#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Engineering tunability through electro-optic
effects to manifest a multifunctional metadevicef

. . . Y
Taimoor Naeem, Hafiz Saad Khalig, Muhammad Zubair, (2 *
/i;é*

and Muhammad Qasim Mehmood

i ") Check for updates ‘

Cite this: RSC Adv., 2021, 11, 13220

Tauseef Taugeer®

Ultrafast modulation of the refractive index exhibits either linear or nonlinear electro-optic (EO) effect,
which is extensively utilized in tunable photonic circuits. Silicon, a mature material for on-chip devices,
lacks a strong electro-optic (EO) Pockels effect. Utilization of the Pockels effect alters the intrinsic
property (refractive index) of the material that manifests tunability and offers expanded functionalities.
Driven by the limited space constraints in data storage, sensing, and imaging applications, we propose an
electrically tunable meta-device whose resonance wavelength and focal length can be tuned by varying
applied electric fields in the visible range. The fundamental unit of a metalens is the barium titanate
(BTO) diffractive optical element placed on indium titanium oxide (which serves as an electrode) with

Received 3rd Feb 2001 SiO, as the substrate. The metalens’ tunability is characterized by point spread function (PSF), full-width
eceived 3rd February ] . . . ) .
Accepted 19th February 2021 half-maximum (FWHM), and imaging bandwidth that demonstrates the tuning of resonance wavelength

and focal length. Moreover, polarization-insensitive meta-holograms are realized at a wavelength of

DOI: 10.1039/d1ra00904j 633 nm without utilizing propagation and Pancharatnam—Berry (PB) phase. The proposed study can find
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Introduction

Flat surfaces offer arbitrary full-wave manipulation and have
been studied extensively in recent years due to their significant
breakthroughs in various fields such as optical activity,"?
holography,*® and optical imaging.””® Planar optical structures,
specifically metalenses,'®'* have attained tremendous interest
across the research community and developed rapidly in context of
their functionalities and efficiencies. Novel metasurface-based
lenses are ubiquitous for biomedical applications,” such as
endoscopy and wearable medical devices.”® These are replacing
conventional bulky optical lenses such as Fresnel micro-lenses and
micro-grating, which have limited imaging quality, high cost,
inadequate phase coverage, and integration difficulties. The
noteworthy advancements in the development of metalenses are
the wide field-of-view,"** high aspect ratio dielectric,'® achro-
matic,"”?* and tunable metalens.*

Tunable lenses manipulate the amplitude, phase, and
polarization dynamically with the help of external stimuli.
Tunability is generally introduced by any physical mechanism
that forces a change in the material's intrinsic property or
geometrical configuration of the diffractive optical element.
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exciting applications in machine vision, broadband microscopy, and spectroscopy.

Among various methods to introduce external stimuli, such as
chemical activation®* and mechanical reconfiguration,”®** an
electro-optic (EO) method is in the limelight due to its benefits
of compatibility, low power consumption, and fast switching.
The negative birefringence primarily drives tunability due to the
applied electric field, which changes the refractive index along
two optical axes, ie., ordinary and extraordinary axes. The
variation of the refractive index under the electric field is linear
to a certain limit known as the Pockels effect.”® It starts varying
proportionally to the square of the electric field, which is called
as Kerr effect.*® These effects may be exploited to have unique
properties that overcome the limitations of conventional
silicon-based devices, such as high operational velocity and low
driving voltages.

Numerous investigations of dynamic optical responses have
been conducted with EO materials such as graphene,*”*® heavily
doped semiconductors,**' and conducting oxides.**** Among
EO materials, lithium niobate (LiNbO; or LN) is widely used and
has a reasonable Pockel's coefficient around 30 pm V '3
However, its integration is challenging with silicon-based
devices. On the other hand, BTO has a Pockels coefficient
around 1300 pm V™, which is 30 times higher than LiNbO;.*®
Besides its low driving voltages and its ability to be grown
epitaxially on the silicon substrate, it has emerged as a strong
successor for EO applications.’” For a strong Pockels effect,
barium titanate (BTO) appears to be an exceptional candidate
for its compatibility with oxide substrates. Its usage in thin-
films enhances its importance for on-chip based devices.*®*°
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Additionally, it exhibits the largest Pockels coefficients
compared to their counterparts, increasing their tunability to
extended ranges.* Furthermore, thermal and chemical stability
is proven by the realization of BTO in silicon waveguides.**

Tunability is indispensable for an ideal meta-device that
realizes numerous electromagnetic responses, which not only
utilizes the limited space efficiently but also integrates diverse
functionalities. The possible approaches for applying voltages
to introduce tunability is categorized into three schemes. The
first one is to employ a single voltage source to the whole
metasurface where every element of the metasurface has the
same potential. The second one is to connect all the elements in
rows or columns such that applying voltage to individual row
leads to the same potential in every element of a row or column.
The last one is to apply voltages to all the individual elements of
metasurface, which is more robust but practically not
realizable.

