IHOOKOMYHIKAL|IAHI TEXHONOTTI TA ENEKTPOHHA IHXKEHEPISA
INFORMATION AND COMMUNICATION TECHNOLQOGIES,
ELECTRONIC ENGINEERING

Ne 5 (1), 2025

QUASI-RESONANT ABSORPTION OF TE POLARIZED WAVES BY
METAL-DIELECTRIC GRATINGS

V. Fitio[ORClD: 0000-0001-6086-4087]’ D. Pl’OkOpetSIORClD: 0009-0007-6368—4955|, L Yaremchuk[ORClD: 0000-0002-7072-5950]

Lviv Polytechnic National University, S. Bandera Str., 12, 79013, Lviv, Ukraine

Corresponding author: I. Yaremchuk (e-mail: iryna.y.yaremchuk@]lpnu.ua).

(Received 24 January 2025)

This paper presents a numerical study of the quasi-resonant absorption of TE-polarized waves by a
periodic structure of the metal-dielectric grating type on a dielectric substrate. The parameters of
such a metal-dielectric grating, in particular the period, are chosen in such a way that no waveguide
resonance occurs in the grating. The absence of resonance is evidenced by low fields at grating
boundaries with homogeneous dielectric media. The quasi-resonant interaction is manifested under
the condition that the real part of the zeroth harmonic of the Fourier series expansion of the
dielectric permittivity of the grating medium is equal to zero. This condition determines the grating
filling factor which is much less than unity. The absorption, reflection, and transmission coefficients
have been calculated as a function of grating thickness at the working wavelengths of 405 nm and
1064 nm. The corresponding dependences have an oscillatory character, and local absorption and
transmission maxima occur at the same wavelength. The maximum of absorption, the minimum of
reflection, and the maximum of transmission are observed near the wavelength of 405 nm at the
grating thickness of 510 nm. It is typical of resonance phenomena in periodic structures. However,
such an absorption resonance is spectrally quite broad. The fields at the grating boundaries with
homogeneous dielectric media are close to the amplitude of the incident wave. The spectral
characteristics of the studied structure also have an oscillatory character at the grating thickness of
625 nm and at the working wavelength of 1064 nm. Such an oscillatory character allows us to
assume that the processes occurring in the studied structure are similar to the processes in the Fabry-
Perot interferometer, in which there is a small absorption. Reducing the grating period leads to the
decrease in the number of oscillations in the spectral characteristics. These spectral characteristics
approach the spectral characteristics of the three-layer structure. Therefore, if the grating period is
much less than the wavelength, then such a grating can be replaced by an equivalent multilayer
structure in which metal and dielectric alternate in series. It will have approximately the same
spectral characteristics.
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Introduction

Nowadays, diffraction gratings, in which the dielectric constant of the grating medium is
periodically changed along a certain direction, have found wide application. In particular, gratings are used
as sensitive elements of refractive index sensors. The sensors operation principle is based on resonant
excitation of various waveguide processes by a periodic structure [1-5]. In such sensors, the resonance is
destroyed when the refractive index changes. It is possible to restore it at a different wavelength or at a
different angle of beam incidence on the grating [6,7]. Gratings are also used to field enhancement [8,9].
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This effect can be used in Raman spectroscopy to increase its sensitivity. Field enhancement can be
achieved by waveguide resonance in a dielectric grating on a dielectric substrate [2,5]. Surface plasmon
polariton resonance in a periodic structure of a dielectric or metal grating on a metal substrate [3,8] and
surface plasmon resonance in a structure of a metal-dielectric grating on a dielectric substrate [9] can also
be used. Moreover, in the latter case, the field enhancement can be several hundred times [9] at the metal-
dielectric interface.

In addition, metal-dielectric gratings on the dielectric substrate with narrow dielectric gaps, the
width of which is much smaller than the period, have been intensively studied. The anomalously high
transmittance is achieved in such structure under certain conditions [10,11]. It is much higher than
predicted by aperture theory. The transmission is achieved due to the occurrence of waveguide resonance
in the grating gap [12].

