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Ultrafast Electrically Tunable Polaritonic Metasurfaces

Jongwon Lee, Seungyong Jung, Pai-Yen Chen, Feng Lu, Frederic Demmerle,
Gerhard Boehm, Markus-Christian Amann, Andrea Alii, and Mikhail A. Belkin*

Electrically tunable mid-infrared metasurfaces with nanosecond response
time and broad tuning range are reported. Electrical tuning is achieved by
employing strong polaritonic coupling of electromagnetic modes in metallic
nanoresonators with voltage-tunable inter-subband transitions in semicon-
ductor heterostructures, tailored for a giant quantum-confined Stark effect.
Experimentally, a 220-nm-thick multi-quantum-well semiconductor layer is
sandwiched between a ground plane and a metal layer patterned with plas-
monic nanoresonators. Approximately 300 nm absorption peak tuning and
over 30% absorption change are demonstrated at around 7 pm wavelength
at normal incidence by changing the DC bias voltage from 0 to +5 V. Fast
reflectivity modulation of the metasurface is shown with a response time less
than ~10 ns using bias voltage modulation between +2 V and +4 V. Since the
bias affects the optical response at the individual nanoresonator level, this
approach may be used to create metasurfaces for ultrafast electrical wave-

front tuning and beam steering.

1. Introduction

Plasmonic metasurfaces have recently raised widespread
interest due to their ability to control the optical response over
a broad spectral range and at deeply sub-wavelength scales by
properly tailoring size and shape of metallic nanoinclusions.
Frequency selective surfaces!'l may be considered the prede-
cessors of metasurfaces, constituted by uniform arrays of inclu-
sions with size of the order of the wavelength capable to tailor
the spectral response to a large degree. Introducing plasmonic
materials allows drastically squeezing the dimensions of each
inclusion and confining light in sub-diffractive volumes, with
advantages in terms of spatial resolution and enhanced light
control. Recently, the concept of gradient metasurfaces has also
emerged, in which metallic nanoinclusions are individually
tailored to scatter light with the desired phase and amplitude
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spatial profile. Gradient metasurfaces pro-
vide a much richer control of the wave-
front in both local amplitude and phase
of the emerging transmitted and reflected
beams.*7l Such structures enable flat
optical components for beam focusing,
polarization control and phase correction,
to name a few examples.[*]

The next challenge and exciting per-
spective for this technology consists in
enabling real-time reconfigurability of the
metasurface platform with a fast response
time, which may produce flat optical
components for rapid wavefront modula-
tion, phase tuning and beam steering.”!
A number of methods to tune the spec-
tral response of plasmonic nanoresona-
tors have been reported in the recent past,
based on thermal, mechanical, optical, and
electrical control, as summarized in the
literature.!% Electrical tuning techniques
are of particular interest, since they open a route to on-chip
integration of metasurfaces with electronics, potentially ena-
bling GHz-level switching speeds. The most common elec-
trical tuning mechanisms reported so far are based on phase-
change media,l''13] the use of liquid crystals,*1 and carrier
concentration control on a semiconductor substratel®7] or
graphene.3-2 Approaches based on phase-change media and
liquid crystals rely on intrinsically slow physical processes and
cannot produce metasurfaces with nanosecond switching time.
Carrier-concentration control produces metasurfaces with much
faster switching speeds with the best results in terms of tuning
range and switching speeds achieved with hybrid metal-gra-
phene structures, demonstrating spectral tuning with switching
speeds up to 30 MHz,?3] limited by the RC (circuit resistance x
circuit capacitance) time constant of the biasing circuit.

It has recently been suggested and experimentally demon-
strated by our team?#%] as well as by Brener’s group in Sandia
Labs[?6-28] that metasurfaces made of plasmonic nanoresona-
tors polaritonically coupled?*2 to intersubband transitions in
multi-quantum-well (MQW) semiconductor heterostructures
engineered for large quantum confined Stark effect?®33% may
display voltage-tunable optical response. Here we demonstrate
that these polaritonic metasurfaces may provide one of the
fastest electrical switching of optical response demonstrated
in metasurfaces to date. Our structures utilize well-established
InGaAs/AllnAs MQW semiconductor technology and dem-
onstrate comparable absorption modulation speed compared
to hybrid metal-graphene structures while using lower bias
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modulation voltage.?) Potential applications of these devices
may span across multiple disciplines, including actively con-
trollable fast optical switches, beam steering devices, and ultra-
fast spatial optical modulators.

