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Abstract: New dielectric SERS metamaterial is investigated. The material
consists of periodic dielectric bars deposited on the metal substrate.
Computer simulations as well as real experiment reveal extraordinary
optical reflectance in the proposed metamaterial due to the excitation of
the multiple dielectric resonances. We demonstrate the enhancement of the
Raman signal from the complex of 5,5’ -dithio-bis-[2-nitrobenzoic acid]
molecules and gold nanoparticle (DTNB-Au-NP), which is immobilized on
the surface of the barshaped dielectric metamaterial.
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1. Introduction

Manipulating light at the nanoscale using plasmonics has attracted much attention in recent
years due to applications in the sub-wavelength imaging, signal processing, optical sensing etc.
The excitation of the surface plasmon waves and localized plasmons at the metal surface can
be used in a number of advanced applications. One of the major application is the development
of the high-sensitive bio-chemical Surface Enhanced Raman Scattering (SERS) sensors [1-3].
Such sensors are based on the generation of various plasmon modes at the metal surface and
further Raman scattering of the plasmons by the analyte molecules. The excited molecules
generate secondary plasmons that are also much enhanced. The radiation from the secondary
plasmons gives SERS signal [4]. SERS substrates typically consist of metallic clusters of gold
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or silver nanoparticles embedded into a dielectric matrix. The investigated SERS signal is re-
ported to be enhanced up to 10> — 10° [5-16]. Thus SERS procedure allows to detect a low
concentration of bio- and chemical agents. One of the exciting application is the selective de-
tection of the glycated hemoglobin and glycated albumin in the humans blood [17, 18]. The
commonly usage of such noble metals as gold and silver in plasmonic devices is associated
with their small ohmic losses or high DC conductivity. The multilayer metal-dielectric SERS
substrates for hot spots generation over a wide range of excitation wavelengths are investigated
recently. For example dimers composed of nanorods and pairs of rings placed at the glass sub-
strate are considered in [11]. The vertical quartz nanorods covered by gold “hats” demonstrate
huge SERS enhanced factor (EF) G ~ 10° [12]. Aluminum bars deposited on the sapphire sub-
strate, where the analyte is deposited in the gaps between the bars, are predicted to provide
the EF G ~ 10° even in ultraviolet spectral range [13]. The periodic array of the silver-coated
vertical nanowires gives EF G ~ 10° in rather wide optical range [14]. Large local field en-
hancement is demonstrated by using the high-density gold nanostars assembled on the top of
the very thin dielectric film (thickness ~ 1nm, which covers silver film [15]. Very recently the
SERS EF G ~ 5 x 107 was obtained in almost all visible range in the semecontinous silver films,
which is separated from the ground silver plate by the 70nm thick SiO; spacer layer [16]. It
is interesting to note that the systems metal film—dielectric spacer—metal plate are investigated
as plasmonic metamaterial super absorbers (see e.g. [16, 19,20] and reference therein). Yet the
optical response of the metals is damped due to large overall loss, which includes interband
transitions, intraband transitions and additional scattering due to the defects in solids. Another
disadvantage of metals in terms of plasmonic devices is the chemical instability associated with
degradation in air [21]. For example, the silver nanostructures are very sensitive to sulfatiza-
tion process. The gold nanostructures are more stable, however, gold has large interband loss
in the blue part of the visible range for the wavelength A < 600nm [22]. The mentioned optical
properties of the metals have a negative impact on the sensors operating. The novel approaches
in materials providing advantages in optical device performance are discussed in [23]. The ap-
proach based on dielectric materials seems to be promising [24,25]. The excitation of different
plasmon modes in the metal-dielectric multilayers have been previously investigated [26-29].
In our work we present basic metal-dielectric metamaterials, which exhibits collective dielectric
resonances in microwave as well as in visible frequency range. The metamaterial is fabricated
from dielectric bars placed on the metal substrate. We demonstrate surface enhanced Raman
scattering (SERS) in the investigated dielectric metamaterial. The gold nanoparticles, covered
by DTNB (5,5’-dithio-bis-[2-nitrobenzoic acid]) molecules, are used as indicator of the SERS
phenomenon.

