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The power of surface Raman scattering is determined by the strength of the
electromagnetic field. The field strength can be enhanced under waveguide
resonance, which occurs when a plane optical wave interacts with a dielec-
tric grating on a dielectric substrate. The resonant interaction is possible,
when the optical wavelength and the grating period are carefully matched
for fixed parameters of the periodic structure. Studies are carried out to
determine the parameters of the grating and the parameters of the dielec-
tric substrate, which provide significant field enhancement at the surface
of the grating. The studies are performed under the normal incidence of a
plane wave of TE polarization only with a wavelength of 0.6328 um. The
grating period is approximated based on the waveguide-mode constant
propagation. The approximate grating period is always slightly smaller than
the resonant grating period, greatly facilitating the search for the period,
at which the reflection coefficient equals to one. The value of the refined
grating period is obtained using rigorous coupled-wavelength analysis
(RCWA). At this period, ‘full resonance’ is achieved. The reflection coeffi-
cient from the grating equals to one, and the field on the grating is en-
hanced tens or hundreds of times. As shown, the substrate does not have to
be completely homogeneous with a low refractive index, but can be a com-
bination, namely, a thin layer of a low-refractive-index dielectric deposited
to the main part of a high-refractive-index substrate. As found, reducing
the refractive index of the substrate and reducing the modulation of the
refractive index of the grating medium lead to an increase in the fields at
the grating—homogeneous medium interfaces. This method can be used to
obtain a field gain of 256 times the amplitude of the incident optical wave
for structures, which can be realized in practice.

IToTy:®xHicTh IIOBEPXHEBOTO KOMOiHAI[ifHOTO pO3CiAHHS BU3HAUAETHCA Ha-
IPYKEHICTI0 eJIeKTPOMATHETHOTO moJisd. Hampy:KeHicTh mosg MoKe OyTH
MIOCUJIEHOIO ITiJi Yac XBUJEBOJHOTO PE30HAHCY, AKUM BUHUKAE, KOJU ILJIAaCKa
OIITHYHA XBUJISA B3AEMOJi€ 3 MieJeKTPUYHOIO I'PATHUIICI0O HA MieJeKTPUUHIil
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migkJaaguHIi. PesoHancHa B3aeMOisd MOMKJNBA 3a PETEIbLHOTO Y3TOMKeHHS
ONTUYHOI AOBKUHU XBUJi Ta Hepiofy rpaTHuni amxd ¢pikcoBaHUX IIapaMeT-
piB mepiognYHOI CTPYKTYypH. Byjsio mpoBemeHO MOCJiAKEeHHA IJA BU3HAYEH-
HA HmapaMeTpiB I'PATHHUIII Ta IapaMeTpiB [ieJIeKTPUYHOI HigKJIagWHKU, AKi
3a0e31eUyIOTh 3HAUHE IOCUJIEHHA IIOJIA Ha HMOBepxHi rparuuri. ocaimxeH-
HA IIPOBOAMJIN 3a HOPMAJLHOTO MaAiHHS mackoi xBuii TE-momapusarii
auiiie 3 moB:KuHOIO XBuai y 0,6328 mxMm. Ilepiox rpaTHuIli 6yB ampoKCHUMO-
BaHUU Ha OCHOBI HOCTifHOTO MOINMUPEHHA XBUJIEBOAHOI mMoxu. IIpmbamsuwmit
mepion r'paTHHUIII 3aBKAM TPOXU MEHIINI 3a Iepiol, pe3oHaHCHOI I'DAaTHHUII,
10 3HAUHO IIOJIETIIIyE IIONIIYK IIepiony, 3a AKOro KoedimieHT BimbuBammsa
IOPiBHIOE OAMHUIII. SHAUEHHS YTOUHEHOTrO IIepioay rpaTHuIli 0yJjo omepika-
HO 3a JOIOMOIOI0 CTPOTOi MapHOI aHaJidum MOBUH XBHJb. ¥ Ieil mepiof
IOCATAEThCA «IOBHUM pesoHaHC». KoegirienT BigdmBaHHS Bif r'paTHHUITI
IOPiBHIOE OAWHMUII, a IOJe Ha I'PATHUIIl IIOCUJIIOETHCA B JMECATKU Ta COTHI
pasiB. Ilokasamo, 110 HmigKJIaAWHKA He 000B’dI3KOBO Ma€ OYTH IIOBHICTIO Of-
HOPiZHOIO 3 HU3bKUM IMOKA3HUKOM 3aJIOMJIEHH:, aje MoxKe OyTu KoMOiHaIlri-
€10 — TOHKHWHU IIap AieJIeKTPUKa 3 HU3bKUM ITOKA3HUKOM 3aJIOMJIEHHSA, Ha-
HeceHUi Ha OCHOBHY YACTUHY MiAKJATVUHKU 3 BUCOKUM IIOKA3HUKOM 3aJI0M-
JeHHsd. BcTaHOBIEHO, IT0 3MEHIIEHHS MOKA3HWKA 3aJOMJIEHHSA MHiJKJIaInH-
KU Ta 3MEHIIIEeHHS MOAYJAIil MOKasHUKA 3aJOMJIEHHS CePeOBUINA T'DATHU-
I[i TPUBOAATE M0 30iJbINTEeHHA MOJiB Ha MeXi MoAiay I'paTHUIA—OTHOPiAHEe
cepenoBuie. Ilefi MeTon MOKHA BUKODPHCTOBYBATHU MAJIA ONEP:KAHHA IIOCH-
JIeHHA 1moJid B 256 pasiB Oisbille aMOJIiTyau magHOI ONTHMYHOI XBMJIL AJIA
CTPYKTYP, AKi MOKHAa peaJsidyBaTH Ha HMPaKTUILi.