Therefore, various resonances of the electromagnetic field can occur in periodic structures, which to
some extents are accompanied by unexpected and non-obvious effects. For example, in the structure of a
dielectric grating on a dielectric substrate under waveguide mode resonance, the reflection coefficient of
the grating is equal to unity [4]. At the same time, the reflection coefficient in the structure of a metal or
dielectric grating on the metal substrate can be zero under the surface plasmon polariton resonance [5].

Such a variety of effects in periodic structures prompted us to further investigate the characteristics
of the interaction of a plane wave with the structure of the metal-dielectric grating on the dielectric
substrate. The width of the metal part of the period was used, which is much smaller than the whole grating
period and is determined by the dielectric constants. This case is interesting for TE-polarization waves,
since the real part of the diagonal elements of the Toeplitz matrix in the rigorous coupled wave analysis
(RCWA) equations is zero under certain conditions and the imaginary part is negligible in terms of
modulus. At the same time, the elements of the matrix adjacent to the diagonal ones are quite large. That is,
we have a special case, the results of the research of which are presented in this work.

2. Methods of grating diffraction analysis

The studied periodic structure is shown in Fig.1. It is a planar grating with a period A and a

thickness d which is on the dielectric substrate with a permeability of € 3 . Part of the grating with width

FA is metal (Ag) with permeability €,,, and the other part is dielectric with permeability €,;. The

spectral dependence of the dielectric constant of silver, which is presented in analytical form [13], is used
for calculations. It is convenient for numerical calculations. The whole periodic structure is surrounded by

the medium with €. A plane wave falls normally on the grating.

- - -

fa

Fig.1. Schematic of the metal dielectric grating where A is the period of the grating, d is the thickness of the grating, F is
the filling factor of the grating, which is much smaller than unity; metal is represented by the green color.

The RCWA system of linear differential equations, which describes the interaction of a TE-
polarization plane electromagnetic wave with a diffraction grating, has the following form [14,15]
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where 7 where £ j (2) is the electric field strength of the coupled wave with the index j, H j (2) is the
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tangential component of the magnetic field strength with the index j, k jx = kO, = J K , k= 7

b

2n .
0x = 74 /€, SIn 0 Lo - In our case, ko L= 0, since the plane wave falls normally on the grating. The

system of equations (1) is infinite-dimensional, but in practice a truncated system of equations is used. The
number of used equations is determined by the desired accuracy of the analysis.
This system of equations (1) can be presented in matrix form and the matrix equations contain the

Toeplitz matrix. The matrix elements ¢ jp=¢ are equal to the complex coefficients of the Fourier

J=p
series of the dielectric permittivity of the grating medium [14]. A rigorous mathematical justification of
RCWA is given in [15]. Therefore, the diagonal elements of the Teplitz matrix are equal

A P
tj’j Z%J.[(I—F)SZI +F822]dx=(l—F)821 +F822. It means that tj’j =€, equal to the
0

average value of the grating medium dielectric constant.

The real part of the dielectric constant of a metal is a negative value and is much greater than unity
in the modulus in the optical range for noble metals. Therefore, the real part of the diagonal elements ¢ i
will be zero at the certain value of the filling factor F determined from the formula
(1 -F )821 + FR(g,,) = 0. Therefore, it can be written as follows:

S W— )
€y — R(gy)

