman
background signals coming from the polymeric substrate

to be blocked [62]. This flexible metasurface enabled the
detection of uric acid in human tears in its physiological
concentration range (25-150 wM) at a level compara-
ble to a commercial enzyme-based assay. Barman’s group
presented plasmonic nanostructures composed of multiple
alternate stacks of silver and silica [60]. This plasmonic
nanostructure enabled a first resonance to be obtained
close to the excitation laser beam allowing a large Raman
enhancement, and thus a SERS detection of the fusion
protein of SARS-CoV-2 and HINI at a concentration of
500 nM. We developed the analytical theory as well as
experimental observation of the plasmons excited in open
resonators formed by a metal-dielectric metasurface [26].
In the theory, the conformal mapping is used, which is
similar to the mapping used by Pendry’s group to trans-
form one side metal grating into a rectangular metal slab
[27,66—68]. The metal-dielectric metasurface, investigated
in Ref. [26] is composed of a modulated dielectric coated
by a thin silver layer, permitting the matching of plasmonic
resonances to the excitation wavelength of 785 nm.

To summarize the above brief review, SERS metasur-
faces can operate either as a system of nanogaps between
metal particles of different sizes and shapes or as mod-
ulated metal surfaces. In the latter case, the metasurface
operates as a system of open plasmon resonators. Hybrids
are also considered. For example, silver-on-cellulose film
where microholes are punched is suggested to detect ben-
zenedithiol molecules [46]. The highest SERS is achieved
when the nanogaps are filled with the molecules under
study. Yet, the highly concentrated gap field could easily
damage large organic molecules. On the other hand, regu-
lar metasurfaces seem more suitable for detecting viruses
and other biological micro-objects or, say, microplastic
contaminants.

In this work, we investigate the optical properties of
the flexible metal-dielectric metasurfaces fabricated from
modulated polycarbonate substrate coated by a thin sil-
ver film. First, we explore the optical properties by using
computer simulations and our analytical theory. Then, we
explore them experimentally by employing the measure-
ment of the absolute reflection and ellipsometry as well as
those of scanning near-field optical microscopy (SNOM).
The developed flexible metasurface concentrates the inci-
dent light into subwavelength hotspots. The effective size
of a hotspot could be 10 times less than the wavelength.
The manufacturing process is based on usual photolithog-
raphy and, therefore, it is suitable for the mass production.
The proposed plasmonic metasurface is 2D, unlike the
widely represented metasurfaces with 1D periodic lattice.
It is periodic in two directions, i.e., has square symme-
try and its optical properties do not depend on the light
polarization when the light is incident normal to the meta-
surface. The proposed metasurface is flexible, which pro-
vides additional possibilities for use on uneven surfaces.
Moreover, such regular metasurfaces are easily optimized
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for tuning to the required wavelength, which opens up the
prospect of creating highly selective SERS sensors.

II. COMPUTER SIMULATIONS OF FLEXIBLE
METASURFACES

Here, we examine 1D periodic metal gratings supporting
localized plasmons. The metal grating with two-side mod-
ulation efficiently concentrates and stores electromagnetic
energy [see Fig. 1(a)]. The local electric field is enhanced
resonantly, and the localized plasmons are calculated ana-
lytically in our work [26] using the quasistatic approxi-
mation for the nanogratings whose dimensions (thickness
and modulation) are much smaller than the wavelength
A. Full-scale computer simulations are performed of 1D
and 2D metal gratings. The resonance condition for reso-
nance thickness d" at the film bumps is determined by the
following equation coming from Ref. [26]:

1
((51 —&m1)(Ed—Em1) ) 2
d9 = i In (e1+em1)(Ed+emn)
r,max 27_[ 1 - tanh h_l
2

— tanh }%

» (D

where L is the period, #; = h(2w /L) is the dimensionless
film modulation, &7 = xn(ﬂa)x - gli is shown in Fig. 1, and
&m» €4, and g are the permittivity of the metal, d1electrlc,
and the front medium, respectively. Here ¢ = 1,2,3,...
is the order of the resonance (see Fig. 2). In our previ-
ous investigation [26], we considered modulated film, the
thickness of which is highest at the top (bumps) but lowest
in the depressions (dents) denoted by a star in Fig. 1(a).
The minimal thickness of the modulated resonance film is

(a) (b)