In the context of modulation speed, we note that the speed of
devices based on carrier-concentration modulation is ultimately
limited by the carrier injection/removal time (although the time
scales of these processes are in the picosecond range, much
smaller than the RC time constants of devices demonstrated to
date). In contrast, similar to other modulators based on clas-
sical electro-optic effect,*®! the time response of our devices
is limited only by the RC time constant of the biasing circuit
which may ultimately offer an advantage for achieving very
high modulation speeds.

2. Metasurface Design

Quantum engineering of intersubband transitions in n-doped
MQW heterostructures provides the possibility to produce
optical materials with one of the largest known electro-optic
coefficients for TM-polarized light, associated with quantum
confined Stark effect.}3-3% For optical frequencies ® close to
intersubband transition frequency, the dielectric constant for
E-field polarization perpendicular to the heterostructure layers
can be written asl*”]

M \llw'§

www.MaterialsViews.com

where €, (®) is the dielectric constant of an undoped semi-
conductor structure, e is the electron charge, N, is the average
bulk doping density in the MQW structure, and zj,, ®,, and
Y, are the transition dipole moment, frequency, and linewidth
broadening factor, respectively, for a transition between electron
states 1 and 2 (see Figure 1a,b,c).

MQW structures can be designed to display giant quantum
confined Stark effect by tailoring the wavefunctions for states 1
and 2 to be spatially separated (see Figure 1a as an example).l33-]
In this case transition energy ®;, can be tuned by bias voltage
applied across the structure and this leads to a change in & (®)
(cf. Equation 1). Owing to intrinsic TM-polarization of inter-
subband transitions between electron states, the value of the
dielectric constant for electric field parallel to the MQW layers,
g(), stays unchanged. Our structure is designed using a
self-consistent Poisson-Schrodinger solver. It is composed of
7 repetitions of a double-quantum-well unit that consist of
4.7 nm and 1.9 nm Ing53Gag4yAs quantum wells, separated by
a 1 nm thick Alj4sIngs,As barrier. The units are separated with
20 nm thick Al 4gIng 5,As barriers, doped to 3.44 x 107 cm™ in
the central 14 nm section. Compared to ref. [27], much thicker
barriers between adjacent coupled-quantum-well units used in
our structures resulted in over two orders of magnitude reduction
of leakage current density (20 A/cm? vs 2600 A/cm? in ref. [27))
under operational bias voltage which dramatically reduces
Ohmic heating in our structures. Figure la-e shows the band-
structure as well as calculated real and imaginary parts of g, for

£ ()~ £ (@) + N, (ezy)’ (1) the MQW structure used in this work for bias voltages of 0 and
o el (w1, —®)—iy1,) +/-1V applied across approximately 200-nm-thick MQW layer.
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Figure 1. Semiconductor heterostructure design. (a—c) Conduction band diagram of one period of an Ings3Gag47As/Alg45lngs,As coupled MQW
structure under zero, +50 kV/cm (+1 V across 200 nm), and —50 kV/cm (-1 V across 200 nm) bias fields. Shown in (a—c) are calculated transition
dipole moment z;, and transition energy E;, between the first two electron subbands. (d,e) Calculated real (d) and imaginary (e) parts of the dielectric
constant normal to MQW layers &, (w) under applied bias voltages of 0 and +/—1 V. (f) Measured absorption spectrum of the MQW structure for zero
bias at room temperature.
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Figure 2. Metasurface design. (a) One unit cell of the periodic metasurface (w =0.38 ym, L=1.48 pm, P=1.73 pm). The semiconductor layer is sand-
wiched between a top complementary nanocross array and a bottom metal ground plane. Bias voltage is applied across the semiconductor layer with
top and bottom metal films acting as electrodes. (b) Simulated metasurface absorption at different bias voltages. Black dash lines trace the positions
of the two polaritonic peaks at different DC bias voltages and polaritonic splitting of the absorption peak is clearly visible. For clarity, the absorption
curves at different bias voltages are offset from each other vertically by 15%. (c) Simulated distribution of normal electric field component and its
enhancement relative to the incident field magnitude in the semiconductor layer 100 nm below the complementary nanocross array. Simulations are

performed at A= 6.75 pm and zero bias voltage.

