A metasurface optical modulator using voltage-controlled population of quantum well
states

Raktim Sarma, Salvatore Campione, Michael Goldflam, Joshua Shank, Jinhyun Noh, Loan T. Le, Michael D.
Lange, Peide D. Ye, Joel Wendt, Isaac Ruiz, Stephen W. Howell, Michael Sinclair, Michael C. Wanke, and Igal
Brener

Citation: Appl. Phys. Lett. 113, 201101 (2018); doi: 10.1063/1.5055013
View online: https://doi.org/10.1063/1.5055013

View Table of Contents: http://aip.scitation.org/toc/apl/113/20
Published by the American Institute of Physics

Articles you may be interested in

Multipolar-interference-assisted terahertz waveplates via all-dielectric metamaterials
Applied Physics Letters 113, 201103 (2018); 10.1063/1.5063603

A high numerical aperture, polarization-insensitive metalens for long-wavelength infrared imaging
Applied Physics Letters 113, 201104 (2018); 10.1063/1.5050562

Phase control of plasmon enhanced two-photon photoluminescence in resonant gold nanoantennas
Applied Physics Letters 113, 211101 (2018); 10.1063/1.5051381

Characterization of longitudinal acoustic phonons in InGaAsP multiple quantum wells by asynchronous optical
sampling
Applied Physics Letters 113, 201102 (2018); 10.1063/1.5041475

Broadband visible-to-telecom wavelength germanium quantum dot photodetectors
Applied Physics Letters 113, 181101 (2018); 10.1063/1.5052252

Controllable generation of second-harmonic vortex beams through nonlinear supercell grating
Applied Physics Letters 113, 221101 (2018); 10.1063/1.5050423

M Measure Ready

Continuity Contact Check

Resistivity FastHall™ \ A
20190101 at 01:53 ~ \

, revolutionary new instrument

for complete Hall analysis

et Lake Shore

CRYOTRONICS


http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/594559758/x01/AIP/Lakeshore_APM_1640x440_Dec_12-18_2018/Lakeshore_APL_PDF_1640x440_measure_ready_Dec_12-18_2018.jpg/4239516c6c4676687969774141667441?x
http://aip.scitation.org/author/Sarma%2C+Raktim
http://aip.scitation.org/author/Campione%2C+Salvatore
http://aip.scitation.org/author/Goldflam%2C+Michael
http://aip.scitation.org/author/Shank%2C+Joshua
http://aip.scitation.org/author/Noh%2C+Jinhyun
http://aip.scitation.org/author/le%2C+Loan+T
http://aip.scitation.org/author/Lange%2C+Michael+D
http://aip.scitation.org/author/Lange%2C+Michael+D
http://aip.scitation.org/author/Ye%2C+Peide+D
http://aip.scitation.org/author/Wendt%2C+Joel
http://aip.scitation.org/author/Ruiz%2C+Isaac
http://aip.scitation.org/author/Howell%2C+Stephen+W
http://aip.scitation.org/author/Sinclair%2C+Michael
http://aip.scitation.org/author/Wanke%2C+Michael+C
http://aip.scitation.org/author/Brener%2C+Igal
http://aip.scitation.org/author/Brener%2C+Igal
/loi/apl
https://doi.org/10.1063/1.5055013
http://aip.scitation.org/toc/apl/113/20
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5063603
http://aip.scitation.org/doi/abs/10.1063/1.5050562
http://aip.scitation.org/doi/abs/10.1063/1.5051381
http://aip.scitation.org/doi/abs/10.1063/1.5041475
http://aip.scitation.org/doi/abs/10.1063/1.5041475
http://aip.scitation.org/doi/abs/10.1063/1.5052252
http://aip.scitation.org/doi/abs/10.1063/1.5050423

APPLIED PHYSICS LETTERS 113, 201101 (2018)