FIG. 1.

equal to
E1—=em1) (Ed—Em1)
@ L ((51+8n11)(5d+5m1)> + tanh 3
d? —1 (2)
r,min — 27T

1 + tanh 71

Equations (1) and (2) determine the range of the film thick-
ness that gives the plasmon resonances. The resonance
conditions give the relation between resonance thickness
d™ .andd\". . period L, modulation depth 4, and permit-
tivities &4, €1, and &, for a such periodic grating [Fig. 1(a)].
The resonance thicknesses d(!),, and d'). for realistic
parameters of the silver grating on glass substrate (¢4 = 2,
em = eag(A =785 nm) = —30 + 0.4i; [69]) for a fixed
wavelength of . = 785 nm are shown in Fig. 1(b).

The theory that we developed in Ref. [26] predicts that
the local electric field concentrates in a dent of the mod-
ulated metal film. Our theory is based on the conformal
mapping from the z =x + iy frame to w = expz + xo,
where xg = tanh(k;/2), h; is the dimensionless modula-
tion. In the w frame, the modulated metal film transforms
into a cylinder which can be solved exactly using the qua-
sistatic approximation. Then, we apply the inverse trans-
formation w — z. The plasmon resonances in the metal
cylinder correspond to the resonances in the modulated
film. The field maxima, distributed over the metal cylinder,
map to the field maxima in the film. The field amplitude
|E(x,y)|? in {x,y} frame includes the square of the Jaco-
bian of the conformal mapping |dw/dz|* = |dz/dw|™* =
|[w — xo|. The coordinate w is equal to w = exp i¢ at the
front interface of the film. The coordinate x,,x, Where the

400 L (nm)
500 60

. 700
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100
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dres (nm)
10
S

100
200 (nm)

300

(a) The design of a plasmonic grating based on a metal film with permittivity &,, and thickness d deposited on the modulated
dielectric substrate (shown in dark blue) with perm1tt1v1ty &4, wWhere

“ ER)

-polarized light is incident from top; the star “x” denotes

the point with dimensionless x,y coordinates x = X /(2 /L) and y = 7, where the film thickness is mlmmal d = dpin (dent) and

surface electric field is at a maximum; the small open square “[]” denotes the point with coordinates x = x7
where the film thickness is maximal d = dy,x (bump) and surface electric field is at a minimum, the film modulation # = xpax — X,

(b) Resonance thickness d‘!)

F,max

) /2 /L) and y = 0,
) )

min*

min

(red curve) and d,. min (green curve) of modulated silver film as a function of period L and modulation

depth % for dipole resonance (¢ = 1) at wavelength A = 785 nm; ¢; = 2, silver ¢,, ~ —30 + 0.4 (at . = 785 nm).
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FIG. 2. Theoretical electric field intensity in 1D modulated metal film (see Fig. 1) (illumination under normal incidence): (a) ana-
Iytical results and (b) computer simulations. Distributions of the electric field intensity corresponding to two resonances displayed in
Fig. 2(b): (c) A = 550 nm and (d) A = 840 nm, where the silver film parameters are L = 400 nm, # = 100 nm; dp,x = 25 nm, and
diax /dmin = 4. Analytical left (a) and numerical left (b) axes of electric field intensities correspond to absolute values of electric field
intensities. Analytical right (a) and numerical right (b) axes of electric field intensities are normalized by their respective maximum

values at the wavelengths of 730 and 840 nm.

field is maximal, corresponds to ¢ = (2p + 1)7; the coor-
dinate xp;,, where the field is minimal, corresponds to
¢ =2pmw (p ==%1,2,3,... ). Therefore, the ratio of the
field in the dents and on the bump is proportional to

<2nh)
= exXp T .