3. Results and discussion

Firstly, absorption (A), reflection (R), and transmission (T) depending on the grating thickness d at
the wavelength of 405 nm were calculated by RCWA (Fig. 2). Filing factor /' is equal to 0.173 at the

wavelength of 405 nm with €, =1 according to equation (2). In this case, the value ¢ Iy, is equal
t jj = +10.0388 and the average refractive index of the grating medium is

a =4/10.0388 =0.139 +70.139 . It can be seen that the average refractive index has small real and

imaginary parts, which are significantly smaller units. They are also small in a narrow range of
wavelengths relative to 405 nm. The corresponding dependences have an oscillatory character, and the
local maxima of absorption and transmission occur at the same wavelength. In addition, the local maxima
of transmission decrease and the local maxima of absorption increase as the grating thickness increases.
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Fig.2. Dependences of reflectance (R), transmission (T), absorption (A) on the grating thickness d for A = 405 nm with the

following parameters of the periodic structure: F = 0.1F3, g, = g,,= 1, g5 =2.25

The spectral dependences of R, T'and A4 for a grating thickness of 510 nm are presented in Fig. There
is a maximum in the absorption spectral characteristic near the wavelength of 405 nm. Accordingly, there
is a minimum for reflection and a maximum for transmission, which is typical for resonance phenomena of

periodic structures. A certain feature is present at the wavelength of 405 nm, for which R(l‘ j j) =0.
However, such an absorption resonance is spectrally quite broad. The fields at the grating boundaries with

homogeneous dielectric media are close to the amplitude of the incident wave. Therefore, it can be called
as a quasi-resonance.
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Fig.3. Spectral dependences of R, T and A at the grating thickness & = 510 nm with the following grating parameters: A =
100nm, F = 0173 g, = g5, =1, g5 = 2.25.

The following Fig. 4 shows the dependences of R, 7 and A4 on the grating thickness for the
wavelength of 1064 nm. In this case, i = +10.0468, respectively, the average refractive index is

Z =+/710.0468 =0.153+70.153. The reflection coefficient is 0.0022, transmission is 0.874, and

absorption is 0.124 at the grating thickness of 625 nm. Again, there is the oscillating nature of the
coefficients. This oscillatory character allows us to assume that the processes taking place in the tested
structure are similar to those in the Fabry-Perot interferometer, where there is a small absorption. There are
three maxima of transmittance at grating thicknesses d; = 634.6 nm, ds = 1261.3 nm, dg = 1898 nm.
The thickness differences &d between adjacent maxima will be the same and equal to 636.7 nm. This
confirms the assumption that the tested structure is similar to the Fabry-Perot interferometer. The effective
refractive index ngp can be entered for the grating medium. The real part of which can be determined from

the equation as follows:
21R(n,, )d
A

mr, (3)
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where m is whole number.
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Fig.4. Dependence of reflection (R), transmission (T), absorption (4) on the grating thickness d for & = 1064nm with the
Jollowing grating parameters: A = 264 nm, F = 0.0366, g, = g5 = 4,85, = 2.25

A
We can find R(}’lef) = E based on equation (3). In our case, R(nef) =0.836, which is

significantly greater than R(Z ) ) =0.153. This increase in 7 of of the grating medium can be explained

by the fact that part of the photons propagates in the grating medium as in a waveguide due to diffraction
in the £1st order. As a result, photons in the grating are delayed for a time that is longer than the time for

the normal propagation of a photon through the grating, which leads to an increase in 7 of -

The spectral characteristics for a grating thickness of 1900 nm are showed in Fig. 5. The nature of
these curves confirms the previous conclusion regarding the Fabry-Perot interferometer. A slight deviation

from the condition (1 -F )821 + FR(822)= O will appear as the wavelength changes, since F' is

constant for all wavelengths, and €,, depends on the wavelength.
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Fig.5. Dependence of reflection (R), transmission (T), absorption (4) on the grating thickness & = 1900 nm for the

following grating parameters: A = 264 nm, F = 0.0366, g, = &§; = 4,£,, = 2.25

The spectral dependences of R,7 and A with slightly different parameters of the periodic

structure near the wavelength of 405 nm are showed in Fig. 6. Again, there is the oscillatory nature of the
spectral dependences. However, these dependencies are changed slightly compared to Fig. 3 due to

changes in €, and €,;, which leads to the change in the filling factor F.
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Fig.6. Dependence of reflection (R), transmission (T), absorption (4) on wavelength for the following grating parameters:

