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Abstract: The dynamic steering of a beam reflected from a photonic structure supporting Tamm
plasmon polariton is demonstrated. The phase and amplitude of the reflected wave are adjusted by
modulating the refractive index of a transparent conductive oxide layer by applying a bias voltage. It
is shown that the proposed design allows for two-dimensional beam steering by deflecting the light
beam along the polar and azimuthal angles.
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1. Introduction

The control of light wave amplitude and phase is crucial for designing light detection
and ranging devices (LIDAR). Significant advances in subwavelength technologies, such as
photo- or electronic lithography, have made it possible to create solid-state LIDARs [1-3], in
which the optical properties of light are controlled by metasurfaces—structures consisting
of subwavelength elements. Metasurfaces open up new opportunities for implementation
of holograms [4], lenses [5], media with anomalous reflection [6,7], lasers [8,9], perfect
absorbers with critical coupling [10,11], sensors [12,13] etc. An actively tuned metasurface
with control of the phase and amplitude of individual elements ensures the generation of an
arbitrarily complex wave front. There are several approaches to actively rearrange optical
properties of a photonic structure. The first one is infiltration of liquid crystals under the
metasurface [14-17]. The advantage of this method is the control over optical properties
via variation in both electric field and temperature. However, one of the key drawbacks of
such devices is their switching time: as large as several milliseconds. Another promising
approach is application of phase-change materials, such as vanadium dioxide [18,19] and
GST [20]. In this case, switching occurs three orders of magnitude faster than in structures
based on liquid crystals, but this switching is discrete. Particular attention should be paid
to the investigation held by Prof. Atwater and Dr. Huang Y.-W.’s groups, in which the
possibility of replacing conventional semiconductor materials with transparent conductive
oxides was demonstrated [21,22]. It has been shown that the applied bias voltage decreases
the real part of the dielectric permittivity of the conductive oxide. As a result, a significant
phase jump near the gap plasmon resonant wavelength is provided. A similar effect
was demonstrated in [23], where the gap plasmon resonance was replaced by the Tamm
plasmon polariton (TPP). TPP is analogous to the Tamm surface states in condensed
matter physics [24]. This state can be excited between a photonic crystal and a medium
with negative permittivity €, such as metal [25], metal-dielectric nanocomposite [26] or
hyperbolic metamaterials [27]. The surface electromagnetic state at the interface between
the photonic crystal and the medium with e < 0 is associated with the surface plasmon, i.e.,
oscillations of free electrons near the conductor surface. In conventional experiments, TPP
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manifests itself as a narrow peak in the transmittance and a dip in reflectance spectrum of
the structure [28]. TPP can be used in sensors [29], optical switches [30], Faraday- [31] and
Kerr-effect [32] amplifiers, organic solar cells [33], photodetectors [34], photoelectrochemical
cells, and absorbers [35-37]. In [9], the authors experimentally demonstrated the ZnO-
based Tamm plasmon polariton ultraviolet laser based on strong electric field confinement
in an active layer. Gazzano et al. experimentally showed the possibility of implementation
of a single-photon source based on confined Tamm plasmon modes [38]. The amplification
of the local field intensity at the TPP wavelength allows for a reduction in the threshold
of the nonlinear effects [39—41] and the implementation of the mechanism of extremely
high light transmission through a nanohole [42]. The hybridization of TPP with other
types of localized modes can be used in the electro-optical tuning of Tamm plasmon
exciton-polaritons [43]. Zhang et al. [44] experimentally demonstrated a white organic
light-emitting diode based on the hybrid state formed by the interaction of TPP and a
microcavity mode. The white light is obtained via overlapping the visible spectral range
by a hybrid state. Thus, such a device can only be created under interaction of broadband
modes. In this case, the TPP spectral line can be broadened by tuning the structure
parameters [44] or the metallic layer material [45,46]. The authors of [47] disclosed a similar
state in the structure containing a cholesteric liquid crystal. They showed that the condition
for its existence is the presence of a quarter-wavelength layer between the crystal and
metal, which is explained by the polarization properties of cholesterics different from the
properties of structures made of isotropic materials. The chiral-selective Tamm plasmon
polariton was demonstrated experimentally in [48].

The attractiveness of the proposed structure consists of the fact that the use of a
multilayer mirror makes it possible to excite high-quality resonances that are more sensitive
to changes of structure parameters. Moreover, the proposed structure is attractive for
implementing a photonic crystal surface-emitting laser (PCSEL) [49]. Thus, the setup
proposed paves a way for engineering optical devices with both PCSEL and beam-steering
functionality. In this paper, 2D beam steering by the metasurface-photonic crystal-based
structure for C-band telecom wavelength is presented. The metasurface from square
nanobricks is separated from the photonic crystal by graphene, sapphire, and ITO films.

