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Physical approaches to the design of functional metal-dielectric systems
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The possibilities of practical implementation of physical approaches to the design of metal-dielectric photonic

crystal systems based on opals, which allow controlling the propagation of electromagnetic waves, are

shown. The implemented approaches are based on the effects of excitation of surface plasmon-polaritons

capable of propagating along the metal-dielectric interface in plasmonic-photonic layered heterostructures,

and modification of the photonic-energy structure of the nanocomposite as a result of dispersion of

silver in the opal matrix. Experimental results are presented indicating the occurrence of extraordinary

transmission and absorption of light in plasmonic-photonic heterostructures, as well as the asymmetric

shape of curves in the reflection spectra of nanocomposites, which is associated with the Fano reso-

nance.
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Introduction

The dynamic increase of physical knowledge to be

mastered, inherent in the development of electronics and

photonics, updates the designing of devices at the physical

level, which is reflected in the academic literature of the

past years (for instance, [1]). This approach is applied in this

paper to functional metal-dielectric systems of photonics.

A prominent place among the functional materials of

photonics, which allow for control of electromagnetic

(EM) radiation flows by directional modification of light

transmission and reflection spectra is held by photonic

crystals (PCs) [2,3], having a spatial periodicity of the

refraction index (RI), which gives rise to forbidden energy

states for light with a wavelength comparable to the period

of structure — photonic bandgaps (PBGs).
Many devices of contemporary photonics were developed

based on plasmon-photon heterocrystals (PPHC) [4], being
various combinations of PC layers in contact with thin

metal films. Functional improvement of such systems as

compared to conventional PCs is performed by energy

transfer along the metal−dielectric interface by surface

plasmon polaritons (SPP) [5], movement of which can be

controlled, as predicted by the theory [6–8]. These effects

are of interest for the creation of waveguide structures

in the SHF [9], terahertz [10] and visible [11] ranges,

new types of lasers [12] and light-emitting diodes [13],
fiber-optic refractometers [14], sensors [15,16], optical

logic elements [17], high-speed optical data transmission

channels [18], as well as for loss reduction in Bragg

gratings [19], size reduction, increase of operating frequency

and efficiency of information processing and transmission

devices [20].
Designing of plasmon-photonic device should take into

account the fact that, in addition to SPPs that propagate

along the metal−dielectric interface, when certain condi-

tions are met (as a rule, with normal light incidence onto

the light
”
metal−PC“ interface [21]), Tamm optical states

originate in the form of standing surface waves which

do not carry the energy along the surface and can be

experimentally found according to the narrow transmission

peak in the PBGs of PCs [22].
Another approach to engineering of functional metal-

dielectric systems with specified properties consists in

modification of the specimen’s photonic energy structure

through dispersion of the metal in the dielectric matrix of

opal.

In order to implement both approaches, in this paper

we have conducted experimental studies of model layered

metal-dielectric systems which contained silver (it was

the main plasmon material having the minimum losses

in the visible and near infrared spectrum regions [12]),
as well as PCs based on

”
solid“ synthetic opals consist-

ing of identical spheres (globules) having a diameter of

hundreds of nanometers [23], which can act as three-

dimensional PCs [24–28].
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1. Use of SPP to modify optical
properties of opal-based PPHCs

It is known that SPP excitation is performed using

special experimental methods [11] developed by A. Otto,

E. Kretschmann and other researchers. One of these

methods creates a periodic texture at the metal−dielectric

interface, which ensures simultaneous fulfillment of the

energy conservation law and the impulse law upon SPP ex-

citation. We have implemented this periodic texture by

application of a metal film on intermittently arranged opal

globules (Fig. 1) [29]. In this case, the impulse law

upon light incidence onto a grating with period a can be

written as [11]:
β = kx + 2πl/a, (1)

where β and kx are projections of the SPP wave vector and

the incident light wave onto the interface respectively, l is

an integer.