We obtain that the dent field is five times larger than the
bump field when the modulation # = L/4 as shown in
Fig. 2. The field intensity in the maximum estimates for
the film where thickness % is much smaller than the period
L of the modulation is as follows:

Th\*
(7)
where Q,, = |e,|/ey, 1s the metal quality; it is also
assumed that |e,| > 1. For example, the silver quality
O, ~ 10-10? in almost all optical and near-infrared spec-
tral ranges. The above esteem gives a significant enhance-

ment of the local electric field even for a modest film
modulation. Therefore, a thin modulated metal film can

| Emax|*
|Emin |2

1+ x
I—X()

3)

EQ P~ O (4)

be considered as a simple but effective open plasmon res-
onator for light energy concentration in hotspots. Here, we
examine plasmonic properties of the real, flexible metal
films well suitable for mass production. First, we investi-
gate how the uneven thickness of the metal coating affects
the resonant frequencies. The amplitude of the local field
|E/E,|? is found from the direct numerical solution of the
Maxwell equations in the COMSOL environment (£ is the
electric field of the incident light). The model was set up
for one unit cell of the grating, flanked by Floquet bound-
ary conditions describing the periodicity. We simulate the
electric field enhancement in the modulated thin metal film
with period L = 400 nm and amplitude of the modulation
h = 100, 150, and 200 nm, for different ratios dp.x/dmin =
3.8 and 2, and dpax = dmin, Which means that the metal
film is uniform in length (here dy.x is the metal thick-
ness at the grating bumps, dp,;, is the metal thickness at
the grating dents). Let us assume that a transversely polar-
ized wave is incident normally on a silver grating from a
medium with a dielectric permittivity of 1, and the grating
itself is located on a substrate with a dielectric permittiv-
ity of 2. The typical electric field distribution in dipolar
and multipolar plasmons for this configuration is shown in
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Fig. 2, for L =400 nm, # = 100 nm, and dp,x = 25 nm
(dmax/dmin = 4)

The result of the computer simulation is in agreement
with the analytical results shown in Fig. 2(a). The ana-
lytical, quasistatic theory was developed in our previous
investigation [26]. When the grating is excited by the inci-
dent light, the surface electric field is much enhanced. The
quasistatic theory qualitatively describes the field enhance-
ment even in the nonquasistatic case kL ~ 5, where k =
27 /A is the wavevector, estimated for A = 600 nm. We
believe the theory can be used for the estimations, since
the field is concentrated in the nanograting whose thick-
ness and modulation are smaller than wavelength. The
lateral size of a plasmon maxima is of the order of the
film period L. The radiation loss, which is proportional to
Ldyink? remains less than one. For example, for silver film
with parameters L = 400 nm, 2 = 100 nm, dp,x = 25 nm,
dmin = 6 nm, and A = 600 nm (see Fig. 2), the radiation
loss Ldmink® =~ 0.3. Yet, the radiation loss decreases the
absolute value of the local field enhancement, as shown
in Figs. 2(a) and 2(b) (left axis). Figures 2(a) (right axis)
and 2(b) (right axis) show relative values of the local field
enhancement with respect to their maximum values. It can
be seen from Figures 2(a) and 2(b) that there is an agree-
ment between the analytical and numerical calculations
at the wavelength of 550 nm, while at the wavelength of
~840 nm, there is more significant difference. We specu-
late that the radiation loss is less for the quadruple reso-
nance at 550 nm [Fig. 2(c)] than for the dipole resonance
at 840 nm [Fig. 2(d)]. Indeed, electric currents are directed
in opposite directions in the quadruple plasmon and, there-
fore, they partially cancel their radiation. We further show
in Sec. IV that the theoretical results are in agreement with
our SNOM experiment.

Figure 3 shows a computer simulation of the absorption
and electric field intensity as a function of the wave-
length and different ratios of silver thickness. It can be
seen that the maximum electric field is concentrated in
dents, where the silver thickness is smallest. The posi-
tion of the resonances strongly depends not only on the
film thickness, but also on the ratio dpayx/dmin along the
entire length of the film. For instance, for A = 785 nm,
L = 400 nm, and 2 = 100 nm, the resonant maximum film
thickness is around 35—40 nm if the film thickness at the
bump is four times greater than the film thickness at dents
[Figs. 3(a)-3(c)]. This case corresponds to the results of the
quasistatic theory. The resonant maximum film thickness
is approximately 2025 nm for the same film parameters,
if the film thickness at the top is twice that in the cav-
ities [Figs. 3(d)}-3(f)]. If we assume that the metal film
is evenly distributed along its entire length, then the res-
onant thickness becomes even smaller [Figs. 3(g)-3(i)].
The maximum absorption corresponds to the maximum
of electric field and reaches 40—60% [Figs. 3(j-3(0)]. In
Figs. 2(b) and 3 a narrow band in the intensity of the

electric field can be seen at a wavelength of 563 nm, which
is close to ~L/,/e;. We speculate that the anomaly is
associated with the Wood anomaly due to the diffraction
in dielectric with permittivity €; = 2 from the structure
with period L = 400 nm. The enhancement of the electric
field intensity in the described simple metal film can be
improved significantly by increasing the ratio diax /dmin, as
well as by including an additional metal sublayer, as was
proposed in Ref. [70]. The results obtained are important
from a technological point of view, since by choosing the
method and mode of metal deposition on the modulated
surface, one can control the resonant characteristics of the
plasmonic grating.