In this paper, we employed all the aforementioned schemes
to the designed metasurface and demonstrated different
phenomena using each scheme that offers a multi-functional
platform for imaging and sensing applications. Initially,
a tunable metalens is proposed, which works on the principle of
EO effect and offers spectral multiplexing. A single BTO-based
metalens is designed, which shifts the resonance to different
wavelengths (488 nm, 532 nm, 633 nm) in the visible range
under various biased voltages (—8.9 V, —16.7 V, —33.6 V,
respectively). Under this scheme, the biased voltage is applied
to the whole metasurface with a single voltage source, thus
providing a spectral multiplexing platform. In the second
scheme, each row of the metasurface is bus-connected electri-
cally, which offers a step-zoom metalens by changing each row's
voltage. The main benefit of this scheme is the fabrication
flexibility since the phase of each row is governed by the voltage
source, which does not need structural parameter accuracy in
the fabrication process. The different focal lengths through
a single metalens can be realized by applying required voltages
to each pixel (row). The third scheme in which each meta-atom
is connected with different voltage sources to alter the phase
demonstrates polarization-insensitive holography. Previously,
to achieve these phenomena, the entire metasurface needed to
be changed if metasurface resonance tuning, dynamic focusing
(step-zoom), or holography is required.

Background and design

To achieve the desired phase profile with high amplitude, a two-
dimensional array of BTO meta-atoms are placed at the
substrate as shown in Fig. 1(a) and (b). Significant birefringence
should be introduced for attaining desired phase control along
with photon spin reversal. To achieve this effect, we employed
optimized nanobars that behave as a half-wave plate, yielding
a phase shift with the cross-polarized component. The attained
phase shift increases linearly (from 0-27), as the orientation
angle between the fast axis and x-axis is rotated (from 0-7). To
accomplish the phase coverage (0-27), phase modulation real-
ized by Pancharatnam-Berry (PB) is implemented** by varying
only the rotation of nanobar.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Metasurface Metasurface

Voltage Regulator

Fig. 1 (a) Demonstration of tunable metalens focusing the light of
wavelengths of 488 nm, 532 nm and 633 nm by varying voltages to V,
V5, and V3, respectively. (b) Underlying mechanism of the step zoom
metalens for different focal points at a wavelength of 633 nm. (c)
Perspective view of the designed meta-atom with parameters (P = 350
nm) height (H = 500 nm), length (L = 250 nm) width (W = 65 nm) that
works in the visible range (d) single tunable metasurface displaying
hologram at two different wavelengths by merely varying voltages.

The wavefront of the incident light can be engineered by
a high refractive index meta-atom since it has a localized ability
to change the phase. Arranging these meta-atoms in an array
following the hyperbolic phase profile constructs the
metasurface-based lens. The underlying phenomenon of the
tunable lens of focusing on different wavelengths and step
zoom under external stimuli (electric field) is depicted in
Fig. 1(a) and (b), respectively. The BTO-based meta-atom is
supported by ITO, which serves as an electrode to deliver voltage
to regulate refractive index, and is placed on the SiO,. The
structural parameters such as periodicity (P), length (L), and
width (W) are optimized to achieve the maximum cross-
polarized transmission coefficient as shown in Fig. 1(c).
Among the designed parameters, the period of meta-atom is
taken as 350 nm, which has a limit of Nyquist criterion, i.e., the
maximum period should follow p < A/2NA, where A is the
wavelength and NA is the numerical aperture.

