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ABSTRACT: Active metasurfaces composed of electrically reconfigurable a0 100 9
nanoscale subwavelength antenna arrays can enable real-time control of 8 2s 0 _:;_'
scattered light amplitude and phase. Achievement of widely tunable phase % 2 e -
and amplitude in chip-based active metasurfaces operating at or near 1550 £ 15 200 8
nm wavelength has considerable potential for active beam steering, dynamic © .0 &

5250 255

hologram rendition, and realization of flat optics with reconfigurable focal Voltage [V]

lengths. Previously, electrically tunable conducting oxide-based reflectarray
metasurfaces have demonstrated dynamic phase control of reflected light with a maximum phase shift of 184° (Nano Lett. 2016,
16, 5319). Here, we introduce a dual-gated reflectarray metasurface architecture that enables much wider (>300°) phase
tunability. We explore light-matter interactions with dual-gated metasurface elements that incorporate two independent voltage-
controlled MOS field effect channels connected in series to form a single metasurface element that enables wider phase tunability.
Using indium tin oxide (ITO) as the active metasurface material and a composite hafnia/alumina gate dielectric, we demonstrate
a prototype dual-gated metasurface with a continuous phase shift from 0 to 303° and a relative reflectance modulation of 89%
under applied voltage bias of 6.5 V.
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field effect modulation

he ability to actively control all the important constitutive metasurfaces. In the mid-infrared wavelength range, carrier

properties of light (wavelength, amplitude, phase, polar- density modulation via gating of graphene,lz’ls’27 GaAs' or
ization state) via interaction with tunable nanoscale elements is indium tin oxide (ITO)," has been employed as a mechanism
a grand challenge in nanophotonics. Metasurfaces are two- to modulate metasurface reflectance. Also, thermo-optic tuning
dimensional nanostructured surfaces that enable versatile of PbTe antennas'® has yielded actively tunable structures in
wavefront control for scattered light." Metasurfaces can also this wavelength range. A continuous phase shift from 0 to 230°
be viewed as arrays of subwavelength antennas such that each by graphene gating under applied bias at a wavelength of 8.5
antenna imposes a predefined phase shift, amplitude change, um was recently reported.’’ In the near-infrared and visible
and polarization rotation on the scattered light. The control wavelength range, researchers have employed a number of
offered by metasurfaces over the properties of reflected or different physical mechanisms to realize active metasurfa-
transmitted light has given rise to the field of flat optics, which es."*72"?%? For example, metasurfaces with integrated liquid
is exploring how metasurfaces can be used for creation of low- crystal active layers have enabled control of light transmittance
profile optical components.”” To date, metasurfaces have been by applying a direct current (dc) bias or heating the liquid
used to realize focusing mirrors,” focusing lenses,” holo- crystal.”*® The reflectance and transmittance of a metasurface
grams,é_s and polarization converters.”'’ However, the can be mechanically modulated® using electrostatic and
metasurfaces in these prior reports are passive, which means magnetic forces.'”* Although these reports indicate options
their properties are fixed at the time of the fabrication, and they for active control of scattered light intensity, phase modulation
do not allow for postfabrication tunability. The ability to of scattered light upon external actuation is of increasing
actively and dynamically tune the properties of metasurfaces importance.
would enable dynamic holograms, focusing lenses with Beam steering has been demonstrated with chip-based silicon
reconfigurable focal lengths, and beam steering, a key phoggr;}cs phased arrays operating at a wavelength of 4 = 1550
requirement for future chip-based light detection and ranging nm.” """ In this approach, the phase of each antenna is actively
(LIDAR) systems. tuned by a waveguide-based thermo-optic phase shifter through

A number of approaches have been used to actively control an integrated heater on the silicon chip. The silicon photonics

the optical response of metasurfaces in the mid-infrared,"' ™"’
near-infrared,'*™** and visible’® wavelength ranges. The target Received: January 25, 2018
operating wavelength usually dictates the appropriate material Revised: ~ March 6, 2018
platform and tuning mechanism to realize actively tunable Published: March 23, 2018
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approach enables continuous tuning of the phase of emitted
light from 0 to 360° upon application of external bias. However,
the large pixel size of the phased array (9 gm X 9 ym) results in
undesired side lobes. Moreover, thermo-optic control limited
the modulation frequency of these phased arrays to less than 50
kHz,>* which is too slow for versatile beam steering in
technologically important LIDAR applications, and the thermal
crosstalk between phase shifters and the photodetectors limited
the detection range to 20°.”°