The calculations assume doping density N, = 1.74 x 107 cm™
and transition linewidth 2%y, =19meV obtained from meas-
ured intersubband absorption in the MQW structure at zero
bias shown in Figure 1f. We note that the absorption peak at
hoy, =177meV in Figure 1f is in excellent agreement with the
theoretical calculations shown in Figure 1a.

The MQW layer is then sandwiched between a bottom metal
ground plane and a top metal layer patterned with an array of
complementary nanocrosses. The unit cell of the metasurface is
shown in Figure 2a. The bottom ground plane is implemented
to ensure that the plasmonic nanoresonators support TM-polar-
ized modes in the MQW layer, and it may, at the same time,
be used as bottom electrode for electrical biasing of the MQW
structure. The complimentary cross design for the top surface
pattern is chosen to produce continuous top metal electrode for
biasing.

As follows from Equation 1 and as shown in Figure 1d,
the refractive index change is particularly strong for frequen-
cies close to the intersubband transition frequency ®;,. Con-
sequently, in order to achieve the maximum tuning range,
the complimentary cross nanostructures were designed to
have a resonance close to intersubband transition frequency
@y, for zero bias. In this case, the electromagnetic modes in
metallic nanostructures are polaritonically coupled to the inter-
subband transition 1-2 in the MQW layer. The polaritonic
absorption peak splitting can be seen in the simulated absorp-
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tion spectra of the metasurface at normal incidence shown in
Figure 2b. The vacuum Rabi energy splitting!?>3% is calculated
to be 27Q, =16.7meV, in good agreement with simulation
results. Figure 2b also shows how the metasurface absorption
is expected to change as the transition frequency between elec-
tron subbands 1 and 2 is tuned by the bias voltage. Figure 2c
shows the distribution of surface normal component of E-field
induced in the MQW layer by input light at normal incidence.
We note that, due to the symmetry of complimentary nano-
scross structures, the same response is achieved for any light
polarization at normal incidence. Further details on the simula-
tion procedure are given in the Experimental Section.

3. Results

Experimentally, a 400 pm x 400 pm two-dimensional array of
nanoresonators, as shown in Figure 2a, was patterned on top
of the MQW layer metal-bonded to a semiconductor substrate.
Details of the fabrication process are described in the Experi-
mental Section. The top and bottom metal contact layers were
wire bonded to apply a bias voltage. Figure 3a—c show a top
view of the scanning electron microscope image of the com-
plete wire-bonded device (Figure 3a), details of the top sur-
face pattern (Figure 3b), and a side view of the cleaved facet
of the metasurface showing the MQW layer above the metal
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Figure 3. Fabricated metasurface and experimental measurement setup. (a—c) Scanning electron microscope images of the wire-bonded device (a),
the complementary crosses (b), and a side view of the cleaved facet with the MQW layer metal-bonded to InP substrate (c). (d) Optical setup used for
characterization. Mid-IR light source can be either a broadband thermal output from a Fourier-transform infrared spectrometer or a broadly tunable

quantum cascade laser.

ground plane bonded to a substrate (Figure 3c). A schematic of
the optical setup for our measurements is illustrated in Figure
3d.

For initial characterization, we measured absorption spectra
of the metasurface for different applied DC bias voltages from
-5 V to +5 V with a 1 V step. The data is shown in Figure 4a.
The intersubband transition frequency ®,; increases with the
DC bias, consistent with Figure 1, and this is reflected in the
variation of the absorption spectrum. The measured peak
absorption shifts by over 0.3 pm from 6.78 um to 7.09 pm with
a change in bias voltage of only 2 V between +1 V and +3 V.
Current-voltage measurements of the metasurface in Figure 4b
reveal very low current density below 20 A/cm? for up to 5 V
bias voltage. Simulation of a temperature increase in our struc-
tures due to electrical power dissipation shows only 0.04 °C
temperature increase under +5 V DC biasing, which shows that
our structures require no cooling system for operation.

The experimentally observed spectra in Figure 4a are in
good agreement with our simulations in Figure 2b, although
higher bias voltages were required to experimentally realize
optical tuning. This is most likely the effect of contact resist-
ance at the semiconductor-metal interfaces in the top and
bottom electrodes. We note that, due to small thickness of
the semiconductor heterostructures of our metasurfaces, we

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

did not use heavily doped ‘contact layers’ and our contacts are
non-alloyed.