2. Field enhancement in the dielectric resonance

Let us consider the uniform dielectric layer with thickness d placed on the metallic substrate in
x,y plane. The incident light has the electric field E = Egexp(ikz), where k =27 /A is the wave
vector, A is the free-space wavelength. The surface electric field, which is result of the inter-
ference of the incident and reflected waves propagating along z axis, is given by the following
Eq.

Esurface = 2Egexp(—idk)/ [1 + incot(dkn)] (D

where n is the refractive index. The condition d = (2m + 1)A /4n gives Egrrace = 2Eo, where
Ey is the incident electric field. That is the amplitude of the surface electric field is twice larger
than the amplitude of the incident electric field. The value of SERS signal, described EF G (see
[30,31]) is given by
2 2 4
([Eo(0)|"[Eo-a0(0)") _ (Eo(r)[")
[Eo* [Eo*

G= ; 2
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where o is the frequency of exciting radiation, A® is the frequency of the Stokes shift; the
second Eq. holds for Aw < w. It follows from Egs. (1) and (2) that the G factor reaches its
maximum G = 16. The SERS signal can be additionally increased by combination of plas-
monic and dielectric resonators [32]. Suppose that the field enhancement is achieved at some
frequency w* and the width of the resonance is larger than the Stokes shift A@. Then it fol-
lows from Eq. (2) the effective SERS is achieved when the laser freqency  is larger than @*
while the frequency of the Raman line is less than ®*, i.e., the condition ® — Aw < ®* < @
is fulfilled. This result was first obtained in the seminal experiment [10]. In the present paper
we also consider another possibility when metal-dielectric metamaterial has two or more sharp
resonances separated by A®;. Such metamaterial can be tuned for the detection of particular
analytes that have the signature Aw;.

Electric field enhancement in the dielectric micro particles is well known phenomenon. The
electric and magnetic resonances can be excited in the almost all particles made, for example,
from silica, ceria and the other dielectrics [33,34]. Very recently tiny number of the explosive
molecules was detected by semiconductor resonator in the plasmonic laser [35]. The em field
enhancement in the whispering gallery resonances is used in bio and chemical sensors [36] in-
cluding detecting micro-nanoparticles [37], virus [38] and, even, single molecule [39,40]. The
size of the whispering gallery resonators is typically larger than the wavelength. The electric
field in the dielectric resonances could be concentrated in a hot spot, which size is much smaller
than the wavelength. The local field enhancement in the spherical particle made of ceria (cerium
oxide CeO,), where simple dipole Mie resonance is excited, is shown in Fig. 1. Refractive in-
dex of ceria is intensively investigated in recent years [41-48]. The measured refractive index
n depends on the wavelength, structure of the ceria films used in the experiments [43, 44,47],
temperature [42,46], and on the RF power of the magnetron sputtering used for the film prepa-
ration [48]. The index is typically larger for the more dense ceria films, so we take ceria index
n ~ 2.3 for the mono-crystal particles discussed below.

ayl;, Oy =72 byl,, Qy=106 oy ls, Qs =139

600}

Fig. 1. Electric field distribution I, = |E/Ep|* and Q,, factor in dipole free oscillations
in ceria spherical particle of radius a = 400nm ; dipole directed along ’z” axis: a) Ra-
dial "quantum” number m = 3, A3 = 716nm; b) Radial "quantum” number m =4, A4 =

507nm; c) Radial "quantum” number m = 5, As = 393 nm.

We consider the natural em field vibration that is an eigenmode. When the dipole mode is
excited, which radial ”’quantum® number m, > 3 the em field concentrates in the center (Fig. 1).
The maximum of the electrical field, which is much larger than the ambient field, could be
estimated in the following way. We take into account that the em field decays during the free
oscillations due to the radiation loss. The energy outflow from the particle approximates as
S, ~ a2|E0|2, where a is the radius of the dielectric sphere, Ey is the ambient electric field.
In the dipole resonance on the order m the field intensity I,, = |E,|> concentrates in the hot
spot in the center of the particle (see Fig. 1). The radius of the hot spot estimates as r,, ~ a/m,
therefore, the energy outflow S,, from the hot spot is S, ~ r21,,. We neglect, for simplicity, the
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small ohmic loss and equating the energy flows S, and S,, obtaining 7, ~ E&mz. That is the
field maximum is 7 times larger than the outside field as it is shown in Fig. 1. Note that we
consider here the situation when the radiative dumping prevails over the dissipative loss similar
to [49].