Metasurfaces offer a different approach to a phased array
architecture, in which the array is intrinsically two-dimensional
and the subwavelength antenna dimensions and antenna
spacing can suppress side lobes. Hence, it would be highly
desirable to have a tunable metasurface platform for
comprehensive and active control of scattered light in the
near-infrared spectral range. We have previously investigated
field-effect modulation of the carrier density and refractive
index of heavily doped semiconductors as an approach to
actively tunable near-infrared metasurfaces.”* This approach
relies on the field effect-induced charge accumulation or
depletion in the semiconducting electrode of a nanoscale
metal—oxide—semiconductor (MOS) structure that also serves
as a resonant antenna. Using ITO as a semiconducting layer of
the MOS field effect structure enabled active modulation of the
optical response of plasmonic reflectarray metasurfaces®”*
with a corresponding reflected light phase shift from 0 to 184°
for an applied bias between 0 to 2.5 V. Although conceptually
promising as an approach to active metasurface design, in order
to realize a comprehensively tunable metasurface a phase shift
from 0° approaching to 360° is desirable.

We report here the design and fabrication of dual-gated field-
effect-tunable metasurface antenna arrays that enable phase
shifts exceeding 300° at a wavelength of 4 = 1550 nm. Our
dual-gated metasurface features two charge accumulation/
depletion layers within the dielectric spacer of each active
metasurface antenna (Figure 1a). The dual-gated metasurface
structure consists of an Al back reflector, a gate-dielectric/ITO/
gate-dielectric heterostructure and a periodic array of Al
nanoantennas with a “fishbone” pattern (Figures la, b). A
scanning electron microscope (SEM) image of the antenna
array is shown in Figure lc. Each metasurface element permits
application of two independent dc voltages, (i) between the
ITO layer and the fishbone antenna and (ii) between the ITO
layer and the back reflector. As a result, both the top and
bottom ITO/gate-dielectric interfaces can exhibit the charge
accumulation or depletion under applied external bias. This
design facilitates a large variation of the complex refractive
index of the ITO layer via carrier density modulation at both its
top and bottom interfaces (Figure 1b) and is a key reason for
the wide phase tunability of our dual-gated metasurface.

In designing dual-gated metasurfaces, we account for a
number of considerations that can increase the metasurface
tunability and efficiency. We choose the ITO carrier
concentration to be N, = 3 X 10 cm™ to ensure that the
real part of the dielectric permittivity of the ITO layer is
positive at a wavelength of 4 = 1550 nm when no external bias
is applied. Under bias, a charge accumulation layer is formed in
the ITO, and the real part of the dielectric permittivity of the
accumulation layer can change its sign, undergoing the
transition from the optically dielectric to optically metallic
phase. When the dielectric permittivity of the accumulation
layer is in the epsilon-near-zero (ENZ) region, which means —1
< Re(e) < 1, the optical electric field intensity in the
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Figure 1. (a) Schematic of the unit cell of the dual-gated metasurface,
which is composed of an Al back reflector, a bottom gate dielectric, an
ITO layer, followed by another gate dielectric on top of which Al
fishbone antennas are located. The thicknesses of the antenna array,
the gate dielectrics, the ITO layer, and the back reflector are t,= 40
nm, t,= 9.5 nm, t;= 5 nm, and #,= 80 nm, respectively. The antenna
dimensions are [ = 280 nm and w, = 120 nm, and the electrode width
is wy, = 170 nm. The period of the metasurface is p = 400 nm. A
voltage bias V, is applied between the ITO layer and the top antennas,
while another voltage bias V}, is applied between the Al back reflector
and the ITO layer. The two applied voltage biases result in the
formation of two accumulation/depletion regions in the ITO layer at
the top and bottom ITO/gate-dielectric interfaces. (b) A magnified
image of the dielectric spacer of the metasurface that consists of the
top gate dielectric, the ITO layer, and the bottom gate dielectric. (c)
Schematic of the metasurface. (d) Schematic showing the bias
application configuration. The nanoantenna array is electrically
connected to an external pad to which we apply the voltage. (e)
Scanning electron microscope image of our metasurface. Scale bar is
500 nm. (f) Transmission electron microscope image of an Al,O;/
HfO, nanolaminate, which serves as a gate dielectric in our
metasurface. Scale bar is 2 nm. The Al,O;/HfO, nanolaminate is
grown via atomic layer deposition (ALD). Our ALD process consists
of two growth periods each including 10 cycles of Al,O; and 30 cycles
of HfO,, followed by a 30 s long rapid temperature annealing
treatment at 600 °C. The inset shows the deposition sequence of the
nanolaminate.