A=100nm, & =625nm,F = 0321, &, = &, = g5, = 2.25

The spectral dependencies change qualitatively when the grating period is reduced, such as 10 nm.
These R and T dependencies are shown in Fig. 7. The continuous curve represents the equivalent three-

layer structure homogeneous along the X coordinate for =625nm, & =&;= 2.25,
€, =€,,(1 = F)+¢,,F . Filled rings represent the grating with a period A =10nm . Rings represent

the equivalent multilayer structure with the number of layer pairs of N =40, which is shown in Fig. 8. In

this case the thickness of the dielectric nanolayer with €, is equal to d(l B F%V and the thickness of

the metal nanolayer is d% .
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Fig.7. Spectral dependences of R and T for three different structures, for calculations it is assumed that F = 0.321

As the grating period decreases, the number of oscillations in the spectral characteristics decreases,
as shown in Fig. 7. These spectral characteristics become the spectral characteristics of the three-layer

structure with a dielectric constant € =€,,(1 = F)+€,,F . In this case, € =70.0717, which is

practically impossible to realize in the form of a single homogeneous layer. Such an equivalent value of €
can be achieved by using a large number of pairs of dielectric and metal nanolayers. Such a structure is

shown in Fig. 8.
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Fig.8. An equivalent multilayer pattern with a spectrum that closely resembles a 10-nm periodic pattern.
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Conclusion

A study of the periodic structure of the metal-dielectric grating on the dielectric substrate at the
filling factor F where the real part of the average dielectric constant of the grating medium is zero at

certain wavelengths (405 nm and 1064 nm), has been carried out. The dependencies of transmission and
reflection on wavelength and grating thickness for the grating period of 100 nm have an oscillatory
character. Moreover, these dependencies are similar to those of a Fabry-Perot interferometer, in which the

effective part of the effective refractive index of the grating medium R(7 ef) is significantly higher than

R(n2). Such an increase in 1 of of the grating medium can be explained by the fact that photons are

delayed by the time due to diffraction. This time is greater than the time for normal photon propagation
through the grating.

The grating can be replaced by an equivalent multilayer structure with periodic alternation of metal
and dielectric when the grating period is much smaller than the wavelength, in particular 10 nm. The
number of layer pairs should be large enough, in our case 40 pairs.
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KBA3IPE3OHAHCHE ITOITIMHAHHSA TE ITOJIAPN30BAHUX XBUJIb
METAJO-AIEJEKTPHYHUMU IPATKAMU

Boaoaumup ®irso, Imurtpo Ipoxonens, Ipuna Apemuyk
Hayionanvuuii ynisepcumem «JIvsiecoka nonimexuicay eyia. C. Banoepu, 12, 79013, Jlvsis, Yrpaina