I1II. EXPERIMENTAL DETAILS OF FLEXIBLE
METASURFACES

Industrial polycarbonate can be an excellent basis for
the production of resonator metasurfaces. Polycarbonate
is a thermoplastic polymer that contains carbonate groups
in its chemical structures. It is a crystal clear, colorless,
amorphous engineering thermoplastic notable for its high
impact resistance. The advantages of using polycarbon-
ate are its flexibility and ability to create special shapes
over a wide temperature range. Ultimate tensile strength
is 55-75MPa, Young’s modulus of elasticity is 2.2-2.4
GPa, and flexural strength is 90—120 MPa. In practice, this
means that polycarbonate-based metasurfaces bend well
and can be mounted on any surface or used as wearable
devices. Another feature is limited chemical resistance to
numerous aromatic solvents, including benzene, toluene,
and xylene. Melting point of polycarbonate is around
300 °C, but it already begins to change its properties at a
temperature of 125 °C. This property can be used to addi-
tional enhancement of SERS signal by changing the shape
of the metal-polycarbonate composition when heated by
laser radiation of the required power.

A. Fabrication of flexible metasurfaces

Flexible metasurfaces were fabricated from modulated
flexible polymer substrate coated by a thin silver film
[see Fig. 4(a)]. Metasurfaces is produced by holographic
lithography technique in accordance with the technology
described in one of our previous works [26], where a
periodic structure was formed directly on a photopolymer
film. The recording setup used a spatial light modulator
HED-6001 (monochrome LCoS reflective display), and an
ultraviolet laser (A = 405 nm). Then, the (Shipley S-1813)
positive photoresist was sputtered on a 4-in. (10.16-cm)
silicon wafer. The exposure dose in the lithographic device
was varied from 4.1 to 8.5 wJ/cm?. Next, the wafer was
developed in a solution of Microposit 303A developer and
15%DI water and dried by centrifuge at 4000 rpm.
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The enhancement of the electric field in 1D modulated thin silver film (Fig. 1) with period L = 400 nm, and varying ratio

dinax /dmin and modulation amplitude /4. Ratio diax /dmin = 3.8: (a) # = 100 nm, (b) 7 = 150 nm, and (c) # = 200 nm. Ratio dyax /dmin =
2:(d) h =100 nm, (e) ~ = 150 nm, and (f) &# = 200 nm. Ratio dpax/dmin = 1: (g) & = 100 nm, (h) 2 = 150 nm, and (i) ~ = 200 nm.
Absorption in the modulated thin metal film with period L = 400 nm, and varying ratio dyax/dmin and modulation amplitude 4. Ratio
dinax/dmin = 3.8: (j) A = 100 nm, (k) # = 150 nm, and (1) # = 200 nm. Ratio dpmax/dmin = 2: (m) 2 = 100 nm, (n) # = 150 nm, and

(0) & = 200 nm.

The experimental thickness of the silver coating was
determined as follows: silver was sputtered from a molyb-
denum crucible for 1.5 min using electron-beam heating
at a current of 40 mA and a voltage of 8 kV. The sil-
ver was deposited on the transparent plate as well on the

modulated polycarbonate surface. The thickness of the
silver layer sputtered on the transparent plate was esti-
mated by the transmission in the optical channel of the
test sample at a wavelength of 600 nm. In the process
of the deposition, the transmittance decreased to almost
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FIG. 4.