For the further esteem let us consider the field distribution in the electric dipole Mie res-
onance, excited in the dielectric sphere of the radius a [33, 50]. The sphere with permittivity
€ = n? is placed in the origin of the coordinates. The permittivity of the outer space is chosen to
be equal to one. The electromagnetic field oscillates with resonance frequency @, wave vector
k = @/c. We use the spherical symmetry of the problem to introduce the vector potential for
the inside field

asin(u)
2nuguf (ug)’

which is directed along z axis, where the dimensionless coordinate u = knr, r = \/x2 +y? + 22,
u, = kna and the function f is defined as f(u) = (ucosu —sinu)/u’. It is convenient to intro-
duce spherical coordinates {r, 8, ¢ }. Then magnetic and electric fields inside the sphere are

Ai; = iEo 3)

Hi(1,0) = curlA; = —iEo{070,2:;((L;))sin9}, (4)
. 3 3 2 o3
Ei(u,B):écurlHi - Eo{ng‘ﬁ; EZ))cose,”“ [2]:1(237” S)m”} sinG,O}, )

that is magnetic field has ¢ component only and rotates around z axis.
The outside electromagnetic field is given by the vector potential

Ae; = Ey aiuﬁ exp [ik(r—a)], (6)
2u(ug +in)
which is chosen in such a way that the boundary conditions Hip(a) = Hep(a) =

—iEgu,sin0/(2n) and € Ej,(a) = Eer(a) = Epcos(0) are automatically accomplished. The third
boundary condition Ejg(a) = E.g(a) gives the dispersion Eq. for the resonance frequencies

(ug + in)sinug — g f (ua) [(n* = 1) ug —in (uz —n* +1)] =0 )

in terms of u, = kna. Let us consider the large radial numbers m >> 1 when the dimensionless
frequency u, > 1. Then the asymptotic solution of Eq. (7) has the following form.

n+ arccothn
) ; 3

2m?

which works surprisingly good for m > 2. Note the eigen frequencies of the considered free
osculations ®,, = k¢ = cu,, /na are complex and have non-vanishing imaginary part since the
eigenmodes decays due to the radiation loss. From Eq. (8) we obtain the quality factor Q,, =
—Reu,,/(2Imu,y, ), for the considered dipole resonances:

0, = T (27‘L’2m3 —?m? —2m— 1)
" 4[(n?m? + 1)arccothn +n] ’

€))

for m > 2 and n > 1. Thus we obtain that the simple dielectric structure could give strong field
concentration.

Suppose that analyte molecules are injected in the slit made in the spherical dielectric particle
as it is shown in Fig. 2. Then the enhancement G of the Raman scattering, which is proportional
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to (|E|*), is estimated as G ~ I2Ey* ~ Q* ~ (mn)*. Therefore SERS in dielectric structures
could be compared with SERS in the plasmonic structures. Yet, the dielectric structures has
the distinguish property to enhance the fields at some characterisic frequencies as it is shown in
Fig. 1. Note that in the case of the planar dielectric metamaterials, discussed in the next sections,
the local electric field also concentrates in gaps between the dielectric features (cf., Fig. 2 and
4).

Fig. 2. Slotted spherical dielectric particle with an analyte.

The Raman signal typically has few characteristic spectral lines shifted in respect to the
laser frequency by the so-called Stokes shifts Aw; << @ [51]. The dielectric resonator, which
has set of the closely packed resonances @j;, can be used as a sensor for particular substances
when the resonances frequencies coincide with Raman spectral lines w; = @ + Aw;. That is
the gaps between the dielectric resonances coincide with the Stokes shifts. Since the dielectric
resonances are well localized in the space (see Fig. 1), we can split the resonances in the sim-
plest way, by placing two particles in close vicinity to each other. Let us consider two dielectric
spheres that are placed at ’z” axis with the distance d between their centers. Suppose that dipole
resonances are excited in the particles. The set of the eigenmodes can be classified by the direc-
tion of the vector potential A;, (see Eq. 3). There are three independent eigenmodes Ay, A, and
A;. It is safe to neglect the interaction of the orthogonal modes. Interaction energy AU of the
aligned dipole modes, which are supposed to be synchronized by an external field, is estimated
as AU, ~ P2 /d?, where P, is the dipole moment of the m eigenmode so that P2 ~ €I,,75 . The
ratio between interaction energy AU and the eigenmode energy elmrfn ~ €l (a/m)3 gives the
frequency split Aw ~ €(r,,/d)* ~ €(a/d)>m=3 due to the resonance interaction. Typically the
Stokes shifts are tens — hundreds times smaller than the laser frequency. Therefore, the close
packed dielectric spheres could exhibit properly resonance shifts and can be used for the SERS
Sensors.