Numerical simulations have been performed for trans-
mission efficiency by the sweeping length from 170 nm to
300 nm and width from 50 nm to 120 nm of the meta-atom. We
employed a finite difference time domain (FDTD) algorithm to
optimize the meta-atom at a working wavelength of 550 nm by
taking a perfectly-matched layer along the propagation axis, i.e.,
z-axis, and periodic boundary conditions in x and y directions.
Fig. 2(a) shows that BTO provides high transmission efficiency
across different lengths and widths. The co-polarized compo-
nent for the BTO nanobar is shown in Fig. 2(b), which is
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(a) Cross-polarized and (b) co-polarized component of tunable BTO based optical diffractive element (c) phase of the tunable diffractive

optical element at different rotations (d) change in refractive index across different voltages.

minimum at the desired wavelength thus working as optimized
halfwave plate. The optimized L and W for the meta-atom is
250 nm and 65 nm, respectively, where the cross-polarized
component is minimum, and the cross-polarized component
is maximum. The acquired phase of the meta-atom with
geometrical parameters is L = 250 nm and W = 65 nm is shown
in Fig. 2(c).

For designing an electrically tunable meta device, we start
designing a metalens at a wavelength of 550 nm, whose phase
profile is compensated spatially by each meta-atom. The desired
spatial phase for this particular scheme is achieved by manip-
ulating the geometric phase (Pancharatnam-Berry (PB) phase)
of the meta-atom. The equation for a lens phase profile is
expressed by

o =S 1) )

where r is the radial distance from the centre to the coordinate
and f'is the focal length of the lens.

The designed metasurface-based lens modulates the inci-
dent planar wavefront into the spherical to focus light on the
focal plane. Commonly, modulators encode optical signals by
changing the phase and intensity of the light, while the EO
effect provides a platform to control phase by varying refractive
index. This control over the refractive index allows us to tune
the designed meta-device to shift wavelength resonances under
different electric fields.

Table 1 Comparison of different EO materials with their corresponding Pockels coefficient and the conditions for taking measurements

r Wavelength Temperature Refractive
Material (pm v (nm) (°C) index (n) Reference
Bi;5S10, 5 633 22-502 2.54 43
Bi;,TiO,, 5.5 633 — 2.578 14
LiTaO; 30.5 632.8 0-500 2.45 45
LiNbO; 33 633 0-500 2.286 46
Bi;»,GeOyo 3.22 666 20 2.54 47
Bay, 4S10,6TiO; 350 510 20-50 2.36 48
KNbO,3 450 633 20-180 2.329 49
BaTiO; 1300 546 25 2.45 50
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Results and discussion

The tunability of refractive index is primarily driven by Pockels
effect, which exists only in materials that possess non-
centrosymmetric crystal structures. Semiconductors, such as
silicon, possess low optical loss and exhibit a centrosymmetric
structure, lacking strong Pockels effect. The non-
centrosymmetric crystal structure of BTO provides high Pock-
els coefficient, thus offering refractive index tunability to
extended ranges with low power consumption. The dynamic
optical response of a material is determined by change in
refractive index upon applying voltage, which eventually
becomes the merit for power consumption. The parameter that
governs the dynamic response or tunability is the Pockels
coefficient of a material. The detailed mathematical derivation
to extract the Pockels coefficient of a given material is presented
in ESI Note 1.1 In Table 1, different materials including heavily
doped semiconductors and conducting oxides are tabulated
along with their corresponding Pockels coefficient denoted by
“r” and measurement conditions. It is evident from Table 1 that
among other EO materials BTO has a very high Pockels coeffi-
cient, which makes it an exceptional choice.
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The utilization of the EO effect for controlling the refractive
index by varying various bias voltages is given by

on; = —O.5n3r]kEk [2)

where ry is the electro-optic coefficient, n is the refractive index
under no electric field, and E is the electric field, which relates
with voltage as E = V/d, d is the height of the unit element. From
eqn (2), it is apparent that changes in the electric field result in
a linearly varying refractive index that offers phase control by
varying applied voltage. For proof of concept, a tunable metal-
ens was designed, which shifts its operational wavelength
under different applied voltages. The metalens was simulated
by using the finite domain time difference (FDTD) algorithm.
The uniform mesh size was taken as An,in/20 in the x and y
direction whereas in the propagation direction it was taken as
Amin/10 to minimize numerical errors. The perfect matched
layer (PML) boundary condition was applied to avoid undesired
reflections.