Y pobotTi mpoBeneHO 4HCENbHE JOCHIIKEHHS KBasipe3oHaHCHOro mornuHaHHsS TE-
MOJSIPU30BAaHUX XBHJIb IIEPIOJMYHOI0 CTPYKTYPOIO THILy MeTajeBa TIpaTKa 3aloBHEHa
JieeKTPUKOM Ha TieNeKTpHYHINA migkiaani. [lapameTpu Takoi MeTano-IieeKTpHIHOl TPaTKH,
30KpeMa Iepion, migiOpaHi TakuMu, II00 He BUHUKAB XBIJICBOTHHHA pe3oHaHC y rpatmi. IIpo
BIICYTHICTh PE30HAHCYy CBiAYaTh HM3BKI TMOJS HA MeXax IpaTKd 3 OJHOPITHHUMH
JIeNeKTPHYHIMH cepeqoBhIaMy. KBasipe3oHaHCHA B3a€MOJisS TPOSBISIETHCS IPU YMOBI,
SKIIO peajibHa YacTHHA HYJBOBOI TapMOHIKM PO3KJIAQAY Mi€NeKTPHYHOI MPOHHKHOCTI
cepenoBuia rpatku B psag @Dyp’e piBHa Hymo. 3 1i€l yMOBHM BH3HAUYa€ThCS KOE(ILi€HT
3allOBHEHHSI TIpaTKH, SKUM Habarato MeHmWi oxuHuii. Po3paxoBaHo KoedilieHTH
MIOTJIMHAHHS, BiIOMBAHHS Ta MPOITYCKAHHS B 3AJICXKHOCTI BiJ TOBIIMHHU TPAaTKH IS poOOUMX
nmoexuH xBriai 405 am ta 1064 HEM. BignoBigHi 3aJ1e)KHOCTI MalOTh OCLIUTIOIOYHH Xapakrtep i
JIOKaITbHI MaKCHMYyMH TIOTJIMHAHHS Ta MPOITYCKaHHS BilOYBAIOTHCS HA ONHIN JOBXHHI XBHIIL.
Hns toBmumHM Tpatkd 510 HM, moOiam3y momxuHH XBWiai 405 HM Ha CIEKTpaJIbHIN
XapaKTepUCTHLl TOTJIMHAHHA CIOCTEpITraeThCS MAaKCHUMyM, BiATOBIAHO MiHIMYM Ui
BiIOMBaHHSA 1 MakCHMMyM M IIPOIyCKAaHHS, IO € THIIOBUM M PE30HAHCHUX SBHII B
MEPIOANYHUX CTPYKTypax. IIpoTe Takuii pPE30HAHC MOMIMHAHHA € CICKTPAJIbHO JOCHTh
IMUPOKHUM, a MOoJIA Ha MEXKax rpaTKI/I 3 OJIHOpiZ[HI/IMI/I HieﬂeKTpH'—IHI/IMI/I cepcaoBullaMu €
OJM3BKUMHU JI0 aMILIITY U Tafato4oi xBuii. [Ipu ToBIIMHI rpaTku 625 HM Ha poOOUil JOBKHUHI
xBuwiai 1064 HM CHEKTpaibHI XapaKTEepUCTHUKH JIOCHTIPKYBaHOI CTPYKTYPH TaKOX MAaroTh
ocumtorounii xapakrep. Lle n03Bossie 3pOOUTH MPUIYIIEHHS, IO MPOLECH, SIKi IPOXOASATH B
JIOCHIJKYBaHIi CTpyKTypi noaiOHi mo mpoueciB B iHTepdepomerpi Pabpi-Ilepo, y sikomy
NPUCYTHE HEBEJIHMKE NOMIMHAHHA. 3MEHIICHHS Hepiofy I'PaTKH NMPUBOAUTH 10 3MEHIICHHS
KUTBKOCTI  OCIWUIAIIN Ha  CHEKTPANIbHUX  XapaKTepPHUCTHKaX, a caMi CIeKTpalbHi
XapaKTePUCTUKH MPAMYIOTB JI0 CIIEKTPaJbHUX XapaKTEPUCTHK TPHUIIAPOBOI CTPYKTypH. OTiKe,
SIKIIO TIepiof IpaTKW HAabararo MEHIIMKA IOBXHHU XBWJI, TO TaKy I'PaTKy MOXKHA 3aMiHHUTH
€KBIBaJICHTHOIO 0araTomapoBOI0 CTPYKTYpOIO, B SKiif IOCTIIOBHO YepryloThCS MeTan i
JIETIEKTPHK 1 sIKa MaTHUMe MPUOJIU3HO Ti caMi CIIEKTPaNIbHI XapaKTePUCTHKH.

KnarwuoBi caoBa: cpamka; 6azamowaposéa cmpykmypa; Keazipe3oHauc, CneKmpanbHi
3a1eAHCHOCMIE; NONUHAHHS, NPONYCKAHHA Ma 8i00UBAHHS
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