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ABSTRACT

The possibility of strong modification of the reflection spectrum of a one-dimensional photonic crystal using a dilute two-
dimensional array (monolayer) of metal nanoparticles is demonstrated. Using analytical and numerical methods, it is
shown that the reflection of electromagnetic wave in the photonic bandgap range can be completely suppressed by
nanoparticles located in the surface dielectric layer. In this case, the entire energy of the incident wave is absorbed by metal
nanoparticles. The dependence of the absorption spectra of hybrid photonic structure on the array parameters is studied.
The theoretical findings and predictions are verified by numerical simulation results. The obtained results can be used to
create filters, polarizers and absorbers for predetermined frequencies in the visible and near-IR domains.
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INTRODUCTION

Noble metallic nanoparticles (NPs) can exhibit valuable properties such as localized surface plasmon resonance
(LSPR), which can find various optoelectronic and photonic applications. The LSPR is based on the collective
oscillation of electrons in individual NP and depends on its shape and size and the surrounding dielectric medium.
Due to the LSPR, the large electro-magnetic field enhancement, absorption and scattering can occur [1-3]. The peak
position and bandwidth of LSPR can be determined by the size, shape and geometry of NPs, which makes it tunable
conveniently by controlling those structural factors of plasmonic NPs [4-6]. One of the unusual manifestations of
plasmon resonance response is the resonant effective permittivity of metal-dielectric nanocomposites (3D arrays of
NPs embedded in a host material), whereas the optical characteristics of the initial materials have no resonant features
[7-10]. The well-established properties of NP arrays have been put to use in the last decades for the design of sensors
[11], anti-reflection optical coatings [12,13], polarization-sensitive structures [6,8,14,15], filters and absorbers
[6,12,16] with thickness less than light wavelength.

Enhanced light-matter interaction can be achieved by incorporating NPs into the photonic crystal structures, in
particular into the microcavity formed by distributed Bragg reflectors (DBRs) [17-21]. The plasmonic absorber effect
can be achieved using 2D arrays of nanoparticles that are embedded at position of the localization of the optical field
inside microcavity [22-25]. When placing 2D NP arrays outside the microcavities a strong coupling of the photon and
plasmon subsystems is greatly weakened. In this work, we show the possibility of strong modification of the spectral
and absorption characteristics of a highly reflective structure such as distributed Bragg reflector (DBR) with the use
of a 2D array of metallic NPs inside a surface dielectric layer (outside the microcavity).

DESCRIPTION OF THE SYSTEM AND ANALYTICAL METHODS

We consider a complex structure composed of distributed Bragg reflector (DBR) and composite layer with 2D array of
metallic NPs (Fig. 1). A unit cell of DBR is formed from layers of dielectric materials A and B with the thicknesses da and
ds and relative permittivities ¢, and ¢, , respectively. The thicknesses da and dg satisfy the Bragg condition of resonant

reflection at vacuum wavelength Ap:
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The composite layer is formed from homogeneous dielectric material C with relative permittivity ¢. and an embedded

2D array of metallic NPs M. The array M is formed by identical metal NPs of spheroidal shape. This array divides layer C
with the thickness d¢ into two layers Ciand C,. Layer C, with the thickness d, separates the NP array from DBR.

All NPs are identical and characterized by aspect ratio & =a,/a, (a, >a,), where a; and a are the half-lengths of
their polar and equatorial axes, respectively. The NPs are ordered in a periodic 2D array with a square unit cell whose
period p is the interparticle distance. The polar axis of the NPs is parallel to the z axis of the Cartesian coordinate system
(z axis is perpendicular to the interfaces of the DBR). Translational invariance is assumed along the x and y axes. The

dimensions of the NPs are much smaller than the wavelength of the optical wave ({2a,,2a, } << 4, /\/Z )-

Thus, the entire hybrid structure is described by the formula C1.MC;[AB]V, where N is the number of periods of the
DBR. It is surrounded by air, and we assume that an incident plane wave impinges under normal incidence on the left-
hand side of the structure, at z = -dc of a Cartesian coordinate system. The time dependence of the electromagnetic fields
is taken as exp (—iwt), where o= 2nc/ o is the angular frequency of the incoming plane wave. The dimensions of the
layers along the x and y axes are much larger than their thicknesses along the z axis, so that the boundary effects along the
x and y directions are neglected.

(‘1

Figure 1. Schematic of the hybrid structure C1iMC2[AB]N : the surface layer C with embedded 2D array of NPs M is adjacent
to the DBR [AB]N with a unit cell formed from layers A and B. The 2D NP array is formed by identical metal NPs of ellipsoidal
shape with polar axis parallel to the z axis.

In order to calculate the spectral characteristics of the complex photonic structure with an embedded 2D array of NPs,
we use the transfer matrix formalism. The transfer matrix of the whole structure is obtained through a sequential product
of interface matrices and propagation matrices as shown below.

