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In this work, the results of modelling the diffraction of a plane wave by the structures of type dielectric
grating/dielectric layer/metal substrate are presented. The strongest field enhancement is achieved for TE
polarization under of waveguide mode resonance. In addition, the reflection coefficient is zero under such
resonance conditions. Waveguide mode resonance can be realized in a wide range of wavelengths by changing
the grating parameters. The spectral characteristics of three types of periodic structures were modelled. The
first and second structures contain a dielectric layer, while the third one does not. The waveguide mode
resonance and, accordingly, zero reflection coefficient can be obtained with carefully selected structure
parameters. Resonant values of the grating thicknesses and periods were determined. Numerical modelling
was done with Rigorous Coupled Wavelength Analysis. The thicknesses different from the resonant ones
significantly affect the reflection coefficient from the periodic structure, as was established. Absolute
permissible deviation values of the thicknesses of the gratings and dielectric layers from the calculated
resonance values were estimated. The waveguide mode resonance is sensitive to the incident wavelength on
the periodic structure. The reflection coefficient and the field distribution along the grating period were
calculated. Studied structures can be effectively used as substrates for SERS-type devices due to field
enhancement and zero reflection coefficient under waveguide resonance. The strongest field on the grating
surface is observed for the structure without a dielectric layer, namely, dielectric grating deposited on the
metal substrate. In addition, the benefits of such periodic structures include lower manufacturing costs.
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1. INTRODUCTION

Raman scattering is widely used to study the
vibrational spectra of molecules and optical vibrations of
crystal lattices [1, 2]. The cell with the tested medium
was irradiated by a light source with a narrow spectral
line, preferably lasers, in particular, He-Ne with a
radiation wavelength of 632.8 nm or YAG:Nd3* at the
second harmonic of 5632 nm. The spectral lines appear as
a result of the laser radiation interaction with the
vibrations of molecules in the scattered light. They are
shifted down in frequency by an amount equal to the
vibrational frequencies of the tested medium. Such a
shift in the frequency of scattered laser radiation is
called the Stokes shift. In scattered light, frequencies
equal to the sum of the frequencies of laser radiation and
the vibrational frequencies of the tested medium are
also possible. Such scattering is called anti-Stokes
scattering and its power is several orders of magnitude
lower than the power of Stokes scattering [3].

The simple optical scheme of the Raman spectroscopy
system is shown in Fig. 1. The system consists of a Notch
Filter, which does not transmit the laser radiation into
the spectrometer. The scattered shift in frequency light is
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many orders of magnitude less powerful than the power
of laser radiation reflected from the tested sample, which
is not frequency-shifted. Nevertheless, the power of
frequency-shifted radiation is very small, which places
special demands on the spectrometer.

Surface Enhanced Raman Scattering (SERS) is often
obtained with the nanostructured silver surface [4, 5]
created by the electrochemical etching. Filed
enhancement was achieved more than 4000 times [4].
The increase in the Raman signal is explained by the
increase in the electromagnetic field on the relief silver
surface due to plasmon resonance [6].

The field enhancement can be obtained not only
under plasmon resonance by the silver relief surfaces
but also on particles of other noble metals. Methods of
field enhancement due to resonance phenomena in
periodic nanostructures are well known. In particular,
waveguide modes are resonant by dielectric gratings [7],
resonance of surface plasmon-polariton waves by metal
gratings [8], and resonance of surface plasmons [9]. The
reflection coefficient can be equal to unity under
waveguide resonance by dielectric gratings. It imposes
some limitations on SERS systems applications.
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Fig. 1 — Optical scheme of the Raman spectroscopy

The waveguide modes resonance for TE and TM
polarizations of incident radiation on the grating or the
surface plasmon-polaritons resonance for waves of TM
polarization can occur in the periodic structure of a
dielectric grating on a metal surface [10]. A zero-
reflection coefficient can be achieved in such a
structure, thanks to the resonance of the field, with
carefully selected grating parameters at the
corresponding wavelengths. That is, such a structure
can simultaneously be a narrow-band rejection filter in
SERS systems for laser radiation not shifted in
frequency. Therefore, structures of type the of
dielectric grating on the metal substrate were studied
as narrow-band absorbers of optical radiation, i.e.
rejection filters that work based on reflection [11-13],
as well as sensors for measuring changes in the
refractive index of liquids and gases.