accumulation layer is strongly enhanced, resulting in the
modulation of the intensity and phase of the scattered
light.'"***™*® The optical electric field enhancement in the
ENZ region of ITO arises from the continuity of the normal
component of the electric displacement as the index approaches
zero in this region.”®’ This suggests that increasing the
number of the accumulation/depletion layers within the active
region of the metasurface antenna is beneficial for enhancing
phase tunability. On the other hand, since the optical loss of the
ITO layer is non-negligible (Supporting Information Part 1),
we design the ITO layer to be as thin as possible to ensure
higher reflectance. On the basis of these considerations, the
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ITO layer thickness is chosen to be S nm in our dual-gated
metasurface.

Another parameter that determines the performance is the
choice of the plasmonic metal. The work functions of Al and
Ag, which are both near 4.3 eV, are quite close to the work
function of ITO when the carrier concentration equals Ny = 3
X 10 cm™, while the work function of Au (5.1 eV) is
significantly higher than that of the ITO. Hence, using Al or Ag
as a metal electrode in the metal/gate-dielectric/ITO capacitor
reduces the zero-bias band bending in the ITO layer compared
to an Au electrode. This implies that in the case of Al or Ag
electrodes, one needs to apply lower bias voltages to overcome
the depletion and form an accumulation layer in the ITO at the
gate-dielectric/ITO interface. Previous research has indicated
that Ag can also migrate into the gate dielectric layers under
applied electrical bias.”** To eliminate this issue, we use Al, a
CMOS-compatible material, as the plasmonic metal in our
tunable metasurfaces.

The attainable optical modulation in our tunable metasurface
is also determined by the choice of the gate dielectric material.
To enable the largest possible variation of carrier density in
ITO under applied voltage, one would ideally like to have a gate
dielectric with high dc permittivity and high breakdown field.
AlO; and HfO, are among the most commonly used high
dielectric constant gate dielectric materials, employed in field-
effect transistor technology. AL, O; exhibits good thermal
stability and almost perfect interfacial properties with Si-based
substrates, has a large bandgap, and a high breakdown field of
up to 10 MV/ cm. o However, it suffers from a relatively low
dc permittivity of ks o, = 9. On the other hand, HfO, is a
CMOS compatible material with a wide bandgap, and relatively
high dielectric constant of up to kyg, = 25. But it exhibits a

small breakdown field of 3.1 MV/cm, and high leakage current
induced by its low crystallization temperature. Previous
research has shown that Al,0;/HfO, nanolaminates, com-
monly referred to as “HAOL” materials, can have superior
electrostatic characteristics as compared to both AlL,O; and
HfO,."” HAOL structures, which are grown via consecutive
deposition of ultrathin Al,O; and HfO, layers, have previously
shown to have the low leakage current and high breakdown
field characteristics of Al,O; and also the large dc permittivity
characteristic of HfO,. During our fabrication process, we grew
thin HAOL films by using atomic layer deposition (ALD) and
compared their properties with separately grown Al,O; and
HfO, films (for fabrication details see Supporting Information
Part 2). We used transmission electron microscopy (TEM), as
well as capacitance—voltage (C—V) and current—voltage (I-V)
measurements to characterize the deposited films. We found
that the dc permittivities of our Al,O;, HfO,, and HAOL films
were equal to ky,o, = 10.5, kyo, = 17.8, and kysor, = 22,

respectively. Furthermore, the measured breakdown fields of
the fabricated Al,O;, HfO,, and HAOL films were Ey o, = 7.4

MV/em, Ege, = 3.1 MV/cm, and Eysop = 7.2 MV/cm,

respectively. Because HAOL structures showed superior
electrostatic performance as compared to the AL,O; and
HfO, films, we used HAOL structures as the gate dielectric
in our dual-gated metasurfaces.