The transfer matrix for an internal interface separating two homogeneous dielectric media with refractive indexes n; ,
and n;, involves complex Fresnel reflection (r;) and refraction (t; ) coefficients [26]:

N 1(1 n_,—-n
';z_( JJ'W=H—1=” : @

Ny +n,

The transfer matrix for 2D NP array, on the other hand, is expressed in terms of reflection coefficient r"* . For the

two orthogonal longitudinal (parallel to the x axis) and transverse (parallel to the y axis) polarization states, these
coefficients and the corresponding interface matrix for the NP array are [27]:
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where o =V (&, — &) / (9(¢, —&.) + &) is the complex polarizability of an individual spheroidal NP in an external optical field
applied along the x- or y-axis, ¢, is relative permittivity of the NP, v = 47a a2 /3 isthe volume of the NP, and g is a geometric factor
accounting for the influence of the shape of the NP on its induced dipolar moment, with

g=(1-&)" (1— £(1-£%) " arcsin (1- £ )ﬂz) [28].

The optical fields at two adjacent interfaces j and (j+1)™ surrounding the j" homogeneous layer j are related via the
propagation matrix Ifj defined as [26]:

—ik,Je.d) 0
‘- exp(iky [z;d)) |
0 exp(iko\/Zdj)

Overall, the complex amplitudes of the incident E,, reflected E,, and transmitted E, optical fields are related through

4)

2N+l

I Ijlfj_mj I,y., Of the entire structure, with
j=2

!

and the reflectivity and transmittivity of the system are obtained as

the transfer matrix G = fllfllmlfz[

2 A 12 2 A 2
T=E/E| 2’611’ . R=[E/E| =T’621’ . (6)
These formulas alows to calculate transmittivity and reflectivity spectra of the photonic structure with 2D NP array.

NUMERICAL RESULTS AND DISCUSSION

For the numerical calculations, the unit cell of the DBR is considered to be formed by TiO, (material A) and SiO; (material
B), the matrix material of the composite layer C is the same as that of layer B, so that . = &, . The calculations are carried

out taking into account the frequency dispersion of the dielectric permittivity of materials [29,30]. Alternate layers A and B, repeated
N = 10, have respective thicknesses d, ~ 47 nmand d, = 73 nm. These thicknesses provide a photonic bandgap centered

at 4,, =430 nm wavelength according to Eq. (1).

The 2D NP array is considered to be formed by silver (Ag) NPs. To describe the optical properties of single silver NP,
we use the expression of the Drude model [31]:

@,
gp(a)):go_z—.v (7)
o +loy
where &, =5 is the constant taking into account the contributions of interband transitions of bound electrons,
o, =135 -10% s is the plasma frequency, and » =5.5-10"s is the relaxation parameter, describing the effective electron

scattering rate [32]. For the NPs y should be replaced by y,, which results not only from the electron collision rate in the
metal, but also from the electron collisions with the particle boundary, so that

V
Ine w+f (8)

with v, =1.4-10° m/s being the Fermi velocity for silver [33]. In Eq. (8) s is the characteristic radius of NP in the direction of the
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external field. Calculations show that the correction taking into account the finite size of the particle leads to a significant variation of
the NP permittivity ¢ for s <15 nm [34,35]. For the geometry under consideration s = b.

Let us consider the spectral characteristics of the 2D array of spheroidal Ag NPs embedded in an infinite SiO> medium.
Here and below, the length b of equatorial axis of NPs is taken equal to 10 nm. The Figure 2 shows the absorption and
transmission spectra for different values of the aspect ratio ¢ between the lengths of the polar and equatorial axes of NPs

and for the different values of the interparticle distance p. The plasmon resonance of the NP array is exhibited by the peak
in the absorption spectra and by the deep in the transmission spectra. It can be seen from Figure 2(a) that compared to case
of spherical NPs (¢ = 1), the resonance wavelength of the NP array exhibits a red shift for the oblate NPs (¢ < 1) and a blue
shift for the prolate NPs (¢ > 1). Figure 2(b) shows that the variation of the interparticle distance p affects mainly the
amplitude of the scattered light wave.
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Figure 2. Absorption (red lines) and transmission (blue lines) spectra of the 2D array of Ag NPs embedded in infinite SiO2
medium, obtained by analytical method. The parameters of the array of NPs: (a) p =70 nm, £ =0.75, 1, 1.25; (b) =1, p =
30, 70, 110 nm. Gray arrows indicate the directions of increasing parameters & and p.

In order to verify the used analytical method, we compare the results with FEM calculations conducted in COMSOL
Multiphysics. The results of analytical calculations and numerical simulations for a wide range of particle-to-interface and
interparticle distances are presented in Figure 3. In Figure 3(b) and Figure 3(d), the minimum distance from the array to
the interface is 30 nm, which is approximately 9 times less than the resonant wavelength in medium and equal to 3 particle
radii. For a considered range of parameters, the results of the analytical and numerical methods are in good agreement.
There is a small frequency shift between the spectral lines obtained via different methods.