Key words: dielectric grating, RCWA, waveguide resonance, grating re-
flection, field enhancement under resonance.
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BXKMH XBWUJIb, XBUJIEBOJHWUII pPe30HAHC, BifOWMBaHHSA I'PATHUII, IIOCHUJIECHHS
TOJIA TiJ mi€ro pe3oHaHcy.
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1. INTRODUCTION

Combined Raman scattering is widely used to study vibrational
spectra of molecules and optical vibrations of solids and liquids [1,
2]. The sample with the medium under investigation is irradiated by
a light source with a narrow radiation spectrum.

There are mainly lasers, in particular He—Ne with a radiation
wavelength of 632.8 nm or YaG:Nd?*' with a second harmonic of
532 nm. The scattered light is shifted up or down in frequency
when the laser radiation interacts with the molecules of the testing
sample. The frequency shift is equal to the frequency of the oscilla-
tions occurring in the molecules, and there can be quite some such
oscillation modes. A substance can be determined by frequency
shifts because the molecules of each substance have only their own



FIELD ENHANCEMENT ON THE DIELECTRIC-GRATING SURFACE 81

vibrational modes. If the frequencies of the scattered laser radiation
are shifted downward, such scattering is called Stokes scattering; if
the frequency of the scattered light is shifted upward, anti-Stokes
scattering is obtained [3]. The power of anti-Stokes scattering is
several orders of magnitude smaller than the power of Stokes scat-
tering.

However, even the power of Stokes radiation is quite small with
limited laser power, which requires high characteristics of the opti-
cal spectrometer in terms of sensitivity and resolution. It is ex-
pected that the power of the scattered light will increase with the
increase of the electromagnetic field surrounding the sample located
on the substrate. A field enhancement on the substrate is possible
due to the resonant interaction of the laser radiation with the sub-
strate, which may have a complex surface structure. Surface en-
hanced Raman scattering (SERS) is often achieved with a
nanostructured silver surface [4, 5], which is formed by electro-
chemical etching. The resulting signal enhancement was more than
4000 times [4]. The increase in Raman signal is explained by the
increase in electromagnetic field on silver nanoparticles due to sur-
face plasmon resonance [6].