@CrossMark

A metasurface optical modulator using voltage-controlled population

of quantum well states

Raktim Sarma,"® Salvatore Campione,! Michael Goldflam," Joshua Shank," Jinhyun Noh,?
Loan T. Le,® Michael D. Lange,® Peide D. Ye,? Joel Wendt," Isaac Ruiz,’
Stephen W. Howell," Michael Sinclair,” Michael C. Wanke,' and Igal Brener
'Sandia National Laboratories, Albuguerque, New Mexico 87185, USA

2School of Electrical and Computer Engineering and Birck Nanotechnology Center, Purdue University, West
Lafayette, Indiana 47907, USA

*Northrop Grumman Corporation, Redondo Beach, California 90278, USA

“Center for Integrated Nanotechnologies, Sandia National Laboratories, Albuquerque, New Mexico 87185,
USA

(Received 5 September 2018; accepted 28 October 2018; published online 13 November 2018)

1.4,8)

The ability to control the light-matter interaction with an external stimulus is a very active area of
research since it creates exciting new opportunities for designing optoelectronic devices. Recently,
plasmonic metasurfaces have proven to be suitable candidates for achieving a strong light-matter
interaction with various types of optical transitions, including intersubband transitions (ISTs) in
semiconductor quantum wells (QWs). For voltage modulation of the light-matter interaction, plas-
monic metasurfaces coupled to ISTs offer unique advantages since the parameters determining the
strength of the interaction can be independently engineered. In this work, we report a proof-of-con-
cept demonstration of a new approach to voltage-tune the coupling between ISTs in QWs and a
plasmonic metasurface. In contrast to previous approaches, the IST strength is here modified via
control of the electron populations in QWs located in the near field of the metasurface. By turning
on and off the ISTs in the semiconductor QWs, we observe a modulation of the optical response of
the IST coupled metasurface due to modulation of the coupled light-matter states. Because of the
electrostatic design, our device exhibits an extremely low leakage current of ~6 pA at a maximum
operating bias of +1V and therefore very low power dissipation. Our approach provides a new
direction for designing voltage-tunable metasurface-based optical modulators. Published by AIP

Publishing. https://doi.org/10.1063/1.5055013

The study and control of light-matter interactions are
not only important from a fundamental scientific point of
view but also because they can lead to new optoelectronic
device concepts. Different regimes of the light-matter inter-
action can be obtained when a fundamental material excita-
tion with an optical transition is coupled to some form of
optical cavity. Particularly, the regime of strong coupling
can lead to significant modifications of transmission and
reflection spectra. This is typically evidenced by a spectral
splitting of the resonance feature of the material excitation
into two polariton branches separated by the Rabi splitting.
The ability to vary this matter-cavity coupling with some
external stimuli has been an active area of research for
decades.

Recently, plasmonic metasurfaces have provided new
ways to interact strongly with various types of material exci-
tations such as electronic transitions in dye molecules,l’2
cyclotron  resonances,”  phonons,*  epsilon-near-zero
modes,>® and intersubband transitions (ISTs) in quantum
wells (QWS).7_9 The last offers some peculiar advantages for
controlling the interaction strength with an applied bias,
important for practical optoelectronic devices. In a coupled
IST/metasurface system, the parameters that determine the
coupling strength can be independently engineered. For
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example, the resonant frequency and the near field distribu-
tion can be engineered by adjusting the shape and size of the
resonators forming the metasurface. The frequency and
oscillator strength of the optical transition realized by the
IST in QWs can be chosen by appropriate heterostructure
design and QW doping density. In addition, the spatial over-
lap between the plasmonic mode and the ISTs can be con-
trolled via the thickness of the QW stack.