The plasmon resonances that are excited in the small cluster of metal nanoparticles were
considered in [52], M. Rahmani et al. The metal particles, organized in the regular pentagon
demonstrates two low Q resonances separated by AA which is larger than hundred nanome-
ters (A@ > 5-103cm ™). Therefore such plasmonic structures hardly could be used as SERS
sensors. We believe that the proper designed dielectric structures can give the resonances cor-
responding to the Raman lines and allow to designed effective SERS sensors for detecting the
desired analyte. The resonances in the regular dielectric structures are consider below.

3. Thin periodic dielectric films

3.1. Optic resonances

In this section we consider the periodic array of dielectric bars 1 and 2 (see Fig. 3) with different
height iy », width d », and distance between them d; that are placed at the metal substrate 3.
We consider the case of p-polarization, where the electric field Ey of the incident em wave is y
directed.
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Fig. 3. Periodic dielectric bars; period of unit cell — D; parameters are: d , — width, & >
— height, inter-bar distance — dy, E( — incident electric field, kK — wave number of incident
wave.

The em field distribution in the periodic dielectric bars, placed on the metal substrate, is mod-
eled in the COMSOL environment. The Helmholtz Eq. was solved by finite element method
(FEM). The metal substrate 3 is modeled as a perfect conductor. In actual experiment the sub-
strate can be made from gold, silver or aluminum [53-55]. As the dielectric material ceria
(CeOy,€ = 5.340.02/) was chosen. The dielectric bars can be made of material with high
dielectric constant, for example, polymethyl methacrylate (PMMA, € = 2.2), titanium dioxide
(TiO,, € =5.5), silicon (Si, € = 15) etc. [28]

The thickness of thin-films is varied ;> = 0.1 ~ 1um; the period D in x direction is about
D = 0.5 um. Figure 4 demonstrates electric field distribution |E/Ey| (Ep - is the incident field)
for resonances excited at the free-space wavelengths A = 0.97um and A = 0.57um. It can be
seen that modes shown in Fig. 4 have a different nature. The left mode (A = 0.97um) describes
the surface dielectric resonance while the right one (A = 0.57um) excites due to dielectric
resonance (interference of incident and reflected fields) as we mentioned in the previous section.

A=0.97 um

Fig. 4. Electric field distribution |E/Ey| for a) A = 0.97 um, b) A = 0.57 wm in the unit
cell shown in Fig. 3; parameters of the material are: hy = 0.5um, hy = 0.2um, d; =
0.16um, dy =03 um, dy =0.02um, D=0.5um, € =5.340.02i.

The Raman enhancement G and the reflectance for the proposed dielectric metamaterial are
shown in Figs. 5(a) and 5(b). As we expect the resonance peaks of intensity in G spectrum cor-
respond to the minima of reflectance. The frequency of surface resonances is defined by the
period D of the system while the frequency of the dielectric resonances is defined by the thick-
nesses of the film /) and £,. It is remarkable that the frequencies of excitation of the different
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modes can be independently tuned. Note that we deal with mainly dielectric resonances since
the metal substrate is considered to be made from the perfect conductor, which does no support
surface plasmons and any other surface waves.

R
G 1.0
10!
5000 0.8
1000 0.6
500
0.4
100
50 0.2
. . . ; * Azum g ! . ! ! Azum
0.5 0.6 0.7 0.8 09 1.0 0.5 0.6 0.7 0.8 0.9 1.0
a) b)

Fig. 5. a) Enhancement of Raman signal G. b) Reflectance R as a function of free-space
wavelength A ; Parameters of structure are: iy = 0.5 um, hp =0.2um, d; =0.16 um, dy =
0.3um, d; =0.02um, D=0.5um, € =5.3+0.02i.