(a) Sketch of the 2D metal-dielectric metasurface fabricated from modulated flexible polymer substrate covered by a thin

silver film; this structure is used in our computer simulations. (b) Pictures of flexible metasurfaces before the silver deposition. Colored
areas demonstrate diffraction of reflected natural light as it passes through the metasurface. (c) AFM image of the 3D topography of
the metasurface with a period L = 400 nm, and a maximum metal top thickness of ~65 nm.

zero, which corresponded to a silver thickness of 110 nm.
It was worth noting that the silver thickness of 110 nm
corresponded to the thickness of the plane silver layer.
The thickness of the witness silver film, deposited on the
plane glass plate, gave an important indicator to control
the deposition process. The silver was distributed unevenly
on the structured polycarbonate surface. For the maximum
thickness d.x = 65 nm and the ratio dyax/dmin = 5, we
observed a good agreement between the experimental and
theoretical reflectances, as shown in Fig. 5.

1.0
0.8
0.6
S«
04
m— R eXp, @ =20°
02 o —— R simul, @ =20° -
mmmm= R simul, @ =0
00—
500 550 600 650 700
A (nm)
FIG. 5. Reflectance from metasurface with structure shown in

Fig. 4. Comparison between experiments (blue line) and com-
puter simulation (red lines) of 2D metasurface for the silver
thickness of dy.x = 65 nm. Here « is the angle of incidence
relative to the normal.

The metasurfaces with a period L of 400 nm and mod-
ulation amplitude from 100 to 200 nm were fabricated.
Pictures of fabricated flexible metasurfaces are shown in
Fig. 4(b). Limited space structure forming was applied to
minimize volume shrinkage of the plastic material which
is of high importance for dimensional stability and local
field properties. The surface profile is also important and
the technology has been designed to get it closer to that
obtained theoretically. The morphology of the fabricated
metasurfaces was measured by atomic force microscopy
[AFM; see Fig. 4(c)].

B. Optical characterizations: scanning near-field
optical microscopy, ellipsometry, and reflectance

For the electric field distribution, an aperture near-
field optical microscopy was employed using an original
setup named “System for probe-optical 3D correlative
microscopy” of the IBCh RAS (see http://ckp-rf.ru/usu/
486825/). Illumination was carried out by the far-field,
and detection was carried out by the near-field, as can
be seen from Fig. 6. The measurements are carried out
using the shear-force method. The resonant frequency is
32 kHz. The tip oscillates in the x—y plane. Due to feed-
back, the distance between the probe and the sample
surface was maintained constant. Scanning was performed
with a platform for x—y micropositioning. An argon laser
with the wavelength of 514.5 nm was used for excita-
tion, and the incident power on the sample was 10 pW.
The beam diameter was approximately 1 mm. The inci-
dence angle was approximately 60° to the normal. This

064064-8


http://ckp-rf.ru/usu/486825/

PLASMON LOCALIZATION IN FLEXIBLE METASURFACES

PHYS. REV. APPLIED 22, 064064 (2024)
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i
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FIG. 6. Principle scheme of SNOM measurements.

angle was determined by the design features of the instal-
lation. Nufern 460-HP single-mode fiber with an aperture
of less than 100 nm was used as a radiation receiver.
Detection was carried out using an Andor Shamrock 750
monochromator and an Andor DU971P-BV CCD cam-
era. Topography scans using the shear-force and SNOM
methods were performed sequentially one after another.
Topography scanning parameters were 512 x 512 pixels
and scanning frequency of 0.5 Hz (pass time for one line
of 2 s). SNOM image parameters were 60 x 60 pixels and
an exposure time at each point of 0.5 s. To determine the
macroscopic optical properties of flexible metasurfaces, a
spectroscopic ellipsometer SE 850 DUV (Sentech, Ger-
many) is used. First, the absolute value of the reflectance
is measured for the incidence angle o = 20°, close to the
normal. The measured reflectance from metasurface and
its comparison with the computer modeling are presented
in Fig. 5. The angular ellipsometric parameters W (A, «)
and A(A, o) are measured by the same ellipsometer in the
range of the angle of incidence o from 20° to 70°. The
“anomalous” behavior of W and A give the position of the
polarization anomaly in {A, «} plane.