Along with fundamental studies, metasurface-IST cou-
pled hybrid systems have been studied for various applica-
tions such as ultrathin nonlinear metasurfaces,m_13 IST-
based light emitting diodes,'* voltage-tunable filters,® and
optical modulators.” In the context of practical tunable filters
and modulators, it is essential to modulate the coupling
between the two resonant systems using a bias voltage.
While various voltage-tunable approaches to realize meta-
surface based modulators and filters have been reported such
as using conducting-oxides such as ITO,*">"'7 gra-
phene,lg_22 and epsilon-near-zero modes in highly doped
semiconductors,5 23 q coupled IST/metasurface system offers
a significant advantage of having the flexibility of wide tun-
ability of the operational wavelength of the device. Since the
operational wavelength in a metasurface/IST coupled device
is determined by the IST transition frequency, the latter can
be tuned by (i) the heterostructure materials and (ii) adjusting
the thickness of the QWs, where the spectral tuning of the
IST is limited by the conduction band offset of the

Published by AIP Publishing.
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semiconductor heterostructure being used. For example, in
an Ing 53Gag47As/Alg 45lng soAs multi-QW heterostructure,
the conduction band offset is ~0.53eV. The IST transitions
using such a heterostructure can therefore be scaled to span
most of the mid-IR wavelength range including the atmo-
spheric transmission window of 8—12 um which is extremely
important for applications ranging from spectroscopy, mate-
rial processing, thermal imaging, chemical and biomolecular
sensing, and defense. On the other hand, existing approaches
using conductive oxides such as ITO work mostly in the near
IR and cannot be scaled to such long wavelengths.
Graphene-based approaches show limited tunability but
require high operation voltages and complex device architec-
tures.”! Finally, the approach of field effect modulation of
the carrier density using epsilon-near-zero modes in highly
doped III-V semiconductors works well at long-IR wave-
lengths but it is difficult to scale to much shorter wavelengths
due to the decreasing depletion width for the higher doping
densities required to operate in the near IR.

Prior work of voltage-controlled spectral or intensity mod-
ulation using IST-metasurface coupled devices has relied on
the quantum-confined Stark effect® to change the IST resonant
frequency. Although the Stark effect leads to a significant spec-
tral or amplitude modulation of reflectivity and/or transmission,
it also requires a relatively large current flow on the order of
mA.*? The current enables the homogenization of the large
electric field across many heavily doped quantum wells needed
for the Stark effect. Without the current flow, the charge in the
heavily doped QW nearest to the electrical contacts screens the
electric field from the other adjacent QWs, leading to no mea-
surable quantum confined Stark effect for most of the QWs in
the sample. Finally, attempting to deplete carriers from several
highly doped QWs is also impractical due to the same screen-
ing argument and due to the thin depletion width obtained for
doping densities higher than 10'® cm™>.

In this paper, we present a proof-of-concept experimental
demonstration of a new approach to tune the optical response
of a plasmonic metasurface using a voltage bias to control its
coupling to ISTs. Instead of tuning the resonance frequency of
the IST through Stark tuning, we tune the IST strength by
changing the QW electron population via an applied voltage
bias, leading to transfer of electrons from an electron reservoir
to the wells. In contrast to the Stark shift approach, our
approach does not require a continuous flow of current, thus
reducing ohmic losses and power consumption. When no bias
is applied, there is an absence of electrons in our undoped
QWs, and therefore, the ISTs are turned off—the metasurface
and IST are uncoupled and only the spectral response of the
metasurface is present. When a bias is applied, electrons are
electrostatically pulled from the electron reservoir and accumu-
late in the QWs. The enhancement of electron density in the
QW:s turns the ISTs on and leads to coupling between the meta-
surface and the ISTs. This, in turn, leads to modulation of the
optical response (reflectivity or transmission) of the metasur-
face. To enable the electrons to quickly move in and out of the
QWs, the QWs are designed so that their ground states would
align at a certain bias to enhance the tunneling rate between the
wells and reservoir. As a final refinement, we used a high-x
dielectric barrier rather than a semiconductor barrier to prevent
leakage current when the device is biased. While field-induced
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electron transfer has been used to frequency tune the spectral
response of QW infrared photodetectors,”** it has not been
used to modulate the optical response of a metasurface-IST
coupled system. Field-induced accumulation therefore offers a
new low-dissipation approach to modulate the optical response
of a metasurface coupled to ISTs using a bias voltage.