Figure 4c shows the variation of metasurface absorbance for
different DC bias voltages, defined as (Ay,. — Av,c=ov )/Av,c=ov,
where Ay, v and Ay, are the metasurface absorbance in per-
cent for zero bias, and applied voltage V, respectively. Strong
metasurface absorbance (or reflectivity) modulation is achieved
around 6.72 pm and 7.12 ym wavelengths. In particular, over
30% of absorbance change is achieved around 7.12 pm wave-
length by changing bias voltage from 0 V to +5 V. Since the
tuning is achieved by electro-optic effects due to Stark shift of the
intersubband transition energy and it requires no carrier trans-
port across MQW layer, the frequency response of the device is
only determined the RC time constant of the biasing circuit.

Ultrafast reflectivity switching was verified by observing
intensity variation of the reflected quantum casade laser light
at A = 6.75 pm, close to the strong intensity modulation region
measured in Figure 4c. The bias voltage on the structure was
modulated between +2 V and +4 V as confirmed by the oscil-
loscope traces shown in Figure 4d. To achieve such voltage
modulation, we sent short pulses with +2 V amplitude through
bias tee with +2 V DC bias. The RC time constant of our struc-
ture for such modulation is calculated to be approximately 8 ns
using the average structure resistance of approximately 60 Q in

Adv. Optical Mater. 2014, 2, 1057-1063
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Figure 4. Experimental results. (a) Experimental absorption spectra of the metasurface for different DC bias voltages. For clarity, the absorption curves
at different bias voltages are offset from each other vertically by 5%. Black dash lines trace the positions of the two polaritonic peaks at different DC
bias voltages. (b) Current-voltage characteristic of the metasurface. (c) Absorption amplitude modulation for positive DC bias voltages deduced from
(a). (d) High speed modulation measurements. Oscilloscope traces of the modulation voltage on the metasurface and the corresponding light intensity
modulation of the reflected beam are shown. All intensity modulation traces use the same units and background intensity were subtracted for clarity. We
applied voltages pulses with different pulse widths: 100 ns (top panel), 50 ns (middle panel), and 10 ns (bottom panel) at 5 MHz repetition frequency.

(e) Zoom-in of the data for metasurface modulation with 10 ns pulses.

+2 ~ 4 V range obtained from the current—voltage characteris-
tics shown in Figure 4b and the structure capacitance of 140 pF
calculated using the structure dimensions in the Experimental
Section. We note that the RC time constant of our metasurface
may be significantly improved by reducing the nanoresonator
array and contact area sizes. A thermoelectrically cooled mer-
cury cadmium telluride detector with response time of 1 ns was
used to detect the intensity modulation of the reflected light.
Figure 4d shows oscilloscope traces of the reflected light inten-
sity and corresponding traces showing voltage modulation on
the metasurface. Modulation voltage pulses of 100 ns, 50 ns,
and 10 ns were sent to the metasurface at 5 MHz repetition fre-
quency and the data shows that reflected beam intensity follows
the shape of the voltage pulses with high accuracy. Modulation
depth of the reflected light intensity stays approximately con-
stant for all pulse durations as seen in Figure 4d. We note that
the voltage pulse width of 10 ns is the minimum pulse width
that was available from the pulser in our laboratory, and the
measured signals indicate that much faster modulation speeds
may be achieved with these polaritonic metasurfaces, since,
fundamentally, the response time is only limited by the RC
time constant of the associated circuitry.

4. Conclusion

Tunable polaritonic metasurfaces presented in this work repre-
sent a new class of ultra-fast reconfigurable metamaterials that
achieve the desired optical properties by polaritonic coupling of

Adv. Optical Mater. 2014, 2, 1057-1063
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quantum-engineered transitions between electronic states with
electromagnetically engineered modes of metallic nanoresona-
tors. Our design approach allows producing metasurfaces with
new functionalities, such as rapidly tunable optical response
plasmonic nanoresonators reported here, as well as large optical
nonlinearities®” and signal amplification in electrically pumped
structures. Compared to tunable metasurface based on hybrid
metal—-graphene structures, which have attracted significant
attention recently,[1#-23] the metasurfaces presented here offer the
significant advantages of lower modulation voltages, robust and
well-established fabrication technology, and potentially larger
modulation speeds. Since tuning in our structures is achieved by
an electro-optic effect that requires no electron transport in the
MQW layers, the modulation speed may be pushed well within
the GHz range and above. The experimental results reported here
represent a proof-of-concept experimental demonstration, and
we expect further improvements in speed and intensity modula-
tion depth in future structures based on smaller-sized elements
with reduced RC time constant and optimized nanoresonators
designs. The metasurface geometry presented here is well-suited
for integration into various voltage-reconfigurable flat optical ele-
ments for, e.g., real-time beam steering and polarization control
using polarization-sensitive plasmonic nanoresonators.