2. Description of the Model

A schematic representation of structure under study is shown in Figure 1.

gold nanobrick

periodic

y S
periodic

Figure 1. Tamm plasmon polariton based structure for two-dimensional dynamic beam steering.
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The metasurface is formed of gold [50] square nanobricks with width w, height i, and
pitch p. The width of the contact connecting the nanobricks is 10 nm. The metasurface is
located on a sapphire layer with refractive index 1.4;,0, = 1.74 and thickness d 41,0, = 5 nm
deposited on a 20 nm ITO layer. The entire structure is placed on the surface of the
photonic crystal (PhC) coated with a graphene monolayer. The unit cell of the photonic
crystal is formed of titanium dioxide and silicon dioxide with refractive indexes 1, = 2.45,
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np = 1.44 and thicknesses d, nm, d;, nm, respectively. The number of photonic crystal
periods Nppc = 6.

The distribution of the electron density in the thin ITO layer as a function of applied
bias voltage has been calculated by the numerical solution of Poisson and drift-diffusion
equations. In this case, the ITO layer is presented as a semiconductor with a bandgap of
E = 2.8 eV, electron affinity of x = 5 eV, effective electron mass of m* = 0.25m,, permittivity
¢ = 9, and initial carrier concentration of Ny = 2.8 x 10 cm~3. The DC permittivity of
the Al,O3 is € 4,0, = 9. The dielectric permittivity of ITO can be described by the Drude
model ;70 = €00 — wrz, /(w? + iwT), where wy, is the plasma frequency, which is related to
the carrier density N and electron effective mass m* as wrz, = Ne?/(ggm*). Here, g is the
dielectric permittivity of vacuum, e is the electron charge, and I' is the damping constant.
In our simulation, the Drude parameters were taken from [21] (see Table 1).

Table 1. Drude parameters for ITO.

Carrier density, N (em™3) 22918 x 1020

Damping constant, I' (Hz) 1.7588 x 1014
High-frequency permittivity, e;¢ 4.2345
Effective mass, m* 0.2525

3. Results and Discussion

The gold nanobricks and the graphene monolayer were used as electrical contacts.
The choice of graphene as the lower contact is due to its high electrical conductivity and
insignificant influence on the optical properties of the structure due to its small thickness.
Replacing graphene with another conductive material, such as gold, will lead to a significant
change in the reflection spectra of the structure. Since the ITO layer is separated from
the gold contact by sapphire layer, no current flows are observed between the contacts
under bias voltage. This effect leads to a redistribution of the volume concentration of
charge carriers in the ITO film. When there is no bias voltage between the contacts, electron
depletion is observed at the ITO-Al,O3 boundary. This is due to the fact that the work
function of the ITO is lower than the work function of the gold [21]. The increase in the bias
voltage between nanobricks and the graphene layer leads to the displacement of charge
carriers in the volume of transparent conductive oxide and their accumulation near the
boundary with Al,Os.

Figure 2a shows the dependence of the real part of the complex permittivity of the ITO
layer at wavelength of 1550 nm on the applied bias voltage and the distance from the Al,O3
boundary. The increase in voltage leads to a significant change in the dielectric constant
of the conductive oxide in a thin 3 nm layer. At voltages greater than 4 V, it takes values
close to zero. A further increase in voltage leads to the real part of the dielectric constant
becoming negative.

By definition, TPP is excited at the interface of reflecting media. In our case, reflection
from the PhC is provided by the photonic band gap. Another reflection from the meta-
surface can be controlled by varying the period of the nanobrick array along x and y axes,
the width and height of the nanobricks. First of all, we calculated the reflectance spectra
of the bare metasurface without PhC, sapphire, and ITO layers. The simulation results
calculated by the FDTD method are shown in Figure 2b. The metasurface is illuminated
from the top by a plane wave with the E vector along the y axis, as shown in Figure 1. The
reflectance R is calculated at the top of the simulation box. Periodic boundary conditions
are applied at the lateral boundaries of the simulation box, while perfectly matched layer
(PML) boundary conditions were used on the remaining interfaces at the top and bottom.
To facilitate the simulation, we fixed the structure period along x and y axes, and assume
that py = p, = 200 nm and wy = w, = w. As a result, the maximal reflection from the
metasurface was found by varying the width and height of the nanobricks. In the initial
step, we fixed the height of the nanobricks and varied their width to increase the reflection.
Next, we varied the height of the nanobricks using the width calculated in the previous
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step. In this way, we optimized the reflection and determined the metasurface parameters.
The calculation results showed that the maximal reflection is achieved in the range from 1
to 2 um for a structure with nanobrick height i = 95 nm and width w = 190 nm.
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Figure 2. (a) The real part of the dielectric permittivity Re of the ITO layer for different applied
bias voltage. (b) Reflectance spectra of the bare PhC and metasurface. (c) Reflectance spectra of the
structure presented in Figure 1. (d) Distribution of the refractive index and local field intensity in the
structure at the TPP wavelength (Arpp = 1548 nm) at a bias voltage of 4 volts. (e) Simulated phase
shift as a function of applied bias voltage between Au nanostripes and monolayer graphene. The
results presented in (a,e) subplots were obtained for fixed wavelength at 1550 nm. The legend on
subplot (a) is relevant for subplots (c,e).