After identifying the optimal constituent materials, we
fabricated dual-gated tunable metasurfaces. First, we deposited
an 80 nm-thick Al back reflector on a 100 Si wafer by electron
beam evaporation. Next, we grew a 9.5 nm-thick Al,O;/HfO,
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nanolaminate via ALD, and sputtered a S nm-thick layer of
ITO. We chose the ITO carrier concentration to be Ny = 3 X
10* cm™. To characterize our ITO films, we performed Hall
measurements and spectroscopic ellipsometry on S nm-thick
ITO layers deposited on quartz and Si substrates, respectively.
Once we deposited the ITO layer, we deposited the top gate
dielectric, consisting of a 9.5 nm-thick HAOL layer. Finally, we
fabricated a 40 nm-thick Al fishbone antenna array on top of
the upper HAOL layer by electron beam evaporation of Al and
patterning by electron beam lithography. The antenna width
and length were w;= 120 nm and [ = 280 nm, and the width of
the stripe electrode was wy= 170 nm (Figure la). During
fabrication, our samples were patterned to allow for easy
application of a bias between the Al back reflector and the ITO
layer (V, in Figure 1d). The Al fishbone antennas were
connected to an external Al pad that allows for facile bias
application between the fishbone antennas and the ITO layer
(V, Figure 1d). The electrode pads were then wire bonded to a
compact chip carrier and circuit board for electrical gating.
Figure 1d shows the bias configuration for dual-gated
metasurfaces.

Electromagnetic Simulations of Dual-Gated Metasur-
faces. We modeled the optical response of our metasurface
under applied bias using finite difference time domain
simulations coupled to device physics simulations. The device
physics simulations were used to determine the charge carrier
distribution in the ITO layer under applied bias. We then
related the calculated carrier density to the complex dielectric
permittivity of ITO 1o using a Drude model approach: & =
€0 — wp/(@* + iwy), because the plasma frequency w, is
proportional to the square root of the carrier density of ITO
(Niro). Here, 7 is the damping constant and e, is a fitting
constant. @, 7, and &, at zero bias are determined empirically
from Hall measurements and ellipsometry (Supporting
Information Part 3). @ is the angular frequency, which is
related to the wavelength A as A=27c/w, where c is the speed of
light in vacuum.

The electrostatic performance of the dual-gated tunable
metasurface element can be viewed as two parallel plate
capacitor structures which are connected in series. Therefore,
two independent bias voltages can be applied to each
metasurface element, V, and V;, (Figure 1a). In what follows
we assume that |V,| = |Vl that now yields two accessible
regimes of device operation, where sign(V, X V;) > 0 (Case I)
and where sign(V, X V) < 0 (Case II). In other words, in Case
I there is a simultaneous charge accumulation or simultaneous
charge depletion at both ITO layer interfaces (Figure 2a,c,e). In
Case II, charge accumulation at the top ITO/HAOL interface is
accompanied by charge depletion at the bottom ITO/HAOL
interface or, vice versa, charge depletion at the top ITO/HAOL
interface is accompanied by charge accumulation at the bottom
ITO/HAOL interface (Figure 2b,d,f). The charge carrier
distributions in the S nm-thick ITO layer for Case I and
Case II are depicted in Figure 2¢,d, respectively. Here, the z-
position varies between 0 and S nm with 0 corresponding to
the bottom ITO/HAOL interface and S nm corresponding to
the top ITO/HAOL interface.