C. Metasurface flexibility

The flexibility of silver-coated metasurface is displayed
in Fig. 7. To check the degree of flexibility, the following
experiment was performed. A 34 x 34 mm? square section
containing a periodic metasurface was cut out. First, the

FIG. 7. Silver-coated flexible metasurface with the structure
displayed in Fig. 4.

reflectivity of the sample before bending was measured.
The sample was fixed in a holder to straighten it. The
holder was fixed on an optical table and illuminated by a
laser beam coming from a helium-neon laser. The param-
eters were laser wavelength 632.8 nm, beam diameter 1
mm, power 25.6 mW, and power meter Thorlabs PM100D.
The position of the sample was such that the reflected light
went at the minimum possible angle (that is, the power
meter was located close to the radiation source, but did
not block it). Then, the sample was folded 10 times around
a standard metal rod with a diameter of 12 mm used to
mount the optics. As a result of the folding, some cracks in
polycarbonate itself were formed along the rod. The silver
layer remains as is after the metasurface is rolled up. Then,
the reflectivity was measured again. The metasurface after
bending was scanned using AFM.

IV. RESULTS AND DISCUSSION

First, the flexible metasurfaces were characterized using
ellipsometry. The results of ellipsometric measurements
are shown in Fig. 8. The anomaly can be seen in the
behavior of the polarization parameters ¥ and A. The dis-
continuity in the phase parameter W(A) is observed in the
spectral range from 540 to 780 nm. These wavelengths cor-
respond to the green and near-infrared laser wavelengths
used in Raman spectroscopy. The anomalous behavior is
somewhat close to the first diffraction order that position
is defined by the metasurface spacing and the incidence
angle of light. The polarization anomaly in such a meta-
surface correlates with Wood’s anomalies arising from the
excitation of surface waves on the metasurface due to the
diffraction of incident light by the periodic grating.

When studying flexible metasurfaces using the SNOM
method, the topography was first obtained using the shear-
force method [see Fig. 9(a)], after which the distribution
of electromagnetic fields in this structure was studied [see
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FIG. 8. Experimental ellipsometric parameters W (blue lines) and A (red lines) for different angles of the incident light measured
from the normal to the surface: (a) « = 20°, (b) @ = 30°, (¢) & = 45°, (d) « = 60°, and (e) &« = 70°.

Fig. 9(b)]. To correlate the obtained data, red lines were  In the obtained SNOM images, the minima of the elec-
drawn on the obtained images, which correspond to the  tromagnetic field distribution pass along this line, which
direction of the grating period [see Figs. 9(a) and 9(b)].  indicates that the field has a greater signal inside the

1x102
0.5x102

(d) L 400nmh 100 nm, &= 5145nm

800

-200"™
-400

X (m)

FIG. 9. (a) Topography AFM image of 5 x 5 wm? 2D metasurface with silver thickness dpa = 65 nm obtained by the shear-force
method. (b) SNOM image of 5 x 5 wm? for the same section of the metasurface. Red lines along the lattice indicate the corresponding
sections of the topography and SNOM images. The white horizontal scale bar is equal to 1 wm for (a),(b), the vertical scale in (b) is the
relative value of the local electric field, and light dots correspond to maxima of the local electric field. (c),(d) COMSOL simulations of the
distribution of the electric field intensity with L = 400 nm, & = 100 nm, dinax = 65 nm, diax/dmin = 5, and the light (A = 514.5nm)
is incident normal to the metasurface for (c) eight elementary cells and (d) a zone of 5 x 5 pm?.
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(a) Computer simulation of electric field intensity in 2D metasurface (illumination under normal incidence); parameters

are L =400 nm, & = 100 nm, dp,x = 65 nm, and dpax/dmin = 5. Distributions of the electric field intensity corresponding to three
resonances wavelengths: (b) A = 514.5 nm, (c) A = 429 nm, and (d) A = 403 nm.

cells, and a minimum signal on the columns. 3D computer
simulations were performed to investigate plasmon reso-
nances in the double-periodic metal grating obtained by
deposition of the thin silver film on the double-periodic
dielectric substrate. We simulated the enhancement of the
electric field in the modulated thin metal film with the same
parameters of fabricated metasurface: period L = 400 nm,
amplitude of the modulation # = 100 nm, silver thickness
dmax = 65 nm, and wavelength A = 514.5 nm correspond-
ing to the excitation wavelength used for SNOM pictures.
Figure 9(c) shows the electric field distribution for eight
simulated unit cells. Figure 9(d) shows the result of com-
puter simulations of the distribution of the electric field
intensity on a scale of 5 x 5 pm?.