As it was already noted earlier, the conjugation of the metasurface with the PhC could
lead to the excitation of the TPP when the radiation into the lower half-space is suppressed
by the PhC band gap, while the radiation into the upper half-space is reduced by the
metasurface acting as a mirror (see Figure 1). Therefore, the PhC band gap should overlap
with the strong reflection region of the metasurface. Calculations have shown that this
effect can be achieved at d, = 155 nm and dj, = 268 nm (see Figure 2b).

Figure 2c shows the reflectance spectra of combined structure under study at different
values of the bias voltage applied to ITO. The minimum reflection near 1550 nm corre-
sponds to the Tamm plasmon polaritons localized at the PhC-metasurface interface. The
distribution of the local field intensity at the TPP wavelength is shown in Figure 2d. As
noted in the introduction, the Q-factor of such a resonance is greater than the Q-factor
of the gap plasmon resonance in conventional metal-insulator-metal structures. In our
case, the Q-factor of TPP is 4 times greater than the Q-factor of the resonance presented in
paper [21].

It can be seen from Figure 2c that an increase in the bias voltage leads to a significant
change in reflection at the resonant wavelength. This effect can be explained by the temporal
coupled-mode theory [51]. According to this theory any resonance can be described by
an eigenmode frequency wy, and the number of ports N for the energy to be transferred
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into this state and to leak out of it. The energy loss in the channels is described by the
relaxation times 7; or relaxation rate y; = 1/1;, wherel = 1,2,..., N. If the energy leaks out
of the state along two energy channels with relaxation times 71 and 1, then the relaxation
time of the state is determined as 1/t = 1/1 + 1/1. In the presented structure, four
energy channels contribute to the TPP formation. We denote the energy relaxation to the
metasurface transmission and absorption, ITO absorption, and PhC transmission channels
as YMs , TMs, - 1110, and yphc, respectively. Each channel relaxation rate is proportional
to its power flow divided by the energy accumulated in TPP. So, the relaxation rates are
related to corresponding energy coefficients of the structure as [52]:

TMS : YMS, * YITO,  YPhe = Tms : Ams @ Arto @ Tphe- 1)

Most often, the critical coupling condition (minimum reflection at the TPP wavelength)
is achieved by decreasing the relaxation rate to the PhC transmission channel due to the
increase in the number of photonic crystal periods. In our case, transmission at the TPP
wavelength is not equal to zero due to the small number of PhC periods. As a result, critical
coupling condition is achieved when:

™S = YMS, + YITO, T+ YPhC- 2

A gradual increase in the bias voltage leads to an increase in the volume concentration
of the charge carriers near the ITO-Al,O3 boundary. As a result, the real part of the complex
dielectric permittivity of ITO becomes negative, and it acquires metallic properties, which
inevitably leads to an increase in ro,. It can be seen from Figure 2c that the critical
coupling condition is achieved at a bias voltage of 4 volts. It means that at this voltage, the
relaxation rate to the ITO absorption channel satisfies Equation (2).

A blue shift of the resonant wavelength on increasing bias voltage can be explained by
the phase matching condition:

$puc + PMs + Qrro = 271, 3)

where @pyc and @ps are reflection phases from the photonic crystal and metasurface,
respectively; ¢ro is phase incursion in the ITO layer.

As noted earlier, a change in the bias voltage causes the ITO film to become metal-like.
Such a significant change in optical properties leads to a significant change in the reflection
phase from this film.

The displacement of the TPP wavelength into the short-wavelength region leads to a
significant change in the reflection phase ® near 1550 nm (see Figure 2e). When the bias
voltage increases from 0 to 8 volts, the phase increases by 208 degrees. Thus, by changing
the voltage applied to the ITO film, it is possible to control the phase of the wave reflected
from the nanobricks. This effect can be used to control the beam in two spatial directions,
since the proposed scheme allows for control of the phase of each nanobrick.