The interfaces profiled layer of silver−monolayer of opal

globules’ and profiled layer of silver−air, which ensure com-

pliance of the morphology of a cohesive metal coating with

peculiarities of the surface of the initial PC, were obtained

by magnetron sputtering of the substance using the ATC

ORION SERIES SPUTTERING SYSTEM. The methods for

preparation and study of specimens of Ag/SiO2/Ag/ML/Ag

PPHC, produced by application of a silver layer (Ag),
a dielectric layer (SiO2) and a monolayer (ML) of opal

globules onto a glass substrate in the specified sequence are

described in [30–32].
SPP excitation causes the formation of maxima that cor-

respond to extraordinary transmission (EOT) in the trans-

mission spectra of these specimens of Ag/SiO2/Ag/ML/Ag

PPHC. Thereat, as seen from Fig. 2, the spectral position

of these maxima correlates with the position of the deep

minima in the reflection spectra of the studied specimens

(in this case, they are close to the wavelengths λ1 = 489 nm

and λ2 = 584 nm). The latter indicates that the energy of an

incident EM wave is partially consumed for SPP excitation.

Apparently, the condition (1) in the given spectrum regions

is met for the interfaces between the profiled metal film

and air (at the wavelength λ1) and the solid dielectric (at
the wavelength λ2).
Fig. 3 shows angular dispersion of the spectral position

of the long-wave maximum which corresponds to ex-

k

Metal

Opal globules

Figure 1. Use of the periodic texture at the metal−dielectric

interface for SPP excitation (k — wave vector of the incident

electromagnetic wave) [29].
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Figure 2. Transmission (1) and reflection spectra (2) of a

hybrid Ag/SiO2/Ag/ML/Ag plasmon-photonic crystal with the light

incidence angle θ = 16◦.
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Figure 3. Angular dispersion of the spectral position of the

long-wave maximum of EOT for the hybrid Ag/SiO2/Ag/ML/Ag

plasmon-photonic crystal.

traordinary transmission of the hybrid Ag/SiO2/Ag/ML/Ag

plasmon-photonic crystal. The position of the short-wave

maximum of EOT, as demonstrated by the experiment, is

almost independent of light incidence angle.

The law of SPP dispersion at the metal to dielectric

interface with the refraction index n can be presented

as [11,29]:

β2 = (ω2n2/c2){1 + (ω2n2/[ω2
p − ω2(1 + n2)]}, (2)

where c is the speed of light in vacuum, while the plasma

frequency for silver ωp considerably exceeds the EM wave

frequency ω = 2πc/λ. Estimation of the effective RI of the

opal globule monolayer in the implemented PPHC using

formulas (1) and (2) with the experimentally obtained wave-

lengths λ1 and λ2, which correspond to the extraordinary

transmission maxima at a small light incidence angle, period

a = D
√
3/2 ≈ 357 nm of the studied two-dimensional grat-
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ing of polymethylmethacrylate globules having the diameter

D ≈ 413 nm [32,33] gives n ≈ 1.27. This magnitude is

slightly lower than the calculated value of the effective

refraction index for the monolayer (neff ≈ 1.32 [32]), which

is apparently due to the loose packing of opal globules in

the monolayer.

Our experiments have demonstrated that, along with

extraordinary transmission (EOT), intensive extraordinary

absorption (EOA) also occurs in the considered systems

under certain conditions [31,32]. We think that the

observed phenomena are related to excitation of superficial

plasmon-polaritons of two types:
”
light“, accountable for

extraordinary transmission, and
”
dark“ones, causing extraor-

dinary absorption; they propagate along the profiled metal

layer−dielectric interfaces.