3.2.  Microwave dielectric metamaterial

Dielectric metamaterials, in contrast to the plasmon counterparts, has no intrinsic frequency.
Therefore, its properties can be investigated in microwave after the proper scaling. We study
the excitation and the interference of the surface waves in the simplest microwave structure, pre-
sented in Fig. 6. In the first case the periodic dielectric bars, fabricated from the usual window
glass, were placed on the glass plate, and then on the aliminium substrate. The microwave per-
mittivity of the glass €(f = 9.042 GHz) = 6.83(+0.5%) +0.1i(+20%) was measured in East-
Siberian branch of All Russia Research Institute of Physicotechnical and Radio-Engineering
Measurements by Dr. E.U. Tokareva. We also investigate all-dielectric films without the metal
substrate.

a)

Fig. 6. Periodic dielectric bars used for microwave experiment; geometric parameters are:
dy =dr = 12mm, hy = 6mm, hy = 18mm, dg = 12mm, € = 6.83 4+ 0.1i.

Figure 7 demonstrates predicted (orange line) and measured (red line) reflectance for the
bar shaped dielectric metamaterial for p- and s-polarization at the microwave frequencies. The
minima in the reflectance spectrum correspond to the frequencies of excitation of the dielectric
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Fig. 7. Simulated (orange line) and measured (red line) reflectance for glass bars placed
on the metal substrate: (a) p-polarization, (b) s-polarization; the same without the metal
substrate: (c) p-polarization, (d) s-polarization.

resonances, where electric field is much enhanced (Figs. 8 — 10). Figures 8(b) and 9(b) demon-
strate the coordinate-dependence electric field distribution |E/Ey| (Ep amplitude of incident
field) at the resonance frequencies for p- wave polarization in both two cases - with glass bars
placed on metal substrate and without metal substrate. The important point is that the giant
electric field concentrates outside the glass bars near air-dielectric boundary and reaches the
maxima when wavelength become comparable to the period of the structure. The experimental
results are in an agreement with computer simulations. The frequency dependence of the re-
flectance R(f = @/2x) is similar for the materials with and without metal substrate. Yet, the
enhancement of the electric field in the case of dielectric bars with metal substrate has the larger
value due to the reflection from the metal.
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Fig. 8. (a) Enhancement G for glass bars placed on metal substrate for p-polarization. (b)
Electric field distribution |E/Ey| (Ey — amplitude of incident field) for resonance frequen-
cies f=6.92 GHz and f=11.14 GHz: red color corresponds to the maximum amplitude of the
electric field.
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Fig. 9. (a) Enhancement G for glass bars without substrate for p-polarization. (b) Electric
field distribution |E/Ey| (Ey — amplitude of incident field) for resonance frequency f =

10.86 GHz.
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Fig. 10. (a) Enhancement G for glass bars placed on metal substrate for s-polarization. (b)
Electric field distribution |E /Ey| (Ep - amplitude of incident field) for resonance frequency
f=7.42 GHz.
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The resonances for the p- and s-polarization have different frequencies, which gives an addi-
tional opportunity for the fitting to the resonace frequencies for a particular analyte. When our
microwave experiment confirmed the computer simulations we begin fabrication and investiga-
tion of the optical dielectric metamaterials. First experimental results are discussed in the next
section.

3.3.  Dielectric plasmons

The computer model of the metamaterial investigated in Sec. 3.1 was further modified to take
into account optical properties of the real metal substrate. The height of the bars is the same
hi = hy (see Fig.3). The metamaterial is made of polymethyl methacrylate (PMMA) on the
silver substrate. The reflectance has a minima in the wavelength region from 600 nm to 1000 nm,
shown in Fig. 11(b). The local electric field at the resonance is shown in Fig. 11(a) (A = 785nm).
It should be mentioned that the resonance frequency which is located at the wavelength A =
785 nm corresponds to high-usage lasing wavelength. Figure 11 demonstrates the excitation of

both two resonances - plasmon and dielectric.

0 10 20 30 40 50

8 1200
1100
£1000
€ 900
-
800
700
600

a) »

Fig. 11. (a) The electric field distribution |E /Ey| (Eq - amplitude of incident field) at the res-
onance wavelength 785 nm, p-polarization, normal incidence (¢ = 0); geometric parameters
are: hy = hy =h=140nm, dy = dp = d = 500nm, dg = 100nm, n = 1.485. (b) Reflectance
as function of angle of incidence (with respect to normal) and free-space wavelength A.