5. Experimental Section

Numerical Calculations: Commercial Maxwell’s equations solver (CST
studio) based on the finite-integration method in frequency domain was
used to compute the reflectance and E-field distribution in the MQW
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layer. Periodic boundary conditions were placed around the unit cell and
open boundary conditions were placed in the perpendicular direction of
the top device surface. Because of the ground plane, the transmittance
of the metasurface was zero and the absorbance A was calculated as
A=1-R, where R is the power reflectance of the metasurface.

Device Fabrication: MQW structures were grown by the molecular
beam epitaxy on a semi-insulating InP substrate. The growth started with
300-nm-thick etch-stop layer of Ing s3Gag 47As, followed by a 100-nm-thick
etch-stop layer of InP, followed the MQW structure. A 10-nm-thick layer
of titanium, a 50-nm-thick layer of platinum, and a 500-nm-thick layer
of gold were subsequently evaporated on top of the MQW layer. The
wafer was then thermo-compressively bonded epi-side down to a semi-
insulating InP wafer coated with same metal layers. The InP substrate
on the MQW wafer was then removed via selective etching, followed by
the removal of the etch-stop layers via selective etching. A 400 pm by
400 pm array of complementary crosses was produced on the MQW
layer with e-beam lithography, evaporation of a 5-nm-thick layer of
titanium and 40-nm-thick layer of gold, and lift-off. A 700 pm by
700 pm of square mesa structure was then etched in the MQW layer
all the way to the bottom metal contact layer with the patterned
complimentary cross array in the center of the mesa. A 1.5 mm by
1.5 mm square patch made of 500-nm thick layer of SU-8 photoresist
was then deposited on top of the mesa and surrounding area with a
400 pm by 400 pm of square opening on top of the nanocross array.
Finally, a 1.4 mm by 1.4 mm top metal contact layer with a window
across the nanocross pattern was fabricated on top of the SU-8
patch. The contact layer is made of a 10-nm-thick layer of titanium
and 150-nm-thick layer of gold and it contacts with the borders of the
nanocross array. Finally the device was mounted on a copper block and
wire-bonded to produce the structure shown in Figure 3a.

The total device capacitance of the structure is calculated by summing
the capacitance of a 400 x 400 ym? section of nanocrosses on 220 nm
MQW layer, 700 x 700 pm? of mesa section with 500-nm-thick layer
of SU-8 on top of the 220 nm MQW layer, less 400 x 400 um? center
section, and 1.4 x 1.4 mm? 500-nm-thick layer of SU-8 on top of ground
plane, less the 700 x 700 pm? mesa structure. The dielectric constant
of the MQW layer was taken to be €yow =10 from ref. [38] and that of
SU-8 was taken to be ggy_g =2.5 from the manufacturer specifications
sheet (Microchem Corp.).

Experimental Measurements: A schematic of the experimental setup is
shown in Figure 3b. A Fourier-transform infrared spectrometer (FTIR)
was used for the spectral measurement of the finished device. Broadband
mid-infrared light from the FTIR thermal source passed through a
chopper and a non-polarizing achromatic 50% beam splitter, and was
focused on a sample at normal incidence through a numerical aperture
0.5 lens. The reflected signal was collected by the same objective lens
and was directed by the beam splitter towards a liquid nitrogen cooled
mercury cadmium telluride (MCT) photo-detector (Kolmar Technologies,
Inc) through another lens. The reflection spectrum from a metasurface
was normalized using reflected signal from a gold mirror as a reference.

For our high-frequency modulation measurements, a continuous-
wave broadly tunable quantum cascade laser (Daylight Solutions,
Inc.) was used instead of an FTIR thermal source and a fast mid-IR
photovoltaic mercury cadmium telluride (MCT) detector (Vigo System
S.A., time constant < 1 ns) was used instead of slow cryogenically cooled
MCT detector in the optical setup described earlier and shown in Figure
3b. Voltage pulses across the metasurface and the modulated signal
from the MCT detector were monitored simultaneously on the multi-
channel oscilloscope.
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