Field enhancement methods based on resonance phenomena in pe-
riodic nanostructures are well known. There are resonances of
waveguide modes by dielectric gratings on a dielectric substrate [7],
resonances of surface plasmon—polariton waves by a periodic struc-
ture: a dielectric or metal grating on a metal substrate [8, 9], reso-
nances of surface plasmons by the structure of a metal grating on a
dielectric substrate [10].

However, during the resonant interaction of the electromagnetic
field with structures containing metal elements, the enhanced field
occurs at the metal—dielectric interface in a narrow spatial region
adjacent to the metal [6, 9, 10]. Therefore, in this case, the scat-
tered laser radiation will not be maximally possible due to the in-
teraction in a small volume.

It should be noted that in the structure of a silver grating on a
dielectric substrate, in which the resonance of surface plasmons oc-
curs, it is possible to obtain a maximum field enhancement of sev-
eral hundred times [10].

The enhanced field occurs in a significant part of the period un-
der the resonance of waveguide modes in the structure of a dielec-
tric grating on a metal substrate. Therefore, we have carried out a
study to identify the grating parameters and the dielectric sub-
strate parameters, which give rise to a significant field enhance-
ment at the grating surface. The study was performed at the nor-
mal incidence of a plane wave of only TE-polarization with a wave-
length of 0.6328 pm.
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2. RESULTS AND DISCUSSION

Precise fabrication of gratings is required to achieve waveguide
resonance since the resonance response for TM-polarization is very
narrow spectrally [11]. In order to identify trends in changing the
parameters of the periodic structure to achieve the maximum field
at the surface of the grating, the thickness of the grating was var-
ied within sufficiently wide ranges from 300 to 1300 nm. The re-
fractive indices of the substrate 1.457 (SiO,) and 1.3245 (NaF) were
used. The refractive indices of the grating were n, =148,
n,, =1.52 and n, =149, n,, =1.51, respectively. The grating fill-
ing factor F=1/A=0.5 was the same for all numerical experiments.
The numerical modelling was performed by rigorous coupled-
wavelength analysis (RCWA) [12]. This makes it possible to study
in detail how light propagates and interacts with materials [13].

The simplest periodic structure (a dielectric grating on a dielectric
substrate) is shown in Fig. 1. It can provide a significant field at the
surface of the grating (z=0) under waveguide resonance, and the field
amplitude will be many times larger than the unit amplitude of an in-
cident plane wave. The reflection coefficient from the grating is equal
to unity with careful selection of the parameters of the periodic struc-
ture, i.e., thickness and period of the grating, modulation of the re-
fractive index of the grating medium, and the refractive index of the
substrate at resonance [11]. If the refractive indices of periodic
structure materials are given, then, each thickness d at waveguide
resonance corresponds to a certain grating period A. The approxi-
mate period can be found using the following expression [11]:

2n/ A = B(d, 1,5 115,7,) » 1)
! ™
X
= n21 n22
- A >
Substrate n,
z

Fig. 1. Dielectric grating on a dielectric substrate where d is grating
thickness, [ is width of the part of the grating with refractive index n,,, A
is grating period, A—l — part of the grating with refractive index n,;, and
Ny >Ny, Ny and ng are refractive indices of the surrounding medium and
the substrate, respectively.
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where B is the propagation constant of the waveguide mode of a
non-symmetric waveguide that has a periodic structure.

The average value of the refractive index of the grating medium
n, is determined in the numerical analysis as follows:

fnz +n
n, = 21 5 22 (2)

If n,, —n,, —» 0, then, A calculated by Eq. (1) goes to the period,
in which the reflection coefficient is unity. Having the value of A
according to Eq. (1), and this value is very close to the resonance
value, we find A that ensures the reflection coefficient R > 0.9999.
after several steps of numerical analysis. It should be noted that the
grating period calculated by Eq. (1) is always slightly smaller than
the resonance period of the grating. It greatly facilitates the search
for the period, at which the reflection coefficient is equal to unity.
The approximate and exact values of ¢t period for different thick-
nesses and different ns, n,, ny, are given in Table. It is possible to
judge the accuracy of the analysis according to Eq. (1) from this
Table.