The strongest field enhancement is achieved for TE
polarization waves under the waveguide modes resonance
corresponding to [10]. In addition, the width of the
reflection coefficient spectral response is also minimal. It
should be noted that both resonances the waveguide modes
and surface plasmon-polariton waves are possible for TM
polarization waves. Weaker fields arise under the both
resonances of the waveguide modes and the surface
plasmon-polariton waves for TM polarization compared to
the only waveguide modes resonance for TE polarization
[10]. Therefore, it is more appropriate to use the resonance
of waveguide modes for TE polarization waves in SERS
systems. The usage of the waveguide mode resonance for
SERS systems has an additional advantage, which is that
such resonance can be realized in a wide range of
wavelengths by changing the grating parameters.

Therefore, our research is aimed at improving the
waveguide resonance characteristics for TE polarization
waves in periodic structures of several types.

2. DESCRIPTION OF THE STUDIED
STRUCTURE AND SEARCH OF RESONANT
VALUES OF THE THICKNESSES AND
PERIODS OF THE GRATING

The studied periodic structure is shown in Fig. 2. The
dielectric grating with the thickness of d1 is deposited on
a dielectric layer with thickness of d2. The substrate is a
metal, in particular silver or gold. The various types of
plasmon resonances are most clearly manifested there.

Numerical calculations were carried out for the three
structures with the follow parameters:
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1) g1 F &gy F E3 = 2.25, d1 > O,dz > 0;
2) & =& = 1,822 =& = 2.25,d1 > 0, dz > 0,
3) &y =& = 1,822 =& = 2.25,d1 > 0, dz =0.

The plane wave with wavelength of 632.8 nm is
accident normal to the diffraction grating. In case of the
first structure, &1 and &2 will be little different from
each other to achieve a strong field on the grating
surface [10]. It is assumed that the thickness d1 will also
be small. There is no dielectric layer in the third
structure. The waveguide mode resonance and,
accordingly, zero reflection coefficient can be obtained
with carefully selected structure parameters.
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Fig. 2 — The periodic structure is a dielectric grating with a
thickness of di deposited on a layer of a dielectric with a
thickness of ds. A is the grating period. The grating filling factor
is F =0.5. The material of the substrate is silver with a
dielectric constant of &, The dielectric constant of the
surrounding medium is & = 1 in our analysis

The grating period A and the thickness dz2, where d, >
d, for structures of types 1 and 2, as well as di1 for the
structure of the third type, can be determined from the
condition of the waveguide effect for planar waveguides
based on the Ray Optics Laws [11] as follows:

d=05 ¢P1+P,+2mm

ksing ’ (CRY)

where ¢, = arctan(JIr,/Rr), ¢, = arctan(Ir,/R1y),
k = 271\/5—3/1 for 1 and 2 periodic structures and

k = 21/ (1 — F)&y1 + Feyy /A for third periodic structure,
6 = arctan(k,/k,), k, = 2m/A, k, = k% —k2,
m=20,1,2,..., r; is the reflection coefficient of the
waveguide mode from grating-medium (&1) interface, r2
is the reflection coefficient of the waveguide mode from
the metal substrate-medium (&3) interface.

The spectral dependences of the silver dielectric
permittivity in analytical form were used from work [14]
at the numerical analysis.

The dependences ¢;,¢, and d =d; +d, on the
grating period for periodic structures of the first and
second types are presented in Fig. 3a. The same
dependences for the structure of the third type are
shown in Fig. 3b. Dashed lines correspond to the exact
value of d=d;+d,. Calculations were made
according to Equation (1) with m = 1.

Jumps in ¢; and d are observed on the graphical
dependences (Fig. 3). It is reasonable to assume that the
resonance thicknesses and periods of the gratings are close
to the jumps. The corresponding thicknesses d and grating
periods are equal dy=4954nm, Ay =4963nm for
periodic structures of the first and second types and
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dy = 680 nm, Ay, = 552 nm for structures of the third type.

Numerical modelling was done with Rigorous coupled
wavelength analysis (RCWA). The reflection coefficient R
from the periodic structure and the field distribution along
the grating period for z=0 and z=d; +d, were
calculated. The reflection coefficient was obtained about
0.98 using the starting values of dy and A,. However, the
field amplitude at z = 0 was more than unity. It indicates
that we are close to the resonance. In the following steps,
we successively change the grating period A and the
thicknesses d; and d,. The parameters &,; and &,, were
also changed for the periodic structure of the first type.
Thus, after some corrections, the parameters of periodic
structures were determined when the waveguide modes
resonance occurs and the reflection coefficient from the
structure is R < 0.0001.
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Fig. 3 — Dependences of d, ¢, ¢, on A, calculated according to
equation (1): for periodic structures of the first and second types
(a), and for a periodic structure of the third type (b)

Table 1 shows the starting parameters of periodic
structures and the parameters when the waveguide
resonance occurs.

