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Abstract A class of electro-optically tunable metama-
terial absorbers is designed and theoretically investi-
gated in the infrared regime towards realizing free-space
amplitude modulators. The spacer between a subwave-
length metallic-stripe grating and a back metal reflec-
tor is occupied by a bilayer of indium tin oxide (ITO)
and hafnium oxide (HfO2). The application of a bias
voltage across the bilayer induces free-carrier accumu-
lation at the HfO2/ITO interface that locally modu-
lates the ITO permittivity and drastically modifies the
optical response of the absorber owing to the induced
epsilon-near-zero (ENZ) effect. The carrier distribution
and dynamics are solved via the drift-diffusion model,
which is coupled with optical wave propagation stud-
ies in a common finite-element method platform. Opti-
mized structures are derived that enable the amplitude
modulation of the reflected wave with moderate inser-
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tion losses, theoretically infinite extinction ratio, sub-
picosecond switching times and low operating voltages.
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1 Introduction

Metamaterials are artificial electromagnetic structures,
based on subwavelength periodic elements, with un-
precedented electromagnetic properties, which are gen-
erally unattainable in natural materials [1,2]. Among
the various metamaterial components thus far demon-
strated, “perfect” absorbers, i.e., devices that absorb
100% of the incoming electromagnetic radiation at a
resonant wavelength [3], have shown significant poten-
tial in applications such as solar energy harvesting, ther-
mal emitters in thermophotovoltaic cells [4], local heat-
ing, and photo-catalysis [5].

Their operation is based on the excitation of a reso-
nant cavity, typically formed by a back metal reflector
and an array of metallic subwavelength elements, at the
so-called critical-coupling regime, i.e., when the radia-
tive decay rate equals that of losses in the metallic and,
potentially, dielectric parts of the device [6]. This condi-
tion ensures perfect absorption and is fulfilled for deeply
sub-wavelength resonant cavities, thus leading to thin-
film devices in the range of tens of nanometers when
operating in the visible or infrared spectrum. Apart
from 100% absorption, such metamaterial devices can
feature also wide-angle operation, polarization-selective
or -independent operation, while their design is rela-
tively straightforward and can be scaled to a vast part
of the electromagnetic spectrum, spanning from the vis-
ible spectrum to microwaves [7].
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Fig. 1 (a) Schematic layout of the proposed electro-optically
tunable infrared metamaterial absorber. A resonant cavity is
formed by a back metal reflector and a one-dimensional grat-
ing of Au stripes. The cavity is composed of a bilayer of HfO2
and ITO. The positive control voltage V3 is applied between
the metallic reflector and the metallic grating. (b) Cross-
sectional view of the unit cell defining the periodic structure,
which is studied in the numerical analysis, and definition of
the relevant geometrical and material parameters. The struc-
ture is excited by an impinging plane wave.

The key properties of critical absorbers, i.e. reso-
nant frequency and linewidth, depend on the selection
of the dielectric materials that fill the resonant cavity.
In some cases, the electromagnetic properties of such
materials can be dynamically controlled by an exter-
nal stimulus, e.g., temperature variation, illumination
with intense laser spots, or application of an electric
signal, thus enabling the design of tunable absorbers
exhibiting a much higher level of functionality com-
pared to their static counterparts. To this end, various
approaches have been pursued so far, e.g. using phase
change materials, such as VOg [8] and GeaSbTey [9],
gain materials [10], exploiting photogenerated carriers
in semiconductors [11] or controlling electro-optically
graphene [12] or nematic liquid crystals [13].

In this work, we present a tunable metamaterial
absorber designed to operate as a reflective amplitude
modulator in the near-infrared spectrum, whose opera-
tion is based on the electro-optic control of free-carriers
in a thin ITO layer. In order to maximize the tuning
effect [14], the ITO is judiciously located at the optical
field hot-spot, that is inside the resonant cavity formed
by two thin layers of HfO5 and ITO placed between a
uniform gold back reflector and a one-dimensional (1D)
grating of gold stripes [6]. The metallic parts defining
the resonant cavity also serve as electrodes for apply-
ing the electrical biasing, similarly to designs that tar-
get different frequency spectra [15] or applications, e.g.,
phase modulation [16].

To start with, generic rules are provided for the de-
sign of critically coupled absorbers in the near-infrared
spectrum, by properly selecting the geometrical param-
eters of the structure. Then, the tunable properties of
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Fig. 2 Free-electron concentration profiles for a one-

dimensional Au/HfO2/ITO/Au junction biased at values
ranging from 0 to 2.5 V. The thicknesses of the HfOs and
ITO layers are t3 = 2.5 nm and t2 = 5 nm, respectively.
For voltage values above 2 V, a thin ENZ layer is formed in
ITO, in close proximity to the HfO2/ITO interface. The in-
set in the lower-right corner shows the variation of the ITO
permittivity (real and imaginary parts) as a function of the
free-electron concentration at A = 1.55 pm.

the optimally designed devices are thoroughly investi-
gated in terms of their voltage-dependent optical re-
sponse and their switching dynamics. Contrary to the
ITO-tunable mid-IR device studied in [15], the pro-
posed approach allows for amplitude modulation in the
telecom-relevant IR bands with theoretically infinite ex-
tinction ratios and moderate insertion losses in the or-
der of 3 dB, solely limited by the fabrication tolerances.
The enhanced tunability of the device stems from the
ENZ effect and the subsequent high electric-field con-
finement in a sub-nm layer of accumulated carriers in
ITO, under an optimally selected electrical bias, which
minimizes the required power consumption. In addi-
tion, the modulator features extremely high switching
speeds, which theoretically allow for an intrinsic modu-
lation bandwidth exceeding 1 THz, with operating volt-
age values below 2 V.