We note that only the portion of the ITO located directly
beneath the Al fishbone antenna is optically modulated at the
top ITO/HAOL interface (Figure 1b). As seen in Figure 2c, in
Case I the ITO dielectric permittivity at the bottom ITO/
HAOL interface is always equal to the dielectric permittivity of
the ITO at the top ITO/HAOL interface beneath the fishbone
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Figure 2. (a) Schematic of Case I in which there is a simultaneous
charge accumulation or simultaneous charge depletion at both ITO/
HAOL interfaces of the ITO layer. In Case I, we assume V, = V;; and
Vi = Vi (b) Schematic of Case II in which the charge accumulation
(depletion) at the top ITO/HAOL interface is always accompanied by
the charge depletion (accumulation) at the bottom ITO/HAOL
interface. In Case II, we assume V, = V;, and V}, = —=V;. The charge
carrier distribution in the ITO layer as a function of applied voltage V,
for (c) Case I and (d) Case II. The real part of the dielectric
permittivity of the ITO layer as a function of the applied voltage and
position for (e) Case I and (f) Case II at a wavelength of 1 = 1550 nm.
The boundaries of the ENZ regions are marked by dashed curves.

antenna. This, however, is not true for Case II. In Case II, for
sufficiently large applied voltage magnitude, there is always
charge accumulation at either top or bottom interface of the
ITO layer (Figure 2d).

After modeling the complex dielectric permittivity of ITO as
a function of position and applied voltage, we calculated the
metasurface optical response for different applied biases under
normal incidence illumination with a transverse magnetic (TM)
polarized plane wave (E-field along x-direction). Figure 3a
shows the dual-gated metasurface reflectance in Case I as a
function of wavelength and applied voltage. In this case, a large
reflectance modulation and large phase shift (Figure 3b) are
observed at positive biases, when the dielectric permittivity of
both the top and bottom ITO interfaces crosses into the ENZ
region. The phase shift is defined as a difference between the
phases of the reflected and incoming plane waves calculated at
the same spatial point. In Case I, we observe a blue shift of the
resonance when the applied bias increases from 0 to 2.5 V. For
applied voltages larger than 2.5 V, the resonance redshifts. This
is consistent with previously reported results.”* In Case II, we
observe a significant reflectance and phase modulation both at
positive and negative biases (Figure 3c,d). Moreover, we
observe that in Case II the reflectance spectrum is invariant
with respect to the transformation Vi; = —V,,. This is because in
Case II both at positive and negative biases the gap plasmon
resonance couples to the ENZ region in ITO that is formed in
either the top or the bottom ITO layer interface.

To gain further insight, we plotted the distribution of the
absolute value of the optical electric field in the metasurface
element for the resonant wavelength of 4 = 1550 nm (Figure
3e—i). Figure 3e shows the spatial distribution of the optical
electric field at zero bias. The bottom part of Figure 3e shows
the magnified region of the dielectric spacer at zero bias. When
a dc bias is applied, we observe a significant variation of the
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Figure 3. (a) Reflectance from the metasurface as a function of
wavelength and applied voltage in Case I (b) Phase spectrum of the
reflected light for different applied voltages in Case L. (c) Reflectance
as a function of wavelength and applied bias in Case II. (d) Phase
spectrum for different applied voltages in Case II. (e) Spatial
distribution of the magnitude of the electric field inside the
metasurface element at no applied bias. The bottom part of (e)
shows the magnified image of the field distribution in the HAOL/
ITO/HAOL dielectric spacer of the metasurface. The close-up of the
distribution of the electric field magnitude in the dielectric spacer of
the metasurface when (f) V, = 6.5 Vin Case ], (g) V; = —6.5 V in Case
I, (h) V, = 6.5 Vin Case II, (i) V, = —6.5 V in Case IL