Table 1 — Grating parameters under resonance

No &1 &9 do,nm | dy,nm | dy,,nm | Ag,nm | A,nm
1 2.4434 [2.5566 |495.4 100 400 496.3 444.5
2 1 2.25 495.4 11.8 471 496.3 451.4
3 1 2.25 680 592 0 552 562.3

As it can be seen from Table 1, dy, = 495.4 nm is quite
close to the sum of resonance values d, +d, for
structures of the first and second types. However, Ay and
A differ much more. The difference between d, and d; is
quite large, approximately 90 nm in the case of the
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periodic structure of the third type. The difference
between A, and A is equal to 10.2 nm. Therefore, the
approximate values of thicknesses and periods of
gratings calculated with equation (1) are quite close to
the resonance values. It significantly speeds up the
search for resonance values of thicknesses and periods.

3. RESULTS AND DISCUSSIONS

The spectral dependences of the reflection coefficient
on periodic structures of three types were calculated
taking into account determined resonance thicknesses
d, and d, and the period A of the gratings. These
dependencies are shown in Fig. 4. The structure of the
first type (red curve) has the lowest value of the full
width at half maximum (FWHM) of the reflection
spectrum. It is due to the fact that the contrast of the
dielectric grating in this structure is quite low,
€2 — &1 = 0.1123 at the thickness of the grating
d; = 100 nm. The third structure (blue curve) has the
highest value of the FWHM spectrum. It is 64 = 0.15 nm,
which corresponds to the spectrum width in the
frequency domain §v = 1.12 x 10! Hz. This last value
should be compared with the Raman minimum
frequency shift for some substances. These data can be
found in the book [3]. Thus, §v is sufficiently small and
equal to 519 cm? for SO,, which corresponds to the
frequency shift v = 519 x 3 x 101% = 1.56 x 1013 Hz. It
is significantly higher by about two orders of magnitude
than the width of the reflection spectrum from the
periodic structure of the third type §v = 1.12 x 10! Hz.

It should be expected that the deviation of the
thicknesses d; and d, from the resonant ones can
significantly affect the reflection coefficient from the periodic
structure. This is due to the fact that the manifestation of the
waveguide mode resonance is sensitive to the incident
wavelength on the periodic structure.

Reflection

6326 6328 6330
Wavelength, nm

f=2)
)
(3]
o

Fig. 4 — Spectral dependences of the reflection coefficient on the
periodic structure at resonance parameters. The red curve
represents the structure of the first type, the green curve
represents the structure of the second type, and the blue one
represents the structure of the third type

That is, it is necessary to determine what are the
permissible deviations of d; and d, from the resonance
values in order to ensure that the reflection coefficient R
is less than 0.01. The corresponding dependencies are
presented in Fig. 5.
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It can be concluded analyzing Fig. 5a that the third
structure is the most sensitive periodic structure to the
relative change of d; (grating thickness) and the second
structure is the lowest sensitive. At the same time, the
sensitivity of periodic structures of the first and second
type is to the relative change of d, (thickness of the
waveguide layer) is practically the same.

It is possible to calculate the absolute permissible
deviation values of the thicknesses d; and d, from the
calculated resonance values using the data of Fig. 5. Thus,
&d, for the first, second, and third periodic structures are
equal to 0.025 nm, 0.1 nm, and 0.05 nm, respectively. The
maximum permissible deviation 6d, for the first and
second structures is the same and equal to 0.05 nm.
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Fig. 5 — Dependences of the reflection coefficient on the relative
changes in thickness d, (a) and d, (b). The red curve represents
the structure of the first type, the green curve represents the
structure of the second type, and the blue curve represents the
structure of the third type

It should be noted that with these thickness
deviations from the optimal values, the reflection
coefficient increases to 0.01. The strongest field on the
grating at z = 0 practically does not change, which is in
many cases more important than the filtering properties
of such structures. The field distributions along one
period of the periodic structure are shown in Fig. 6.

It can be seen that the strongest field on the grating
surface is observed for the third structure and the
maximum value is approximately 37 relative units.

4. CONCLUSIONS

The above research results show that periodic
structures of type the grating/dielectric layer/metal
substrate can be used as an effective substrate for
SERS-type devices due to field enhancement and zero
reflection coefficient under waveguide resonance. The
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field on this grating surface is the strongest among all
types of structures. In addition, the periodic structure of
the third type is the easiest to manufacture from a
technological point of view, since there is no uniform
dielectric layer. If for the third periodic structure
dd,; = 0.35 nm, then the reflection coefficient from the
structure will be equal to 0.31, and the field on the
grating surface will decrease from 35 conditional units
to 30. The inaccuracy of reproducing the grating
thickness can be increased without a significant
decrease on the grating surface if the filtering properties
are not particularly important.
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Fig. 6 — Distribution of the electric field strength modulus over
one period. Red curves represent field distribution on the
grating surface z = 0, green curves equal z = d; + d,. Results of
calculations for periodic structures of types 1, 2 and 3 are
presented in (a), (b), (c) respectively
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IincunenHs moJist 3a JOMOMOIOI0 XBUJIEBOJHOI'0 PE30HAHCY CTPYKTYPOIO JieJIeKTPUIHA
rparka/giesieKTpUYHUN mmap/MeTaieBa migKIagKa.