An Ag/SiO2/Ag resonator (interference filter) was added

into the structure successively with a monolayer of

Ag/ML/Ag opal globules for monitoring of extraordinary

absorption; the Ag/SiO2/Ag/ML/Ag PPHC was created as a

result. Approaches to interpretation of transmission spectra

of such a layered system and its components have been

suggested in [31,32].
If we suppose that the Ag/ML/Ag plasmon-photonic

crystal and the Ag/SiO2/Ag resonator (with transmission

coefficients T1(λ) and T2(λ) respectively) convert the EM

radiation as two series-connected independent passive op-

tical elements, then an evident equality would exist for

the transmission coefficient of Ag/SiO2/Ag/ML/Ag PPHC:

T3(λ) = T1(λ)T2(λ), so that the r = T3(λ)/
(

T1(λ)T2(λ)
)

ratio in the entire studied spectrum region would be equal

to one. As has been experimentally shown, the reality

is different: quantity r depends on wavelength, while the

spectral dependence r(λ) (Fig. 4, curve 1) demonstrates

deep minima of EOA (at 392 and 760 nm for the incidence

angle θ = 16◦), the position of which almost coincides with

the minima in the resonator reflection spectrum (Fig. 4,
curve 2) at all angles of light incidence onto a specimen.
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Figure 4. Spectral dependence of r = T3(λ)/
(

T1(λ)T2(λ)
)

(1)
ratio and reflection spectrum R(λ) of Ag/SiO2/Ag resonator (2).
Light incidence angle θ = 16◦.

It is interesting to note that the inherent effects of

superficial plasmon-polaritons were not observed in the

control experiments with the Ag/ML/Ag/SiO2/Ag PPHC

with a reverse sequence of layers, when opal globules

were in contact with a flat silver resonator film (and not a

profiled one with the same morphology as the layer of

opal globules). In this case the monolayer of Ag/ML/Ag

opal globules and the Ag/SiO2/Ag interference filter in

fact operated as two series-connected independent passive

optical elements, the r = T3(λ)/
(

T1(λ)T2(λ)
)

ratio was

close to one, while the above-mentioned noticeable EOT

and EOA effects were not observed. It again emphasizes

the importance of the use of a profiled interface between the

metal film and the dielectric for SPP excitation in periodic

structures.

The aforesaid is also confirmed by the experimental

results obtained in [34], according to which SPPs were not

excited in cases when silver was deposited on opal globules

not in a continuous layer, but in the form of separate widely

spaced clusters, which hindered the
”
overflow“ of plasmon-

polaritons.

It should be noted that when silver in PPHC was replaced

by gold [32], the specimens’ transmission spectra also

contained no peculiarities indicative of SPP excitation. In

our opinion, this fact can be explained by strong absorption

of light due to interband transitions in gold, which fall

within the spectral region under study, as distinct from

the corresponding transitions in silver [11,20,35]. It must

be noted that the authors of [36,37] have observed effects

related to the formation of plasmons at the Au-opal globules

interface, in the specimens’ reflection and Raman scattering

spectra.

2. Directional change in the energy
structure of photon-crystalline
materials through the injection of
metal nanoparticles into
the opal matrix

Functional capabilities of a metal-dielectric specimen in

control of EM-radiation flows can be also enhanced through

directional modification of photon-energy structure (PES)
of the nanocomposite based on a

”
solid“ opal. It is known

that metal-dielectric systems based on such opals can be

made by metal injection into a porous dielectric matrix. This

can be done using both chemical methods [26,38,39] and

electric thermal diffusion [29–32].
Dispersion of various substances in a regular system

of opal matrix cavities usually causes an increase of the

refraction index (RI) and decrease of its contrast, which, in

its turn, causes a long-wave shift of the maxima in the Bragg

reflection spectra and decrease of the photonic bandgap

(PBG) (widening of the PBG is usually possible only in

inverted opals) [29].
Our experiments have shown that the maxima in the

Bragg reflection spectra demonstrate a standard long-wave

Technical Physics, 2022, Vol. 67, No. 2



March 2, 2023 0:14 1st draft

Physical approaches to the design of functional metal-dielectric systems based... 235

550 600 650 700
0

0.2

0.4

0.6

0.8

1.0

3

2

1

l, nm

R

Figure 5. Normalized spectra of Bragg reflection at the light

incidence angle θ = 30◦: 1 — for the initial opal matrix, 2 — for

the Ag/opal nanocomposite specimen obtained by electric thermal

diffusion, 3 — for the Ag/opal specimen after heating in iodine

vapors.

offset in case of a low concentration of silver nanoparticles

in an opal matrix. However, as current density increases

upon silver injection into the opal by electric thermal

diffusion, we can see not only a significant shift of the

maxima of Ag/opal photonic crystal’s Bragg reflection to

the
”
red“ region at fixed values of the light incidence angle,

but also a significant widening of the band in the reflection

spectrum, which, moreover, becomes asymmetrical (Fig. 5,
curves 1 and 2).
Such a profile is typical for the Fano resonance [40–43]

which is caused by interference of two wave processes.