The performance of the tunable metalens is characterized in
terms of their focal spot profiles. Benefitting from the EO effect,
the designed tunable metalens can operate at three different
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Fig.3 Simulated point spread function (PSF) for tunable metalens with different applied voltages in the xz plane with normal incident light. PSF or
focal spot in the xy plane for an incident wavelength of (a) 488 nm, (b) 532 nm and (c) 633 nm with applied voltages of —8.9, —16.6 and 33.7,
respectively. PSF or focal spot in the xz plane for an incident wavelength of (d) 488 nm, (e) 532 nm and (f) 633 nm with applied voltages of —8.9,

—16.6 and 33.7, respectively.
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wavelengths (488 nm, 532 nm, 633 nm) in the visible range
under different applied voltages (—8.9 V, —16.6 V, —33.7 V,
respectively). Three simulations have been performed at each
wavelength for the focal spot profiles under different voltages to
analyze the metalens performance, as shown in Fig. 3. The focal
profiles are computed by normalizing with the highest electric
field amplitude at each wavelength. Fig. 3(a)-(c) demonstrate
the lens focal spot in the xy plane at the wavelength of 488 nm,
532 nm and 633 nm by applying —8.9 volts (n = 2.51), —16.6
volts (n = 2.69), and 33.7 volts (n = 3), respectively. Fig. 3(d)—(f)
depict focal points in the xz plane at the wavelength of 488 nm,
532 nm and 633 nm by applying —8.9 volts (n = 2.51), —16.6
volts (n = 2.69), and 33.7 volts (n = 3), respectively, which
demonstrates the tunability of PSF for the designed lens.
Another figure of merit that describes the limit for maximum
resolution is full-width at half-maximum (FWHM), which is
defined as the wavelength region where transmittance remains

A=488 nm, Voltage=-8.9 V A=532 nm,

View Article Online
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half of the maximum value. Fig. 4(a)-(c) show FWHM at the
wavelength of 488 nm, 532 nm, and 633 nm, which illustrates
that FWHM for these wavelengths is limited to half of the
working wavelength. Fig. 4(d) illustrates FWHM at a wavelength
of 488 nm, 532 nm, and 633 nm under all the possible applied
voltages of —8.9 V, —16.6 V, and —33.7 V. The spectral multi-
plexing of the metalens is demonstrated by varying only the bias
voltage, without manipulating the geometry of the metasurface.

To further corroborate the tunability, we demonstrated
a “star” shaped hologram designed at 550 nm wavelength, as
shown in Fig. 1(d). The phase map for the “star” shaped holo-
gram is acquired with an adaptive Gerchberg-Saxton (GS)
algorithm, which forms the image of non-existing objects in the
far-field. This phase map is translated at the metasurface, where
each pixel phase is realized through the rotation of the meta-
atom by utilizing the PB phase. This single metasurface is
illuminated with light of wavelength of 488 nm and observed

Voltage=-16.6 V i A=633 nm, Voltage=-33.7 V

(a) (b) (c)
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Fig. 4 Simulated full-width at half maximum (FWHM) for the designed tunable metalens with varying applied voltages. FWHM for the incident
wavelength of (a) 488 nm with an applied voltage of —8.9 V (b) 532 nm with an applied voltage of —16.6 V. (c) 633 nm with an applied voltage of
—33.7 V. (d) FWHM for each incident wavelength of 488 nm, 532 nm, and 633 nm under each applied voltages of —8.9, —16.6, and 33.7,

respectively.
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Fig.5 Simulated tunable holograms with varying applied voltages in the xy plane with normal incident light. The metasurface is designed as a 100
x 100 array at a wavelength of 550 nm with a focal plane at 28 um. A star-shaped hologram is illustrated at an incident wavelength of 488 nm at

applied voltages of (a) —8.9 V and (b) —33.7 V. Star hologram demonst
-89 Vand (d) —33.7 V.

with applied voltages of —8.9 V and —33.7 V. From Fig. 5(a) and
(b), it can be observed that the metasurface demonstrates the
star-shaped hologram at —8.9 V, and for —33.7 V the intensity of
the hologram is diminished. For the incident wavelength of
633 nm, the hologram is unclear [Fig. 5(c)] by applying —8.9 V,
while at —33.7 V, the hologram is clearly displayed at the focal
plane as shown in Fig. 5(d). It clearly emphasizes that a single
metasurface working wavelength can be controlled only by
varying the applied electric field or voltage of the metasurface.