In the following, we analyze the impact of resonant NPs on the spectral characteristics of a hybrid structure. For this
purpose, we consider NP array with fixed parameters =1 and p = 80 nm. For the adopted parameters, the plasmon
resonance of NP array is located near the wavelength 430 nm, and the PBG of DBR covers a range between 375 nm and

500 nm. Thickness of the layer C (d. =d, +d,) is chosen to be equal 5d; =363 nm.

The results of calculation are presented on Figure 4. Panel (c) shows the absorption spectrum as a function of the
relative distance 1< d, /d; <8. One can see that variation of the NP array position changes the spectral characteristics of
the entire structure, which results in appearance of the color ‘islands’ corresponding to high absorptivity. The periodicity
of the dependence of A on the thickness d, of layer C,, which is observed in the region of the wavelength 4, = 430 nm,

is due to the alternation of maxima and minima of the optical field in the longitudinal direction of the structure. Note that
near a wavelength of 350 nm the light absorptivity takes on values greater than 0.1 due to absorption in the layers A (TiO,).

Left panels of Figure 4 demonstrate absorption and transmission spectra for two values of d,/d, . For d,/d, =3

the photonic structure completely absorbs the incoming radiation at the LSPR wavelength 4, =430 nm. For d, /d, =2

reflectivity in the PBG takes high values close to 1, i.e. the absorptivity equals 0. In the last case, the reflectivity of the
entire structure takes on a value equal to 1 around the wavelength 430 nm despite the presence of light-absorbing NPs.
Note, that such a high value of total reflectivity (R = 1) is typical for non-absorbing Bragg mirrors, and this means that in
the structure CiMC,[AB]Y the resonant metal NP array M is “hidden” from the electromagnetic radiation at the wavelength
430 nm.
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Figure 3. Spectral characteristics of the 2D array of Ag nanoparticles embedded in SiO2 medium near the interface with TiO2
medium, obtained by analytical method (solid lines) and numerical simulation (dashed lines). Distance between array and the
first interface of DBR is (a),(c) 220 nm, (b),(d) 30 nm. The parameters of NP array: a = b =10 nm, (a),(b) p =30 nm, (c),(d)
p =80 nm.
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Figure 4. Spectral characteristics of the hybrid structure CiMC2[AB]*® (with the 2D NP array). Panels (a) and (b):

Absorption (red curves) and transmission (blue curves) spectra for two different distances dz between the photonic crystal and
the NP array: d, /d; =3 (a)and d, / d; =2 (b). Panel (c): Absorption spectrum as a function of the relative distance between

the DBR and the NP array.

Figure 5 demonstrates the spectra of the hybrid structure CiMC,[AB]° for different values of interparticle distance
and aspect ratio of Ag NPs. Calculations are carried out for the case when NPs are placed in nodes of the optical field in
layer C. It is obvious from comparison with Figure 2 that the total spectra are affected mainly by the LSPR of NPs. The
change of aspect ratio ¢ causes a frequency shift of the surface plasmon peak of the NPs and thereby a shift of the peak in
the absorption spectrum of hybrid structure. As may be seen from Figures 5(c) and 5(d), the simulation results and the
predictions of analytical calculations are in good agreement. The main difference between the results obtained by the two
methods is the small frequency shift between the spectral lines.
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Figure 5. Spectral characteristics of the hybrid structure C1iMC2[AB]*° (with the 2D NP array). The parameters of the structure:
d, =2d,; =145 nm, d, =3d,; =218 nm. Panels (a) and (b): Absorption spectra for (a) p = 80 nm, (b) &= 1. Panels (c) and
(d): Absorption (red curves) and transmission (blue curves) spectra obtained by analytical method (solid lines) and numerical

simulation (dashed lines) for (c) p =80 nm, £ =0.75, 1, 1.25, (d) £ =1, p = 40, 80, 120 nm. Gray arrows indicate the directions
of increasing parameters & and p.

CONCLUSIONS

In this work, we show that a significant modification of the reflection and absorption spectra of a distributed Bragg reflector
(one-dimensional photonic crystal) in the visible spectral region can be achieved by placing of a diluted two-dimensional
array of metal NPs inside a dielectric layer adjacent to the Bragg mirror. The complete suppression of the reflection of an
electromagnetic wave in the photonic bandgap region is demonstrated. To achieve the effect of the total light absorption,
the adjustment of the amplitude and phase of the scattered light waves is required, as well as the correct choice of location
of the resonant NP array near the maxima of the resulting electromagnetic field strength inside the surface film. The
operating wavelength can be tuned by varying the size and shape of NPs and the interparticle spacing. The proposed
absorbers can be used for applications in solar energy harvesting and emission tailoring.
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