One of these processes in this case can be a sharp Bragg

diffraction resonance in the PC, while the second one

is broad-band radiation scattered on random defects of

the opal matrix structure and discontinuities — dendrites

which, as seen in the electron microscope images [29–31],
originate during high-temperature electrolysis at points of

silver penetration into the opal matrix.

It should be noted that, as a result of treatment of the

Ag/opal nanocomposite in iodine vapors, an unusual
”
blue“

offset of the maximum of the initial opal specimen’s Bragg

reflection (Fig. 5, curve 3) is observed in some cases,

along with a decrease of width and asymmetry of the long-

wave band in the reflection spectrum, which is due to the

presence of silver in the nanocomposite. It can be assumed

that inhomogeneity of the Ag/opal specimen as a result of

its treatment with iodine vapors considerably increases, so

that the long-wave and short-wave bands on curve 3 (Fig. 5)
correspond to different specimen areas. Thereat, the main

contribution to the
”
blue“ shift of the maximum in the

opal matrix reflection spectrum is apparently made by the

decrease in the effective refraction index of the specimen,

which indicates a local increase of its porosity.

This fact can be related to the partial breakdown of

dendrites due to metal interaction with iodine vapors and

formation of additional voids in the composite material

structure. Such a short-wave shift of the reflection spectrum,

not observed in I/opal [44] and AgI/opal nanocompos-

ites [45], provides additional possibilities of directional

modification of the PES of a composite photonic crystal

based on an opal matrix.

Conclusion

The paper has described the possibilities of physical-

level designing of two types of model photonic-crystal

metal-dielectric opal-based systems intended for control of

electromagnetic radiation propagation:

1) layered structures obtained by successive deposition of

metal and dielectric films onto a monolayer of opal globules;

2) Ag/opal nanocomposites based on
”
solid“ opal matri-

ces where silver was injected by electric thermal diffusion.

The use of opals as PCs in systems of the first type makes

it easy (from the technological viewpoint) to ensure the

required compliance of the morphology of the deposited

metal coating with the peculiarities of the initial PC, so

that the necessary phase synchronism condition for SPP

excitation at the metal−dielectric interface is met. Both

extraordinary optical transmission (EOT) and extraordinary

optical absorption (EOA) take place, and the corresponding

minima are observed in the specimens’ reflection spectra in

both cases.

Dispersion of silver into the opal matrix in systems of

the second type has modified the system’s photon-energy

structure, which resulted in widening and asymmetry of

bands in the specimens’ reflection spectra conditioned by

the Fano resonance.

The considered approach can be of interest for developers

in the creation of optical systems of photonics and nanoplas-

monics using photonic-crystal materials having controlled

properties.
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2D Materials, 6 (4), 045023 (2019).

DOI: 10.1088/2053-1583/ab2f05

[9] D.A. Usanov, A.V. Skripal’, V.N. Posadskii, V.S. Tyazhlov,

A.V. Baikin. Tech. Phys., 64 (10), 1523 (2019).

DOI: 10.1134/S1063784219100232

[10] B.A. Knyazev, A.V. Kuzmin. Vestnik NGU. Ser. fiz., 2 (1), 108

(2007) (in Russian).

[11] S.A. Maier. Plasmonics: Fundamentals and Applications

(Springer, NY., 2007)

[12] V.I. Balykin. UFN, 188 (9), 935 (2018) (in Russian).