The propagation constants of the waveguide modes  have been
determined by the method described in [12], which ensures precise
accuracy [14]. It should be noted that this method is suitable for
the analysis of gradient planar waveguides and all discrete propaga-
tion constants and corresponding field distributions in the wave-
guide can be found in one calculation cycle.

The field distributions in the waveguide with a grating thickness
of 500 nm for n,, =1.49, n,, =1.51 and for two values of n; are
shown in Fig. 2.

The field distribution, corresponding the power of the waveguide
mode propagating along the waveguide, is more concentrated in the
layer with refractive index n,, when n, =1.3245, as shown in
Fig. 2. Therefore, it can be expected that a stronger field can be
obtained under waveguide resonance on the grating surface (z=0)
for n, =1.3245. The magnitude of the field at the grating surface
can be predicted using the following expression:

_ [E©)

= . 3
E@) @)

As a result, we obtain K=0.321 at n, =1.457 and K =0.632 at
n, =1.3245. This means that the K-ratio is about twice as high at
n, =1.3245 compared to n, =1.457. These preliminary findings
confirm the calculated results of the fields at the grating surface
and the grating/substrate interface using RCWA. The correspond-
ing field distribution is shown in Fig. 3 for the same structure pa-
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TABLE. Resonance parameters for the periodic structure.

d,pm | B, pm’? A, im A, um | |E0, 0) | E(0, d)|
ny=1.3245, ny, = 1.49, n,,=1.51
0.6 14.419938 0.435729 0.435756 95 153
0.5 14.286058 0.439812 0.439840 265 419
0.4 14.090589 0.445914 0.445943 83 130
0.3 13.798510 0.455352 0.455377 55 89
ng=1.457, ny, = 1.48, ny, = 1.52
1.3 14.778269 0.425164 0.425275 58 175
1.0 14.724143 0.426727 0.426831 27 90
0.9 14.698037 0.427485 0.427588 49 150
0.8 14.666097 0.428416 0.428518 25 77
0.7 14.627004 0.429561 0.429655 19 64
0.6 14.579813 0.430951 0.431029 27 90
0.5 14.525943 0.432549 0.432611 36 112
0.435  14.491739 0.433570 0.433615 54 163
0.4 14.476808 0.434017 0.434048 34 105
ns=1.457, ny, = 1.49, ny, = 1.51
1.3 14.77732 0.425191 0.425219 113 350
0.9 14.697162 0.427510 0.427536 97 301
0.8 14.665265 0.428440 0.428465 49 153
0.7 14.626232 0.429583 0.429606 39 127
0.6 14.579137 0.430971 0.430990 55 179
0.5 14.525426 0.432564 0.432579 72 224
0.435  14.491388 0.433581 0.433591 106 325
0.4 14.476580 0.4340244  0.434031 68 209

rameters as in Fig. 2. It can be seen that the field with the magni-
tude |E(x)| > |E(O)| / 2 occupies most of the grating period, which is
important for SERS. In addition, a decrease in the refractive index
of the substrate leads to a significant increase in the fields under
other identical conditions.

It should be noted that it is unnecessary to make the substrate
with a low refractive index completely homogeneous. It is possible
to make a combined one: a thin layer of dielectric with low refrac-
tive index applied on the main part of the substrate with high re-
fractive index. The layer thickness of 1000 nm with a low refrac-
tive index of 1.3245 is sufficient as shown in Fig. 2, b.