B.M. ®itro, T.O. Bymasiuers, O.B. Lnpin, I.A. Apemuyr

Hauionanvruii ynisepcumem «Jlvsiecorka nonimexuixar, 79013 Jlveis, Yrpaina

B poborti HaBegeHO pe3yabTaTH MOJEIOBAHHS AUQPAKINI IJIOCKOI XBHJIl HA CTPYKTypax JleJIEKTPUYHA
IpaTKa/mIieIeKTPUYHUEN Iap/MerasieBa MAKIQAKA. MakcuMmasbHe TIJCHJIEHHS II0JISI JOCATAEThCS IIPH
pe3onanci xpuseBogHux Moz 4y TE momspuaariii. Kpim Toro, koedirfienT BiiOnBaHHS JOPIBHIOE HYJIIO IIPH
pesoHanci xBuwiieBoguHuX Mon muisi TE mossipuaariii. XBUJIeBOOHUI pe30HAHC MOKe OyTH peasidoBaHUN y
IIMPOKOMY /Tlammas3oHl JOBMKWH XBWJIb IIUIIXOM 3MIHM IapaMeTpiB IPaTKH. 3MOJEJIHOBAHO CIEKTPAJIbHL
XapaKTePUCTUKYU TPHOX TUIIIB IepioanyHuX cTpykTyp. Ilepma ta gpyra cTpyRTypH MIiCTATH Iap JieJleKTPHKA,

a y TperTii BiH BifcyTHIi. Pe3oHaHC XBHMJIEBOIHOI MOIHM 1,

BIATIOBIAHO, HYJIBOBHAM Koe(illieHT BigOHMBAHHS

MOKHA OTPUMATH 32 JOTOMOIOK PeTesbHO miIibpannx napaMerpis. Bysin BusHaveHl pe30HAHCHI BEJIMYUHA
TOBIIMHU 1 mepiofiB rpatku. UucesbHe MOJEIOBAHHS OyJI0 BUKOHAHO 32 JIOIIOMOIOK CTPOTOTO AHAJII3Y
3B’sI3aHUX JIOBKUH XBUJIb. [loKa3aHo, 1110 TOBIIMHY, BIZIMIHHI BiJl pE30HAHCHUX, MOJKYTh CyTTEBO BILJIMBATH HA
KoediIlieHT BimOMBaHHA Bif mepiognaHoi cTpyKTypu. OIiHeHo a0COTI0THI 3SHAYEHHS JOILYCTUMOTO Bl IXMJICHHS
TOBIIWH I'PATOK 1 IIIAPIB JieJIEKTPUKA B/l PO3PaXyHKOBUX PE30HAHCHUX 3HAYEHb. Pe30HAHC XBUJIEBOJHUX MOJ]
YyTJIMBAM JI0 TOBYKUHU XBUJIL, 10 TIAJ1a€ HA TEPIOIUYHY CTPYKTYpy. Po3paxoBaHo KoeilieHT BIOMBAHHS Ta
POS3IIOJIJI TIOJIA B3JOBK Tepiofdy rpartku. JlociTisKeHl CTPYKTYPH MOKYTHh OyTH e(eKTHBHO BUKOPHICTAHI STK
TAKIaIKY 1 TpucTpoiB tumy SERS 3aBmsky mifgcuiieHHO moJist Ta HyJIBOBOMY KOe(IITIEHTy BIIOMBAHHS
py XBUJIEBOAHOMY pe3oHaHci. HalicuiibHinme mosie Ha OBEPXHI IPATKH CIIOCTEPITaeThes JIJIA CTPYKTYpH 6ea
mapy JIieJIeKTPHKA, a caMe JieJIEKTPUYHOI IPAaTKH, HAHEeCeHOI Ha MeTaJeBy IAKJIanky. Kpim Toro, taka
mepiogudYHAa CTPYKTYpPA HAUIIPOCTINIA Y BUTOTOBJIEHH] 3 TEXHOJIOTTYHOI TOYKH 30DY.

Kurouosi cnosa: Iparka, Pesoranc moss, Xsusesogua mMoaa, Merasesa makmagka.
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