4. Optical dielectric metamaterial
4.1. Fabrication

We prepared the metal-dielectric composite metamaterial, which consists of the silicon sub-
strate, thick gold layer and periodic bars of PMMA (Fig. 12). The metamaterial was fabricated
on Si(100) surface by means of electron-beam lithography technique. The sample with size of
(10 x 10 x 0.3mm) were cut from n-type of silicon wafer doped by phosphorus with resistivity
of 0.3Q - cm. After wet-chemical cleaning in petroleum ether, the sample was rinsed in deion-
ized water. Subsequently the 40-nm gold film was deposited on the silicon sample having a
native oxide layer covered by 4 nm pre-layer of titanium by means of magnetron sputtering in
ultrahigh vacuum conditions. A focused-ion-beam (FIB 1540XB, Carl Zeiss, Germany) cutting
technique has been successfully applied to measuring the thickness of the deposited metallic
layer. The sample was covered by single layer of polymethyl methacrylate (PMMA). PMMA
thin film was prepared by spin coating from the toluene solution onto the surface of a silicon
sample in order to produce a film between 600nm and 1200 nm thick. Average resist film thick-
nesses were measured using standard ellipsometry technique. An electron beam with a diameter
about 1 nm has been used for structuring the surfaces of the sample. Lithography operation was
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provided by means of Raith-150 ultrahigh-resolution e-beam tool (Raith, Germany). The 350-
nm-wide lines and spaces have been fabricated in PMMA layer using electron-beam exposure
of (100 x 100 pm) surface area.

a)

Fig. 12. (a) Periodic dielectric structure based on Au and PMMA. (b) Atomic force mi-
croscopy (AFM) of periodic dielectric structure: period 670 — 680nm, Au thickness 40 nm,
PMMA thickness 1700 nm.

4.2. Measurements

The layer thicknesses were determined using spectroscopic ellipsometer UVISEL 2 (Horiba
Jobin Yvon) equiped by software DeltaPsi2 (Horiba Jobin Yvon). The same ellipsometer was
used for the measurements of reflectance spectra. The period of the structure and direction of
the grating vector was determined by atomic force microscope (AFM) images analysis. AFM
images were obtained by the scanning probe microscope NTEGRA Prima (NT-MDT). Silicon
cantilevers NSG10 (NT-MDT) were used. Measurements were performed in semicontact mode.
Measurements of reectance spectra carried out with rectangular eld aperture, which limits the
size of the light spot on the sample surface to minimize the contribution of the unstructured
regions of the sample. The size of these spots that are listed to the angle of incidence of 70
degrees were (120 x 182)um? or (220 x 250)um?. The spot size on the sample was chosen to
maximize the signal to noise ratio. Change of aperture was caused by the fact that one of the
spot size on the sample dependent on the angle of incidence.

Measurement of local reflection spectra of p- and s-polarized light (Rp and Rs) was carried
out by measuring the reflectance spectrum of unpolarized light (R) and spectra of ellipsometric
angles W and A. Rp and Rs are calculated based on the measured values. Measurement modes
are selected from those that are provided in the software. The selection was due to the fact
that during the measurement of spectra R, W and A polarization of incident light is constant,
whereas in the measurement of Rp and Rs polarization of incident light is changed during the
measurement. Since the polarization of the incident light is determined by the angular position
of polarizing Rochon prism, the change in the direction of the polarization is due to the rotating
prism. This turn leads to a shift of the light spot on the sample. Since we carry out measurements
using a beam spot size of about 100 microns, such displacement of the spot on the sample can
lead to measuring Rp and Rs with the surface offset relative to each other. We measure the
reflectance spectra of the structured area and reflectance spectra of the unstructured, flat region
of the layered structure. For example, the signals from the areas x < 20 and x > 50 in Fig. 11
are compared.

It should be noted that plasmonic resonances supported by metal nanostructures are limited
by the incident angle. Moreover, consistently with planar technology, optical-device designers
prefer normal incidence because of practical convenience. We use approach based on excita-
tion of combined metal-dielectric plasmons. The inclusion of dielectric structures on the metal
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surface allow to excite both plasmon resonance at the metal surface and dielectric resonance in
the case of normal incidence. Therefore, the cascade effect of the EM enhancement is occur.