distribution of the optical electric field. Figure 3f shows the
optical electric field distribution in Case I at an applied voltage
of Vy = 6.5 V. As seen in Figure 3f, the optical electric field is
enhanced at both the top and bottom ITO/HAOL interfaces
due to the ENZ regions that are formed at these interfaces
(Figure 2e). On the other hand, when the applied dc bias in
Case I is equal to V = —6.5 V, the ITO layer is depleted at
both top and bottom interfaces (Figure 2c—e) and therefore we
do not observe a significant optical field enhancement in the
ITO layer (Figure 3g). In Case II, however, a dramatic optical
field enhancement is observed at both positive and negative
applied biases V, = +6.5 V (Figure 3hi). In this case at an
applied bias of V;; = 6.5 V, we observe the optical electric field
enhancement in the ITO layer around the top ITO/HAOL
interface due to the ENZ region formed in the ITO layer
(Figure 3h). Similarly, Figure 3i shows that in Case II, the
optical electric field is enhanced around the bottom part of the
ITO layer, when the applied bias is equal to V = —6.5 V (for
further field profiles, see Supporting Information Part 4). The
analysis of the optical field profile suggests that strong light
confinement in the dielectric gap of the plasmonic antenna
significantly contributes to the observed optical modulation.
Figure 3b,d illustrates how dual-gated metasurfaces signifi-
cantly alter the phase of the reflected light under an applied
bias. In Figure 4, we plot the phase shift and reflectance as a
function of applied bias V; at a wavelength of 4 = 1550 nm.
Figure 4a, which corresponds to Case I, shows that this bias
configuration gives a continuously tunable phase shift between
70° and —245°, when the applied voltage is varied between V
= —6.5 Vand V, = 6.5 V. This amounts to a total tunable phase
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Figure 4. (a,b) Simulated reflectance and phase shift of the
metasurface as a function of voltage V. The wavelength is fixed at 1
= 1550 nm. The panel (a) corresponds to Case I, in which there is a
simultaneous charge accumulation or simultaneous charge depletion in
the ITO layer at the both ITO/HAOL interfaces. The panel (b)
corresponds to Case II in which the charge accumulation at the top
ITO/HAOL interface is always accompanied by the charge depletion
at the bottom ITO/HAOL interface and vice versa. The insets of (a,b)
schematically show the charge distribution in the dielectric spacer of
the metasurface. (c) Measured reflectance spectra in Case I at different
applied voltages V. (d) Measured reflectance in Case I as a function of
applied bias V; and at the fixed wavelength of 4 = 1550 nm. (e) The
spectra of the relative reflectance modulation AR/R, for different
applied voltages V. The inset shows the relative reflectance change at
a wavelength of 4 = 1550 nm as a function of applied bias V. (f)
Measured phase shift of the metasurface as a function of applied
voltage V; at a wavelength of 4 = 1550 nm. The insets of (f) show the
interference fringes at —6.5 V and +6.5 V. The dashed lines labeled as
R and M indicate the interference fringes from the reference and
metasurface, respectively.

shift of 315° derived from Case I. As expected, a phase shift
derived from Case II is invariant with respect to the
transformation V; — —V; (Figure 4b). In Case II, the phase
shift smoothly varies between 0 and —275°, when the applied
voltage is increased from V; = 0 V to V, = 6.5 V. Thus, via an
appropriate bias application, the proposed dual-gated tunable
metasurface allows us to attain a tunable phase shift of 345°.
Experimental Results. Having identified an approach to
metasurface design, we fabricated and characterized the tunable
optical response of dual-gated metasurfaces (for fabrication
details and measurement setups see Supporting Information
Parts 5—7). Optical measurements were performed by
illuminating our metasurfaces with linearly polarized light
with incident electric field aligned with the fishbone antenna (x-
direction in Figure la). In our experiments, the bias
configuration corresponds to Case I, when V, = V; and Vj, =
V, (Figure 2a). Figure 4c displays the measured reflectance
spectra at different values of applied voltage V;. The resonance
is observed to blue shift with increasing voltage from V; =0V
to V = 2.5 V. When we increased the applied voltage from V, =
2.5V to V; = 6.5V, the resonance was observed to red shift,
and likewise when we decreased the applied bias from V, =0V
to V, = —6.5 V, a resonance red shift was observed. These
observations are consistent with our simulation results (Figure
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3a), which indicate that at an applied voltage of V; = 2.5 V we
reach the ENZ region in the ITO accumulation layer,
corresponding to the transition from resonance blue shift to
red shift.