The grating periods A, calculated with Eq. (1) and the refined
periods A determined with RCWA, as well as the fields at x =0 for
z=0 |E(O, 0)| and for z=d |E(0, d)| are presented in Table. Calcula-
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Fig. 2. Field distribution in a periodic structure (red curves), as in a pla-

nar waveguide, with n,=1 and with n;=1.457 (a), and with n;=1.3245
(b). The green lines define the boundaries of the grating.
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Fig. 3. Field distribution in the periodic structure along the grating period

at n;=1, the grating thickness of 500 nm and n;=1.457 (a), and
ny=1.3245 (b).

tions, which are more detailed, have been made for the parameters
in bold in the table, and the results are shown in Figs. 3, 4 and 5.
As shown in Table, the strongest fields on the grating surface
and at the grating/substrate interface are obtained with a smaller
modulation of the refractive index (n, =1.49, n,,=1.51) and for
the substrate refractive index of 1.3245. At the same time, the op-
timal grating thickness d is of 500 nm. As a result, |E(O, 0)| = 265,
under the condition that the amplitude of the incident grating wave
is unity, i.e., we have a 265-fold field enhancement under resonance.
Spectral dependences of the reflection coefficient and spectral de-




86 V. FITIO, S. HOLYBORODA, and I. YAREMCHUK

1604

0.8

54 5 120
2 &
-1
8 0.6 E
[« -
= = 80
& 04 =
e O R
404
02
632.797 632.798 632.799 6328  632.801 632.802 632797 632798 632799 6328 (32.801 632.802
Wavelength, nm Wavelength, nm
a b

Fig. 4. Spectral dependences of the reflection coefficient (a) and the fields
on the grating surface (dashed curves) and at the grating/substrate inter-
face (solid curves) (b). The red colour of the curves corresponds to parame-
ters d =1300 nm, n;=1.457, ny,, =1.48, n,,=1.52; the green colour of the
curves corresponds to parameters d=435nm, n;=1.457, n, =1.48,

Mgy = 1.52.
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Fig. 5. Spectral dependences of the reflection coefficient (a) and the fields
on the grating surface (dashed curves) and at the grating/substrate inter-
face (solid curves) (b). The red colour of the curves corresponds to parame-
ters d =1300 nm, n;=1.457, ny,, =1.49, n,,=1.51; the green colour of the
curves corresponds to parameters d=500 nm, n;=1.3245, n, =1.49,

ngy=1.51.

pendences of the field amplitude module for z=0 and z=d at x=0
are shown in Figs. 4 and 5, respectively.

As can be seen from the comparison of Fig. 4 and Fig. 5, the
width of the spectral response of both the reflection coefficient of
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the grating and the modulus of the field amplitude decreases as the
modulation of the refractive index of the grating medium is re-
duced. We can also see that the resonance widths at half the re-
sponse height are quite narrow, about nm, which requires precision
fabrication of such gratings. However, it is quite possible to fabri-
cate such periodic structures by recording holograms on photopoly-
mer compositions [15, 16] with a modulation amplitude of the re-
fractive index of the photopolymer composition of 0.017 [15].

3. CONCLUSIONS

Significant field enhancement of 256 times can be obtained at the
air—grating interface with an optimal choice of the grating thick-
ness and other parameters of the structure in the periodic structure
of type the dielectric grating on the dielectric substrate under the
waveguide resonance. Numerical studies have shown that the field
on the grating increases as the refractive index of the substrate de-
creases and as the modulation of the refractive index of the grating
medium decreases. The resonant period of the grating can be ap-
proximated by the propagation constant of the waveguide mode in a
periodic structure such as a waveguide for the given wavelength.
The exact value of the grating resonance period can be determined
using RCWA. It should be noted that the period of the grating cal-
culated by Eq. (1) is always slightly smaller than the resonant peri-
od of the grating. It greatly facilitates the search for the period at
which the reflection coefficient is equal to one.

ACKNOWLEDGMENT

The authors acknowledge the financial support of this research by
the Ministry of Education and Science of Ukraine with the
DB/SERS project (state registration number 0124U000823).