To construct our devices, we fabricated a metallic 2D
plasmonic metasurface on a high-x dielectric deposited on
top of a semiconductor heterostructure (grown by molecular-
beam epitaxy) as shown schematically in Figs. 1(a) and 1(d);
the heterostructure is shown in Fig. 1(b). Although there are
technically 7 quantum wells, we consider the structure to
consist of three effective Ings3Gag47As QWs and one InP
QW all separated with Al 4glng s,As barriers [Fig. 1(b)].
The QWs and barriers are undoped and are grown above a
90nm Ing 53Gag 47As layer with average doping density of
Np =2 x 10'® cm_3, which acts as an electron reservoir and
bottom contact simultaneously. The entire epitaxial stack is
grown on a semi-insulating InP substrate. The QW thick-
nesses are chosen such that the IST transition between the
ground state and the first excited state in each well is at a
wavelength of ~11um. The InP layer in each of the
Ing 53Gag 47As QWs allows the IST in all the wells to have
the same wavelength while keeping the ground state levels
simultaneously aligned at a specific bias. Figure 1(a) shows
schematically the electron density distribution of the device
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FIG. 1. (a) Schematic showing the cross-section of the device and the corre-
sponding electron densities at zero bias, for which almost all electrons are in the
electron reservoir, and the QWs have negligible electrons. (b) Self-consistent
band structure calculation for the multi-QW structure using a Schrodinger-
Poisson solver at zero bias (blue). The thickness of the first InP QW is 8 nm and
those of the InGaAs QWs (in the order of increasing z) are 6.75/9.75/9 nm. The
thicknesses of the InP layer in the InGaAs QWs are 1.25/0.25/0.5 nm, respec-
tively. The eigenvalues for the ground (red) and first excited states (green) of all
the QWs are shown. The wavelength corresponding to the ground to 1st excited
state transition is 11 um. The black dotted line signifies the Fermi energy show-
ing that only the ground state of the first QW near the electron reservoir is occu-
pied. (c) Plot of the band structure (left y axis) and corresponding electron
density (right y axis) for zero bias. Only the first QW has some electrons. (d)
Schematic showing the electron densities at V= 1V. On applying a bias, some
of the electrons get electrostatically pulled from the reservoir, and they populate
the QWs. (e) Self-consistent band structure calculation for the multi-QW struc-
ture at a bias of 1 V. The electronic energies get lowered, and the energy levels
of the ground states and first excited states of all the QWs become energetically
aligned. The ground states of all the QWs are now below the Fermi energy. (f)
Plot of the band structure (left y axis) and the corresponding electron density
(right y axis) for bias V=1 V. All the QWs ground states are now populated by
electrons.
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for a bias of OV. The corresponding self-consistent
Schrodinger-Poisson conduction band structure calculation
of the multi-QW structure is shown in Fig. 1(b); at a bias of
0V, only the ground state of the QW closest to the electron
reservoir is below the Fermi energy and is therefore occu-
pied. Figure 1(c) shows the corresponding spatial distribu-
tion of the electron density in the heterostructure. Since the
QWs have negligible electron density, the ISTs in the QWs
are inactive. Upon the application of a positive bias to the
metasurface, the ground state energies of the QWs drop
below the Fermi energy in the reservoir (without changing
the energy difference between the ground and the first
excited state), and at a certain voltage, the energy levels of
all the QWs become aligned. The alignment of the ground
states enhances tunneling from the electron reservoir and
leads to filling of the ground states of all the QWs simulta-
neously,26 Figure 1(d) shows schematically the new electron
density distribution of the device for a bias of 1V, and the
corresponding band structure calculation is shown in Fig.
1(e), where at 1V, the ground states of all the QWs are
nearly aligned and are below the Fermi energy. Figure 1(f)
shows the corresponding spatial distribution of the electron
density for the different QWs. The ground states in each well
are now populated, and the ISTs are effectively “turned on.”
The final carrier concentration in the wells depends on the
electron concentration of the reservoir and the heterostruc-
ture design. In this study, we chose the doping density such
that the doped Ings3Gag47As reservoir layer has a plasma
wavelength which is much longer than the IST wavelength.
This ensures that the modulation of the metasurface response
we observe experimentally is due to voltage-induced cou-
pling between the metasurface and the IST and not from an
epsilon-near-zero mode” supported by the doped layer.