After controlling the spectral tunability of our metasurface,
we designed a tunable zoom metalens at the wavelengths of
488 nm, 532 nm, and 633 nm, respectively, because practically
realizable meta-devices do not allow one to vary the voltages of
individual elements. To address this, we connected unit
elements electrically in one direction, resulting in equipotential
rows. Each row is considered a pixel that can be controlled by
applying separate voltage to acquire the required phase. The
spatial phase profile for dynamic zooming at different focusing
is attained by a one-dimensional lens equation assuming the
rows are bus-connected (ESI Note 271). The spatial phase profile
for focusing at 25 um and 40 um for a wavelength of 488 nm
(Fig. 6(g and h)), 532 nm (Fig. 6(i and j)), and 633 nm (Fig. 6(k
and 1)) is illustrated. The corresponding voltage distribution to
attain the required spatial phase profile for focusing at 25 pm

© 2021 The Author(s). Published by the Royal Society of Chemistry

rated for the incident wavelength of 633 nm at an applied voltage of (c)

and 40 um for a wavelength of 488 nm, 532 nm, and 633 nm is
depicted in Fig. 6(a, b), (c, d) and (e, f), respectively. By applying
the required voltages to each pixel, the far-field pattern of the
transmitted electric field of tunable focusing metasurface is
illustrated in the xz plane. The dynamic zooming with focusing
from 25 um to 40 pm with a 5 um step is illustrated in ESI Note
2.7 The electric field transmission is demonstrated with
focusing at 25 um and 40 pm at the wavelength of 488 nm,
532 nm, and 633 nm as depicted in Fig. 6(m, n), (o, p) and (q, 1),
respectively. The focusing of the tunable metasurface is realized
atf=25 pm and f= 40 pm upon applying acquired bias voltages
to the metasurface pixels.

Finally, the approach in which each individual element is
provided by a separate voltage is illustrated. To validate phase
control by biased voltages, we implemented a “star” shaped
hologram with different point sources where each point source
exhibits a specific phase. The 360° phase map of the “star”
shaped hologram is encoded into eight different voltage levels,
which provide a phase difference of 45°. The metasurface size is
35 x 35 um?, which forms a phase matrix of 100 x 100 elements
with a pixel of 350 nm by using the finite difference time
domain (FDTD) algorithm. The perfect matched layer boundary
condition is applied and a monitor is placed at 28 um to extract
the electric fields at the far-field. Fig. 7 demonstrates the

RSC Adv, 2021, 1, 13220-13228 | 13225
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Fig. 6 Demonstration of tunable focusing metalens. Voltage distribution for focusing at 25 pm and 40 um for the wavelength of (a and b)
488 nm, (c and d) 532 nm, and (e and f) 633 nm, respectively. The corresponding phase distribution at simulated voltages for focusing at 25 um
and 40 um for the wavelength of (g and h) 488 nm, (i and j) 532 nm, and (k and ) 633 nm, respectively. Full-wave simulation of |E|? for focusing at
25 um and 40 pm at the wavelength of (m and n) 488 nm, (o and p) 532 nm, and (q and r) 633 nm, respectively.
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Fig. 7 Polarization insensitive meta-hologram is demonstrated with the interference of point sources of the metasurface. Reconstruction of

“star” shaped holographic image under (a) LHP (b) LVP (c) LCP (d) RCP.

designed metasurface subjected to various polarizations
depicting optical outputs. The holographic image of equal
intensity is obtained under (Fig. 7(a)) linear horizontal polar-
ized (LHP), (Fig. 7(b)) linear vertical polarized (LVP), (Fig. 7(c))
LCP, and (Fig. 7(d)) RCP, respectively, demonstrating
polarization-insensitive holography.

Conclusion

By using the electro-optic effect, the intrinsic property (refrac-
tive index) of the material is tuned to achieve control on the
wavelength resonance of the metalens. The high Pockels coef-
ficient of BTO allows us to effectively control the refractive
index, which eventually leads to the tunability of the device. The
designed meta-device serves for the applications where spectral
multiplexing is required in the visible range. Furthermore, it is
analyzed theoretically to control the refractive index variation
under applied electric fields characterized by the PSF, FWHM,
and imaging bandwidth. The diffraction-limited imaging is
achieved at the wavelengths of 488 nm, 532 nm, and 633 nm of
the visible regime. Moreover, a step-zoom metalens is designed
whose focal length can be altered by varying applied voltages.
These tunable meta-devices find numerous applications in the
imaging field, such as microscopy, machine vision, endoscopy,
and augmented reality.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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