4.3.  Optical properties

We use the results of the numerical simulations as well as real experiment to compare the
reflectance spectra of the structured area of periodic bars with the reflectance spectra of the
unstructured, flat region of the layered structure. The calculations and measurements are done
for the wide spectrum of angles from 35 to 70 degrees (with respect to normal) for p- (blue
line) and s-polarization (red line) of incident field (Fig. 13). The approximation for Au for
calculations was taken from experimental results [22,56]. The results for narrow range of angles
(35-40 degrees) are presented in Figs. 14 and 15, which demonstrate an agreement of theory and
experiment. The narrow range was chosen due to curve dips in this region. It should be noted
that we cannot reach the excitation of plasmon resonances due to large thickness of PMMA
layer (approximately 1700 nm) but the system exhibits collective dielectric resonances. The
disagreement between calculations and measurements in s-polarization reflectance (red dashed
line - measurements, red solid line - theory) shown in Fig. 15 can be explained by specific
features of beam aperture of the measurement equipment.

350 400 450 500 550 600 650 TOO 750 800 B850
Wavelength (nm})

350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm )

a) b)

Fig. 13. (a) Experimental reflectance from multilayer film, which consists of Au and
PMMA layers neighboring the structured area. (b) Experimental reflectance from PMMA
stripe-shaped structure; blue lines p-polarization, red lines s-polarization.
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Fig. 14. (a) Simulated and (b) Measured reflectance for p-polarization for different angles
of incidence and wavelengths; blue color corresponds to minima of reflectance.
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Fig. 15. Simulated (solid line) and measured (dashed line) reflectance for p- (blue) and s-
(red) polarization.

5. Raman signal enhancement in dielectric metamaterials
5.1.  Preparation and immobilization of gold nanoparticles on the bar-shaped metamaterial

Au-nanoparticles (Au-NP) were prepared by well-known citrate method [57]. Au-NP size
was determined by Nanoparticle Tracking Analysis (average size - 56 £ 1 nm ) with using
”Nanosight LM10” equipment ("Nanosight Ltd.”, UK). For the preparation of SERS active
particles, Au-NPs were covered by semicontinuous monolayer of 5.5-dithio-bis(2-nitrobenzoic
acid) - (DTNB) molecules in accordance to [58] with some modifictations. The solution of Au-
NP was twice diluted by DTNB solution in HEPES (5 mM, pH 8 at 25° C). Incubation was
performed overnight at room temperature. Then, a solution of PEG in water (10 mg/ml) was
added to a concentration of 0.5 mg/ml and incubated for 30 min. Solution was centrifuged (1300
rev/min, 10 min), the supernatant was poured, the precipitate was resuspended in water with
PEG (0.5 mg/ml) to the concentration of the nanoparticles equal to the initial one. Maximum
absorption spectrum of the sol was shifted from 534 to 540 nm.

The conjugate Au-NP-TNB was adsorbed onto bar shaped metamaterial after deposition of

#256681 Received 4 Jan 2016; revised 1 Mar 2016; accepted 2 Mar 2016; published 24 Mar 2016
(C) 2016 OSA 4 Apr 2016 | Vol. 24, No. 7 | DOI:10.1364/0E.24.007133 | OPTICS EXPRESS 7147



polycation (poly(diallyldimethylammonium chloride)) according to the procedure described in
the article [59] with some modifications. The sample was incubated in a solution of PDDA
(10 mg/ml) in water (prepared at least a day before use) for 20 min. Then washed with water
(3 times 300 ul) and dried by air flow. Further drop of 5 ul conjugate Au-NP-TNB in water
(optical density of ~ 0.1) were applied to the area of the periodic dielectric bars modified
PDDA, and incubated for 1 hour at room temperature in a humid chamber (the substrate surface
was horizontal). Then washed with water (3x300 ul) and dried by air flow.

We estimate that 60% of the surface of Au-NP is covered by DTNB. The conjugate of Au-
NP with DTNB (Au-NP-DTNB) has series of well defined Raman peaks and can be used as a
SERS indicator [60].

Fig. 16. SEM images of Au-NP-DTNB deposited on PMMA layer (a) Flat, unstructed area
(b) Bar shaped PMMA metamaterial, cf. Fig. 12.