REFERENCES

1. J. Langer, D. Jimenez de Aberasturi, J. Aizpurua, R. A. Alvarez-Puebla,
B. Auguié, J. J. Baumberg, and L. M. Liz-Marzan, ACS Nano, 14, No. 1:
(2019); https://doi.org/10.1021/acsnano.9b04224

2. W. Wang, P. Ma, and D. Song, Luminescence, 37: 1822 (2022);
https://doi.org/10.1002/bio.4383

3. A. Yariv, Quantum Electronics (New York—London—Sydney—Toronto: John
Wiley and Sons, Inc.—California Institute of Technology: 1975).

4. Ch. H. Lee, T. Limei, and S. Singamaneni, ACS Appl. Mater. Interfaces, 2:
3429 (2010); https://doi.org/10.1021/am1009875

5. S. Nie and S. R. Emory, Science, 275: 1102 (1997);


https://doi.org/10.1021/acsnano.9b04224
https://doi.org/10.1002/bio.4383
https://doi.org/10.1021/am1009875

88

10.

11.

12.

13.

14.

15.

16.

V. FITIO, S. HOLYBORODA, and I. YAREMCHUK

doi:10.1126/science.275.5303.1102

R. Wang, J. Ma, X. Dai, Y. Gao, C. Gu, and T. Jiang, Sensors and Actua-
tors B: Chemical, 374: 132782 (2023);
https://doi.org/10.1016/j.snb.2022.132782

G. Quaranta, G. Basset, O. J. F. Martin, and B. Gallinet, Laser Photonics
Rev., 12: 1800017 (2018); https://doi.org/10.1002/1por.201800017

S. Bellucci, O. Vernyhor, A. Bendziak, I. Yaremchuk, V. Fitio, and

Y. Bobitski, Materials, 13: 1882 (2020);
https://doi.org/10.3390/mal3081882

V. M. Fitio and Y. V. Bobitski, JJ. Opt. A: Pure Appl. Opt., 6: 943 (2004);
d0i:10.1088/1464-4258/6/10/004

V. Fitio, I. Yaremchuk, O. Vernyhor, and Ya. Bobitski, Applied Nanoscience,
8: 1015 (2018); https://doi.org/10.1007/s13204-018-0686-z

S. S. Wang and R. Magnusson, Appl. Opt., 32: 2606 (1993);
https://doi.org/10.1364/A0.32.002606

V. M. Fitio, V. V. Romakh, and Y. V. Bobitski, Semiconductor Physics,
Quantum Electronics & Optoelectronics, 19: 28 (2016);
do0i:10.15407/spqe019.01.028

B. J. Civiletti, A. Lakhtakia, and P. B. Monk, Journal of Computational and
Applied Mathematics, 368: 112478 (2020);
https://doi.org/10.1016/j.cam.2019.112478

V. M. Fitio, V. V. Romakh, L. V. Bartkiv, and Y. V. Bobitski, Materials
Science & Engineering Technology [Materialwissenschaft und Werkstoff-
technik], 47: 237 (2016); https://doi.org/10.1002/mawe.201600473

T. Smirnova,V. Fitio, O. Sakhno, P. Yezhov, A. Bendziak, V. Hryn, and

S. Bellucci, Nanomaterials, 10: 2114 (2020);
https://doi.org/10.3390/nan010112114

G. M. Karpov, V. V. Obukhovsky, T. N. Smirnova, and V. V. Lemeshko, Opt.
Commun., 174: 391 (2000); doi:10.1016/s0030-4018(99)00712-9


doi:10.1126/science.275.5303.1102
https://doi.org/10.1016/j.snb.2022.132782
https://doi.org/10.1002/lpor.201800017
https://doi.org/10.3390/ma13081882
doi:10.1088/1464-4258/6/10/004
https://doi.org/10.1007/s13204-018-0686-z
https://doi.org/10.1364/AO.32.002606
doi:10.15407/spqeo19.01.028
https://doi.org/10.1016/j.cam.2019.112478
https://doi.org/10.1002/mawe.201600473
https://doi.org/10.3390/nano10112114
doi:10.1016/s0030-4018(99)00712-9