The fabricated metasurface in Fig. 2(a) consists of a
plane of metal with a periodic array of inverse “dogbone”
resonators (H shaped holes). This configuration was chosen
because all the metal is electrically connected and can be
used as a metallic gate for voltage biasing. Furthermore, the
“dogbone” resonator [Fig. 2(b)] shape was selected for its
high capacitance, which enhances coupling between the
metasurface resonances and the ISTs.?” The dimensions of
the unit cell of this periodic array, shown in Fig. 2(b), were
chosen so that the dipole resonances of the metasurface had
the same resonant wavelength as the IST wavelength which
leads to coupling between the two resonances. The evanes-
cent field of the dipole resonances of the metasurface gener-
ates electric field components normal to the surface, which
enables the electric field to couple to the ISTs.”” At 0V (IST
OFF state), the QW electron concentration is negligible, and
the wells behave as dielectric layers. In this case, the optical
response of the device is given by the uncoupled metasurface
optical response. At 1V (IST ON state), the QWs are popu-
lated, and the near fields of the metasurface drive the ISTs.
This leads to coupling between the two resonant systems and
a modified optical response. We note here that the decay
lengths of evanescent fields of the dipole resonances are typi-
cally on the order of a few hundred nanometers.'"*® Since
the heterostructure used for this study has only 4 QWs (span-
ning only ~60nm), we therefore do not obtain complete
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FIG. 2. (a) Three-dimensional unit cell schematic of the metasurface-
semiconductor hybrid structure. (b) Dimensions of the dogbone complemen-
tary resonator (scale factor 1.0) in micrometers. When the scaling factor is
varied, all marked dimensions are scaled accordingly. (c) Scanning electron
micrograph of a fabricated metasurface with resonators of scale factor 1.0.
The “dogbone” shapes are openings in an otherwise continuous metal film.
(d) Schematic of the experimental setup used to measure the voltage-induced
modulation of reflectance from the metasurface. The source light is rerouted
using a beam splitter (BS) and then focused onto the sample using an objec-
tive (O;) with NA of 0.4. The reflected light is collected using the same objec-
tive and is rerouted to an FTIR spectrometer. (¢) Room temperature FTIR
reflectance measurements of a metasurface with resonators of scale factor
1.35. The resonance is centered around the IST wavelength of 11 pum.

spatial overlap of the active region consisting of the QWs
with the plasmonic mode.

A 10nm HfO, layer deposited using Atomic Layer
Deposition (ALD) separates the metallic gate and the multi-
QW structures and acts as the high-x gate dielectric. To
ensure a high-quality interface between the gate dielectric
and the semiconductor heterostructure, we added a 1nm
interlayer of ALO; % Figure 2(c) shows a scanning electron
micrograph of a metasurface fabricated using electron-beam
lithography to pattern the “dogbones.” It was followed by
evaporation to deposit Ti/Au (5nm/100nm), and then, the
metal was lifted-off to complete the process. To access the
highly doped layer and to define the area of a device, wet-
chemical etching was used to etch away the gate dielectric
and the QWs around 150 x 250 um mesas. Electrical contact
to the highly doped layer was made by depositing a Ti/Au/
Ag/Au ohmic contact on top of the etch-exposed highly
doped Ing 53Gag 47As layer. The bare resonance frequency of
the metasurface scales with the dimensions of the metasur-
face unit cell. Therefore, to ensure that we obtained a device
such that the metasurface resonance frequency was resonant