Morphology of bar-shaped metamaterial after Au-NP deposition were studied by SEM using
a Supra-40 microscope (Carl Zeiss, Germany). Representative SEM images are shown in Fig.
16.

5.2.  Raman signal

A Raman spectrometer innoRam, model BWS445 (B)-785S (B&W Tek, Inc. USA) with
continuous-wave laser-785 was used for the collection of spectra using an excitation wavelength
of 785 nm. The excitation was performed in an epi configuration through a 20X objective (NA=
0.4) on a microscope. Laser power for the experiment was 29 mW.

The Raman spectra of PMMA was registered at the lines 810cm ™!, 598cm ™!, acquisition
time was 5 seconds. The Raman signal fron Au-NP-DTNB conjugate was registered at the
Stocks shifts of DTNB [60], which are 926cm™", 1060cm™", 1338cm™!, and 1558cm™". In
this case acquisition time was 0.5 seconds. SERS signal intensity of these bands was calculated
as the average of the measurements in the several points of the sample after subtracting the
baseline signal. We compare the Raman scattering from Au-NP-DTNB conjugate deposited on
the flat PMMA layer and on the bar shaped metamaterial shown in Figs. 12b and 16 to estimate
SERS EF due to the dielectric metamaterial. The fraction of the surface, which is occupied by
the gold nanoparticles, was estimated from SEM images with using "Gwyddion” software.

5.3. Results

It was shown that the Raman spectrum of surface area includes lines 810cm ™' and 598cm ™!
that correspond to general lines of PMMA [61]. The Raman spectrum of PMMA (without any
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Au-NP) in structured area (blue line) and unstructured area (red line) is shown in Fig. 17. The
intensity of Raman peak 810c¢m ™! reaches the value 110+ 8 a.u. which corresponds to the flat
region while the Raman peak is about 286 + 15 a.u. in the structured region.
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Fig. 17. Raman spectrum of PMMA metamaterial; blue line corresponds to the structured
area, red line corresponds to flat layer of PMMA on the gold substrate.

The fraction of surface occupied by the gold nanoparticles estimated as a (2.8 £0.7)% - in
the flat region, (4.0 = 1.9)% - in the bar shaped region. The SERS spectrum of Au-NP-DTNB
into the structured surface is shown in Fig. 18. It can be seen from Table 1 that the intensity of
Raman signal for Au-NP-DTNB for Stokes shift 1338¢m ! and 1558cm ! more than 5 times
larger in case of structured area with respect to flat film.
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Fig. 18. SERS signal at different Raman scattering bands from Au-NP-DTNB on the struc-
tured surface after normalization to the amount of gold nanoparticles.

6. Conclusion

The bar-shaped metamaterial was theoretically and experimentally investigated. We used the-
oretical methods as well as experimental measurements (both in microwave and optical fre-
quencies) to demonstrate the excitation of surface multiple dielectric resonances. The dielectric
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Table 1. The intensity of Raman peaks of conjugate Au-NP-DTNB on the surface, a.u.
(normalized to the amount of gold nanoparticles)

326cm ! 1060cm™T  1338cm™! 1558cm ™!
Enhancement 245 3.6 5.2 5.6
Unstructured area 162 £+ 36 338 £38 8254+97 222 +37
Structured area 397+ 44 12244153 4278 £510 1253+ 155

resonances can be explained as interference of reflected and incident fields. The combination of
plasmon and dielectric resonances allow to reach additional enhancement of SERS signal. The
results of our analytical and numerical calculations are in a good agreement with the experi-
mental results. The bar-shaped metamaterial was modified by Au-NP-DTNB conjugates. The
intensity of Raman signal from Au-NP-DTNB for the Stokes shifts 1338cm ™! and 1558 cm™!
is more than 5 times larger in case of bar structured area with respect to flat layer of the same
PMMA material.

Note that the structure of the investigated metamaterial is far away from the optimal for
SERS. It was a test sample to demonstrate the technology. Yet, we immediately achieve the Ra-
man enhancement in Au-NP-DTNB complex as well as in PMMA dielectric. We speculate that
it is the experimental evidence that SERS effect could take place in dielectric microstructures
without involving any metal nanoparticles. The proposed metamaterials can be a core of the
high sensitive optical sensing devices. The resonance frequencies can be tuned by variation of
the shape and arrangement of the dielectric elements.
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