DOI: 10.3367/UFNr.2017.09.038206

[13] Xingce Fan, Qi Hao, Teng Qiu, Paul K. Chu. J. Appl. Phys.,

127, 040901 (2020). DOI: 10.1063/1.5129365

[14] M.G. Guschin, D.O. Gagarinova, S.A. Plyastsov, T.A. Var-

tanyan. Opt. i spektr., 129 (9), 1212 (2021) (in Russian).

DOI: 10.21883/OS.2021.09.51353.2264-21

[15] S. Ganesan, S. Maricot, J.-F. Robillard, E. Okada, V.-T. Ba-

kouche, L. Hay, J.-P. Vilcot. Sensors, 21, 2035 (2021).

DOI: 10.3390/s21062035

[16] D.V. Nesterenko, R.A. Pavelkin, Sh. Khayashi. Komp. opt.,

43 (4), 596 (2019) (in Russian).

DOI: 10.18287/2412-6179-2019-43-4-596-604

[17] P. Li, Y. Wang, P. Xu. Appl. Opt., 58 (16), 4205 (2019).

DOI: 10.1364/AO.58.004205

[18] A.B. Petrin, O.D. Vol’pyan, A.S. Sigov. Tech. Phys., 63 (3), 422

(2018).

DOI: 10.1134/S1063784218030192

[19] E.A. Kadomina, E.A. Bezus, L.L. Doskolovitch. Komp. opt.,

42 (5), 800 (2018) (in Russian).

DOI: 10.18287/2412-6179-2018-42-5-800-806

[20] V.V. Klimov. Nanoplazmonika (Fizmatlit, M., 2010) (in

Russian)

[21] S.Y. Vetrov, R.G. Bikbaev, I.V. Timofeev. J. Exp. Theor. Phys.,

117, 988 (2013). DOI: 10.1134/S1063776113140185

[22] A.P. Vinogradov, A.V. Dorofeenko, A.M. Merzlikin,

A.A. Lisyansky. UFN, 180 (3), 249 (2010) (in Russian).

DOI: 10.3367/UFNr.0180.201003b.0249

[23] V.G. Balakirev, V.N. Bogomolov, V.V. Zhuravlev,

Yu.A. Kumzerov, V.P. Petranovskii, S.G. Romanov,

L.A. Samoilovich. Crystallogr. Rep., 38 (3), 348 (1993).
[24] V.N. Astratov, V.N. Bogomolov, A.A. Kaplyanskii, A.V. Pro-

kofiev, L.A. Samoilovich, S.M. Samoilovich, Yu.A. Vlasov.

Il Nuovo Cimento, 17D (11–12), 1349 (1995).
[25] G.N. Aliev, V.G. Golubev, A.A. Dukin, D.A. Kurdyukov,

A.V. Medvedev, A.B. Pevtsov, L.M. Sorokin, J.L. Hutchison.

Phys. Solid State, 44 (12), 2224 (2002).
DOI: 10.1134/1.1529915

[26] V.S. Gorelik. FTT, 51 (7), 1252 (2009). [V.S. Gorelik. Phys.
Solid State, 51 (7), 1321 (2009).
DOI: 10.1134/S1063783409070014]

[27] P.V. Dolganov, V.M. Masalov, N.S. Sukhinina, V.K. Dolganov,

G.A. Emel’chenko. Phys. Solid State, 56 (4), 746 (2014).
DOI: 10.1134/S1063783414040088

[28] E. Armstrong, C. O’Dwyer. J. Mater. Chem. C, 3, 6109

(2015). DOI: 10.1039/c5tc01083g
[29] A.I. Vanin, Yu.A. Kumzerov, A.E. Lukin, V.G. Solov-

yev, S.D. Khanin, M.V. Yanikov. Peredacha i preo-

brazovaniye elektromagnitnogo izlucheniya v fotonno-kris-

tallicheskikh strukturakh i metallodielektricheskikh kom-

pozitsionnykh sistemakh na osnove opalov (Pskov State

University, Pskov, 2017) (in Russian)
[30] A.V. Cvetkov, V.I. Gerbreders, S.D. Khanin, A.E. Lukin,