: (@ ®)
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FIG. 3.(a) Static current-voltage characteristics of the device. (b)
Capacitance-voltage measurements at the frequency of 1 kHz.
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with the IST frequency, we fabricated resonators with differ-
ent geometric scaling factors on top of the same heterostruc-
ture. Figure 2(d) shows a schematic of the experimental
setup used to measure the reflectance from the fabricated
metasurface. Figure 2(e) shows room temperature reflectance
spectra (without any bias) of a metasurface with the resona-
tors scaled 1.35x larger than the dimensions in Fig. 2(b).
The spectra were obtained using a Fourier Transform
Infrared (FTIR) spectrometer with a microscope objective of
NA = 0.4. The raw metasurface reflectance spectra were ref-
erenced against the reflectance spectra of an unpatterned
gold surface to remove the spectral dependency of the FTIR
spectrometer and extract the metasurface response. As
shown in Fig. 2(e), a scale factor of 1.35 places the metasur-
face resonance near the desired wavelength of 11 um. This
scale factor was used in the voltage-tuning experiment and
simulations.

Figure 3(a) shows the device current as a function of
applied bias. As described above, our design requires a bias of
+1V for the electronic bands to align and to inject electrons
into all the QWs. For voltages between *1V, leakage cur-
rents are below 6 pA and are therefore negligible. For the
same range of voltages, we observe a change in capacitance
of the device that can be understood as follows: at OV, the
total capacitance of the device can be modeled as two capaci-
tors in series, corresponding to the capacitance associated
with the gate dielectric and capacitance corresponding to
undoped multi QW stack which also behaves as a dielectric.
As the voltage increases, electrons fill the QWs, and therefore,
the effective thickness of the dielectric multi-QW stack
decreases. For voltages above 1V, all the QWs are filled so
that the dielectric thickness now equals the constant gate
dielectric thickness. Therefore, above 1V, the capacitance sat-
urates to the value of capacitance associated only with the
gate dielectric. For negative bias applied to the metasurface,
the reduction in capacitance is due to partial depletion of the
highly doped Ing 53Gag 47As layer and the QW closest to it.

To estimate the voltage-dependent optical response of the
metasurface, we performed finite-difference time-domain
(FDTD) simulations,30 where we used the heterostructure
described above and periodic boundary conditions to model the
metasurface through a single unit cell. The permittivity for the
gold layer used in the simulation was extracted from spectral
ellipsometry measurements on a separate 100 nm gold film pre-
pared under similar conditions as the devices. Since only com-
ponents of the electric field which are normal to the surface can
couple to the ISTs, the ISTs in the heterostructure were mod-
eled as anisotropic harmonic oscillators following the in-plane
dipole selection rules.?! Figure 4(a) shows the simulated
reflected intensity from the metasurface for two bias-voltages, 0
V and 1V, and the inset in Fig. 4(a) shows the absolute value
of the relative percent change in the reflected intensity as a
function of wavelength. The simulation predicts ~12% change
in the reflectance spectrum when the electron population in the
wells changes. For the same structure, our simulations predict
an ~16% decrease in the transmittance and an enhancement of
absorbance by ~45%. The absorption is enhanced because the
ISTs are turned on when the bias voltage is applied.

Figure 4(b) shows experimentally measured room tem-
perature FTIR reflectance measurements of the metasurface

Appl. Phys. Lett. 113, 201101 (2018)
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FIG. 4. (a) FDTD simulation results of reflected intensity of a metasurface
with resonators of scale factor 1.35 for the two different conditions of no
bias (red solid) and bias of +1V (blue dashed). The inset shows the abso-
lute value of the relative change in the reflected intensity in percentage,
|[AR|/R =|(Ry = 1 v.— Ryv—0)|/Ry — o. (b) Room temperature FTIR reflec-
tance measurement of a metasurface with resonators of scale factor 1.35
for the two different conditions of no bias (red solid) and bias of +1V
(blue dashed). The inset shows the absolute value of the relative change in
reflectance in percentage, |AR|/R = |[(Ry—; v.— Ry_0o)/Ry = o. (¢)