To demonstrate this effect, we calculated the intensity of diffraction maxima in the
far field from the metasurface with N = nyn, number of contacts. The simulation results
are shown in Figure 3. Unlike the previously proposed structure based on nanostrips [23],
which provides control only by angle 6, in this case, it becomes possible to control the beam
by azimuthal angle ¢. The control of the bias voltage applied to the ITO film and the gold
nanobrick allows for the required phase distribution along the metasurface to be obtained.
Thus, it is possible to form a diffraction grating of the required period and implement
intensity control of 0 and +1 diffraction orders both in angle 6 and in angle ¢. At the same
time, the intensity of the +1 order is significantly greater than the intensities of the 0 and
—1 orders. This is explained by the fact that the phase profiles shown in Figure 3 lead to an
increase in the intensity of the field only in the direction of the 41 order, while for the 0 and
+1 orders, the waves are attenuated or quenched as a result of destructive interference.



Photonics 2023, 10, 1151

6 0f 9

0 = 45°, ¢ = 45°

phase
intencity
phase
Y
intencity

o

0 =30°,¢ = 120°

®

pnjse
intencity
phase
intencity

0 25 50
T Ny T

Figure 3. Phase distribution along metasurface and far field intensity for different values 6 and ¢.
In this case, x = tan(f) cos(¢), y = tan(f) sin(¢), nx = n, = 50 are ordinal numbers of nanobricks
along x and y-direction, respectively.

In practice, N> number of contacts can be efficiently realized for a small number of
metasurface elements [53]. For metasurfaces with a large number of elements, controlling
the phase of reflected light becomes a difficult task due to the significant complication
of the control network architecture, since an ensemble of N x N elements requires N2
independent control signals. With the control scheme shown in Figure 1, it is possible
to change the reflection phase only from the 2N number of nanobricks. In this case, the
necessary phase profile in the far field is provided by solving an optimization problem that
allows us to properly distribute the remaining N> — 2N number of phases [54]. A decrease
in the number of contacts imposes a restriction on polar angle 8, since with its increase,
the intensity of the diffraction maximum decreases rapidly. To demonstrate this effect, we
performed comparative calculations of the phase distribution along the metasurface and the
spatial distribution of intensity in the far field in the case of N? and 2N number of contacts.
The calculation results are shown in Figure 4. It can be seen from the figure that with the
same values of the angles of § and ¢, the intensity in the diffraction maximum in the case of
2N of the number of contacts is 15% less than the intensity of the diffraction maximum in
the N2 scheme. It is also important that the position of the diffraction maximum undergoes
a slight shifting. An increase in the 6 angle leads to a more significant difference in maximal
diffraction intensities. When 6 is equal to 15 degrees, the intensity drops down to 71%,
and the difference in the positions of the intensity maxima becomes brighter. For a more
correct comparison of the two schemes, the coefficient A = I — I,y was calculated. A is
the difference between the intensity of the diffraction maximum in the far field provided
by N2- and 2N-contacts schemes at similar angles 6 and ¢. The calculation results are
shown in Figure 5. It can be seen that A is minimal for ky and k,, lying in the range from
—0.12 to +0.12 (0| < 6°). In this range of angles, the 2N-contacts scheme provides for the
same intensity in the diffraction maximum as the N 2_contacts scheme. In other words, the
proposed structure can be used for small-angle deflection of a light beam without loss of
intensity in diffraction maxima.
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contact numbers. In this case, x = tan(6) cos(¢), y = tan(0) sin(¢).

0.3 -

0.2

0.1+

-0.1 4

-0.2 4

-0.3 4 -
T T T T T T T

-0.3 -0.2 -0.1 0 0.1 02 03

Figure 5. A = I — Iy for the proposed structure. In this case ky = cos(¢) sin(6), k, = sin(¢) sin(6).

4. Conclusions

The paper demonstrates a phase control for the wave reflected from the Tamm plas-
mon polariton-based metasurface by modulating the refractive index in a thin layer of
transparent conductive oxide located at the boundary of a one-dimensional photonic crystal
and a metasurface. It is shown that the proposed structure can be used as a dynamic phase
diffraction grating. Calculations have shown that varying the bias voltage applied to the
ITO film and gold nanobricks makes it possible to effectively control the phase of the
reflected wave in two spatial directions and, as a result, deflect the incident beam both
along the polar and azimuthal angles.
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