Figure 4d displays the reflectance as a function of applied
voltage V; at a wavelength of 4 = 1550 nm. We observe a
decrease in reflectance when the applied voltage increases from
Vo =—=6.5V to V, = 0.6 V. Once the applied bias has passed V;
= 0.6 V, we observe an increase in reflectance (Figure 4d).
Figure 4e shows relative reflectance spectra AR/R, = [R(V,) —
R(0)]/R(0) at different applied voltage values V;. Even though
the measured reflectance modulation AR/R, is fairly broad-
band, we observe an enhancement in AR/R, around the
metasurface resonant wavelength. The inset of Figure 4e shows
the relative reflectance modulation AR/R, as a function of
applied bias V,, at a wavelength of A = 1550 nm. At a
wavelength of 4 = 1550 nm, the relative reflectance modulation
is much more significant for negative rather than positive bias
voltages. When V,, decreases from V; =0V to V, = —=6.5V, we
observe a relative reflectance modulation of 89% at a
wavelength of 4 = 1550 nm. On the other hand, when applied
voltage V; increases from V; = 0 V to V; = 6.5 V, the observe
that the relative reflectance modulation is only 28% (see the
inset of Figure 4e). This implies that at the resonance
wavelength, the formation of multiple ITO charge depletion
layers influences the reflectance more significantly than the
formation of multiple charge accumulation layers. This change
in reflectance can be explained by the modulation of the optical
electric field in the ITO layer under applied bias. At V; =0V,
the formation of the magnetic dipole leads to strong absorption
in the ITO layer, whereas the applied bias effectively modulates
the optical field distribution in the dielectric spacer of the
metasurface and leads to higher reflectance.

After performing metasurface gate-tunable reflectance
measurements and identifying the resonance wavelength, we
measured the phase shift of the reflected light under applied
bias. For our phase shift measurements, we employed a
Michelson interferometer-type (Supporting Information Part
7). In our interferometer, laser light illuminated the edge of the
metasurface. Therefore, a part of the incoming beam was
reflected from the metasurface, while the other part was
reflected from the surrounding planar Al/HAOL/ITO/HAOL
heterostructure, which acted as a built-in phase reference. The
images of the formed interference fringes were recorded by a
charge-coupled device camera and subsequently were processed
and fitted. Our fitting procedure enabled us to retrieve the
relative displacement of the interference fringes originating
from the metasurface and the reference when we applied a bias.

The measured interference fringe displacement was con-
verted into a relative phase shift (Supporting Information Part
7). Our interferometry enabled accurate phase measurements,
because in this configuration errors caused by vibrations and
other motion instabilities were eliminated. Examples of
interference fringe images recorded at bias voltages of V
—6.5 Vand V;, = +6.5 V are shown in the inset of Figure 4f. In
this measurement, the laser illumination wavelength is 4 = 1550
nm. The dashed white lines show the interference fringes from
the metasurface (M) and the reference (R). Figure 4f shows the
measured phase shift as a function of applied voltage V, (4 =
1550 nm). When we increased the applied voltage from V;, = 0
V to V, = +6.5 V, we observed a phase shift of —211.9°, which
is accompanied by a modest relative reflectance modulation of
28%. When we decreased the applied voltage from V, = 0 V to
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Vo = —6.5 V, we measured a phase shift of +91° that is
consistent with our simulation results shown in Figure 4a.
Interestingly, despite the modest phase shift recorded at
negative biases V;, < 0, the reflectance measured at a wavelength
A = 1550 nm increases from 13% to 30%. An overall phase shift
of 303° was produced as the applied bias to the dual-gated
metasurface was varied between V, = —6.5 Vand V, = +6.5 V.

In summary, we have designed and fabricated a dual-gated
plasmonic reflectarray metasurface that shows wide phase
tunability with applied bias at a wavelength of A = 1550 nm, and
the phase of the reflected light can be continuously tuned from
0 to 303°. We have also measured a relative reflectance
modulation of 89%. This large optical tunability is achieved
both due to the materials employed here and to the dual-gated
metasurface architecture. Each element of our dual-gated
metasurfaces can be viewed as two series-connected MOS
field effect structures to which two independent bias voltages
can be applied, yielding a wider phase tuning range compared
to a single-gated metasurface (Supporting Information Part 8).
Interestingly, in our case a given phase shift can be achieved via
multiple different bias configurations that yield different
reflectance values, enabling an approach for reflectance
modulation at a constant phase. This feature may be very
useful for design and demonstration of future dynamically
reconfigurable low-profile optical components such as focusing
lenses with reconfigurable focal lengths, dynamic holograms,
and beam steering devices.
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