Room temperature double modulation FTIR reflectance measurement of a
metasurface with resonators of scale factor 1.35. The voltage was
modulated at a frequency of 10kHz. Qualitative agreement is observed
with the data shown in insets of panels (a) and (b). (d) FDTD simulation
results of the reflected intensity of a metasurface with resonators of scale
factor 1.35 for the two different conditions of no bias (red solid) and bias
of +1V (blue dashed) with a metal backplane. The inset shows the absolute
value of the relative change in reflected intensity in percentage, |AR|/R
=|Ry =1 v.—Ry_9lRy -0

for 0 V and 1V, and the inset in Fig. 4(b) shows the absolute
value of the relative percent change in the reflectance as a
function of wavelength. We observe a qualitative agreement
between the simulations and experiments, with an overall
experimental modulation smaller than the simulated modula-
tion. This is because the simulations assumed that the sample
was illuminated by normal incidence plane waves, whereas
the experiment used a microscope objective with 0.4 NA
resulting in illumination with a large spread of incoming
angles.® Since the voltage-induced change in the optical
response is small, we performed a double modulation rapid-
scan FTIR measurement’ to improve the signal to noise
ratio of the AR/R measurement. Figure 4(c) shows the
change in the reflectance as a function of wavelength, mea-
sured using the double modulation. Qualitative agreement
with the simulated results is again observed. To confirm that
the modulated optical response of the metasurface originates
from the voltage-induced change in the strength of the IST
coupled to the metasurface, we repeated our double modula-
tion FTIR measurement with metasurfaces of different scale
factors. When the metasurface resonance did not spectrally
overlap with the IST resonant wavelength of 11 um, no
change in the reflectance was observed. Therefore, we con-
clude that the modulation of the optical response was due to
the voltage induced change in the strength of the ISTs cou-
pled to the metasurface.

Finally, we discuss additional ways for enhancing the
modulation of the optical response of the metasurface using
this approach. This proof-of-concept design has only 4 QWs
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and therefore does not provide complete spatial overlap with
the optical mode. One possible way to mitigate this issue is
by introducing a metal backplane underneath the highly
doped Ing 53Gag 47As layer which will significantly decrease
the optical mode volume.*® Figure 4(d) shows the simulated
reflected intensity from the metasurface for 2 bias-voltages,
0 V and 1V, but now with a metal backplane underneath the
Ing 53Gag 47As layer. The addition of metal backplane leads
to reduction in the spectral width of the uncoupled metasur-
face resonance and induces a slight spectral shift. As shown
in the inset, the simulated voltage-induced modulation, |AR|/R,
now increases by more than an order of magnitude and can be
as large as 140%. Since fabrication of devices with a metal
backplane requires more involved flip-chip processing, these
steps will be investigated in future studies. Furthermore,
future studies will also investigate other heterostructure
designs that may allow a larger number of QWs and higher
electron density, thereby enabling us to enhance the modula-
tion of the optical response.>*

In conclusion, we have presented a proof-of-concept
experimental demonstration of a new approach for modulat-
ing the optical response of a metasurface coupled to ISTs in
semiconductor QWs which uses low bias voltage and exhib-
its low leakage current. We demonstrated that a positive bias
applied to a plasmonic metasurface resulted in enhancement
of electron density in undoped quantum wells located in the
near field of the metasurface. Changing the electron density
in the wells modified the strength of ISTs in the wells. Since
these ISTs were coupled to the metasurface resonances,
changing their strength modified the reflectance of the
device. Comparing experimental and simulated results, we
showed that the voltage induced change in the optical
response is due to coupling of the ISTs to the metasurface.
Finally, we also presented directions for future studies for
enhancing the modulation of the optical response of the
metasurface using this approach.
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