Figure 10 shows the electric field distribution for the
first three resonances: dipolar resonance excited at a wave-
length of 514.5 nm, and multipolar resonances excited at
wavelengths of 429 and 403 nm. From Figs. 9(b) and 9(d),
a good agreement was observed between the distribution
of enhanced electric fields measured by SNOM and those
obtained as a result of computer simulation. The results
of SNOM experiments and computer modeling reliably
state that enhanced local fields are focused precisely in
the dents between the bumps forming the metasurface. In
dents between the bumps, the metal film is continuously
thin or can have a percolation structure in which plas-
mon resonances are excited near the percolation threshold.
Moreover, electric field intensity is focused in a limited
region, less than A/10 in size, as depicted in Fig. 10. Thus,
the presented metasurfaces can be considered as open

resonators that excite short-wave plasmon modes. This cir-
cumstance is extremely important in SERS spectroscopy
for the precise application of analyzed molecules to the
localization region of enhanced plasmon fields. When
studying metasurfaces for flexibility, the reflection coef-
ficient before bending was 66% (16.9 mW out of 25.6 mW
incident). Then, after bending, the reflectivity was mea-
sured again, which was 65% (16.7 mW out of 25.6 mW),
indicating minor damage to the coating. The surface was
examined using an optical microscope and AFM. AFM
results showed that the polycarbonate itself was damaged,
resulting in a 1.5-pum-deep crack, while the silver coating
was not damaged (see Fig. 11). Preliminary results indi-
cated that the metasurface bending resulted in a 1% change
in reflectivity and did not result in a deterioration in the
optical characteristics of the metasurface itself.

The developed flexible metasurfaces can be used where
SERS analysis needs to be performed on uneven sur-
faces. Depending on the field of practical application,
such double corrugated surfaces can be the surface of
human or animal skin: for modern point-of-care real-time
monitoring of various biomarkers such as glucose and gly-
cated proteins in the blood, providing specific diagnosis of
diabetes mellitus, renal failure, hypothyroidism [71-73];
cardiovascular markers for the diagnosis of acute myocar-
dial infarction [74]; markers of neurodegenerative diseases
such as Alzheimer’s and Parkinson’s [75,76]; tumor mark-
ers [77]; hormone estradiol E2 for the clinical diagnosis
of precocious puberty [78]; and others. One of the main
areas of practical use is highly sensitive rapid detection
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FIG. 11. AFM image of a crack after bending silver-coated
metasurface 10 times.

of biopathogens, in particular monkey pox and SARS-
CoV-2 coronavirus and its strains [79]. The morphology
of the presented metasurfaces allows individual viruses
with a size of 0.1 wm or more to be placed in cavities
of comparable size, where enhanced fields are localized,
thereby increasing the sensitivity of detection significantly.
Such metasurfaces can be placed in liquids for environ-
mental and food safety issues for real-time monitoring
of pathogenic bacteria, pesticides, and toxic molecules.
The problem of plastic waste released into the environ-
ment, such as soil and oceans, is particularly acute. Plastic
residues can decompose into microplastic polymer parti-
cles with size less than 1 wm and nanoplastic particles
of less than 100 nm. These particles can enter the body,
including with food, and seriously affect health and quality
of life. SERS metasurfaces can help detect small particles
of microplastics and nanoplastics [80,81]. Another promis-
ing application is identification security marks. Flexible
metasurfaces can be embedded in surfaces subject to bend-
ing for marking identity cards and documents, banknotes,
strict reporting forms, and museum exhibits [82].

V. CONCLUSIONS

We have manufactured and investigated flexible
metal-dielectric metasurfaces fabricated from modulated
polycarbonate substrate coated by a thin silver film. Local-
ization of optical excitation within subwavelength areas of
the regular open-resonator metasurface has been observed
by near-field scanning optical microscopy. The localized
plasmons are seen as giant fluctuations of local electric
fields spatially concentrated in hotspots. The local near-
field spectra consisting of a regularly distributed strong
resonance peaks have been detected. The form of the

regularly distributed strong resonance peaks followed the
topography of the metasurface. It has been shown that
strong electromagnetic field concentrates in dents where
the silver film has lowest thickness. Experimental results
are in good agreement with results of the computer sim-
ulation of a double-periodic metal-dielectric metasurface
and the predictions of the conformal map analytical the-
ory. We believe that the presented metasurfaces can be
stable and effective substrates for SERS and other optical
spectroscopies.
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