A.S. Ogurcovs, S.G. Romanov, V.G. Solovyev, A.I. Vanin,

M.V. Yanikov. Proc. of the 11th Int. Scientific and Practical

Conference: Environment. Technology. Resources (Rezekne,
Latvia, 2017), v. 3, p. 37. DOI: 10.17770/etr2017vol3.2660

[31] A.I. Vanin, A.E. Lukin, S.G. Romanov, V.G. Solovyev,

S.D. Khanin, M.V. Yanikov. Phys. Solid State, 60 (4), 774

(2018). DOI: 10.1134/S1063783418040339
[32] A.I. Vanin, Yu.A. Kumzerov, S.G. Romanov, V.G. Solovyev,

S.D. Khanin, A.V. Cvetkov, M.V. Yanikov. Opt. Spectr.,

128 (12), 2022 (2020). DOI: 10.1134/S0030400X20121078
[33] S.G. Romanov. Phys. Solid State, 59 (7), 1356 (2017).

DOI: 10.1134/S1063783417070216

[34] A.A. Semenova, E.A. Goodilin, A.P. Semenov, I.A. Semenova.

Bull. Russian Academ. Sci.: Phys., 83 (11), 1415 (2019).
DOI: 10.3103/S1062873819110200

[35] M. Born, E. Volf. Osnovy optiki (Nauka, M., 1970) (in
Russian)

[36] C. Lethiec, G. Binard, T. Popescu, H. Frederich,

P. Ngoc Hong, E. Yraola, C. Schwob, F. Charra, L. Coolen,

L. Douillard, A. Maı̂tre1. J. Phys. Chem. C, 120 (34), 19308
(2016). DOI: 10.1021/acs.jpcc.6b05718

[37] E.V. Panfilova, A.A. Dobronosova. Inzhenerny zhurnal: nauka

i innovatsii, 8, 1 (2017) (in Russian).
DOI: 10.18698/2308-6033-2017-8-1650

[38] A.F. Belyanin, A.S. Bagdasaryan, S.A. Bagdasaryan,

E.R. Pavlyukova. Zhurn. radioelektron., 1, 1 (2021) (in
Russian). DOI: 10.30898/1684-1719.2021.1.6

[39] O.V. Andreeva, A.I. Sidorov, D.I. Stasel’ko, T.A. Khrushcheva.

Phys. Solid State, 54 (6), 1293 (2012).
DOI: 10.1134/S1063783412060029

[40] U. Fano. Phys. Rev., 124, 1866 (1961).
[41] M.V. Rybin, A.B. Khanikaev, M. Inoue, K.B. Samusev,

M.J. Steel, G. Yushin, M.F. Limonov. Phys. Rev. Lett., 103,

023901 (2009). DOI: 10.1103/PhysRevLett.103.023901
[42] M.V. Rybin, A.B. Khanikaev, M. Inoue, A.K. Samusev,

M.J. Steel, G. Yushin, M.F. Limonov. Photon. Nanostruct.,

8, 86 (2010).

Technical Physics, 2022, Vol. 67, No. 2



March 2, 2023 0:14 1st draft

Physical approaches to the design of functional metal-dielectric systems based... 237

[43] M.F. Limonov, M.V. Rybin, A.N. Poddubny, Y.S. Kivshar. Nat.

Photonics, 11, 543 (2017). DOI: 10.1038/nphoton.2017.142
[44] A.I. Vanin, Yu.A. Kumzerov, V.G. Solov’ev, S.D. Khanin,

S.E. Gango, M.S. Ivanova, M.M. Prokhorenko, S.V. Trifonov,

A.V. Cvetkov, M.V. Yanikov. Glass Phys. Chem., 47 (3), 229
(2021). DOI: 10.1134/S1087659621030123

[45] A.V. Il’inskii, R.A. Aliev, D.A. Kurdyukov, N.V. Sharenkova,

E.B. Shadrin, V.G. Golubev. Phys. Status Solidi A, 203 (8),
2073 (2006). DOI: 10.1002/pssa.200521305

Technical Physics, 2022, Vol. 67, No. 2