2 Infrared reflective modulator

The schematic layout of the proposed tunable meta-
material absorber is shown in Fig. 1. The device can
be fabricated by standard nanofabrication techniques;
first, an optically thick Au layer (t4 = 1 pm) is evapo-
rated/deposited on a quartz substrate. A thin layer of
HfO5 is then grown on the Au plane via atomic layer
deposition (ALD). Although the thickness of the ALD-
grown film can be controlled at the sub-nm level [17],
in this study we set a minimum value for the HfOq
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Fig. 3 Reflectance in the case of the unbiased (V4 = 0) meta-
material absorber metamaterial absorber for a perpendicu-
larly impinging TM-polarized plane wave for values of the
HfOs-layer thickness to varying from 2.5 nm to 7.5 nm in
step of 0.5 nm. Other parameters: w = 130 nm, p = 1.3w,
t1 =20 nm, t2 = 5 nm, t4 = 1 pm.

layer thickness equal to t§™ = 2 nm to ease fabrica-
tion constraints and ensure the uniformity of the film
over the surface of the device. An ITO layer of thick-
ness to = 5 nm is then deposited using, for instance,
DC magnetron sputtering [15], with a free-carrier (elec-
tron) concentration of n, = 10 ¢cm~3. Finally, a one-
dimensional periodic grating of Au stripes with a thick-
ness of t; = 20 nm, width w and pitch p = 1.3w is pat-
terned on top of the ITO layer. Figure 1(b) shows the
cross-section of the unit cell defining the periodic struc-
ture and studied in the numerical computations, as well
as the pertinent material and lightwave parameters.

The device is excited by a perpendicularly imping-
ing (6 = 0°) TM-polarized plane wave. As demon-
strated in similar non-tunable metamaterial absorbers
[6], the metallic grating acts as a mirror (wire-grid po-
larizer) for TE-polarized light, while it allows the cou-
pling of TM-polarized light through the slits and into
the resonant cavity, formed by the Au stripes and the
back metal reflector. The Au stripes end up to provide
a common electrode controlling the bias voltage V; as
shown in Fig. 1(a).

In the unbiased state (V3 = 0 V), a carrier-depletion
layer is formed in the vicinity of the HfO5/ITO inter-
face of the Au/HfO5/ITO/Au junction, which origi-
nates from the built-in potential as a result of the un-
even workfunctions between ITO and Au. This is shown
in Fig. 2, which plots the 1D carrier-concentration pro-
files in the ITO layer, calculated at the center of the unit
cell for t3 = 2.5 nm, as depicted in the corresponding
inset. All the results have been calculated by employing
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Fig. 4 Geometrical parameters that lead to critical coupling
in the proposed metamaterial absorber and the correspond-
ing resonant wavelengths in the near-infrared spectrum. The
minimum oxide layer thickness is set to 2 nm in order to
take into account fabrication limitations. The inset shows the
minimum achievable reflectance at the resonant wavelength,
which obtains non-zero values for w < 110 nm due to the
t3 > 2 nm constraint.

the drift-diffusion model, treating the ITO/Au contact
as ideal ohmic. The Au workfunction was set to 5.1 eV,
while the other relevant solid-state parameters for ITO
and HfOq, as well as details on the implementation of
the model are provided in [18]. For increasing values of
the positive bias voltage, a thin electron-accumulation
layer is formed in ITO, with the peak concentration at
the HfO5 /ITO interface depending on on V4, as demon-
strated in Fig. 2.

The spatial variation of the free-carrier concentra-
tion translates into a variation of the ITO refractive in-
dex in the infrared spectrum. A Drude model is adopted
for the description of the ITO permittivity as a func-
tion of the concentration of free carriers [18]. For the
given doping level of n, = 10" cm™3, the ITO index
is equal to 1.983 — 70.00011 at the telecom wavelength
of 1.55 pm. The right inset in Fig. 2 shows the de-
pendence of eiro(ne) at A = 1.55 pum, revealing that
the ITO remains dielectric for n. values as high as
ne = 10%° em=3. For higher electron-concentration val-
ues, the real part of &;r0(n.) drops abruptly, crossing
the ENZ point at ngz = 6.17 x 10%2° cm ™2, where ;0
is purely imaginary. For even higher values of n. the
ITO becomes metallic, as R(gro) < 0. The dispersion
of the refractive index of HfO5 is taken into account by
employing the Sellmeier model [19]

10.41)2
A2 —27.12%
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where A is the wavelength, while that of Au was ob-
tained by interpolating tabulated measured data [20].
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Fig. 5 Reflectance spectra for the tunable metamaterial ab-
sorber defined by w = 110 nm and ¢t3 = 2 nm for applied
voltage values ranging from 0 to 3 V. The maximum modu-
lation length is observed for V; = 1.7 V. At higher voltages
the ITO becomes metallic (R{erro} < 0), lifting the critical-
coupling condition and leading to weaker resonant behavior.

At the reference wavelength of 1.55 pm, it is nugro, =
2.071 and na, = 0.52 — 510.7.

The properties of the tunable metamaterial absorber
in the infrared spectrum are investigated by means of
the finite-element method, implemented in the com-
mercial software Comsol Multiphysics® in an environ-
ment that consistently solves for both the infrared wave
propagation problem and the bias-dependent carrier-
concentration profiles. First, the spatial profile of the
carrier concentration for a given bias voltage V} is cal-
culated by employing the drift-diffusion model. Both
contacts are considered at thermodynamic equilibrium
(ideal ohmic). Then, the carrier-dependent ITO per-
mittivity is calculated by means of the Drude model,
as explained in detail in [18]. Finally, the optical wave
propagation problem is solved, by exciting the structure
with a planewave using a port boundary condition on
top of the structure. The reflectance spectrum of the
device is calculated by recording the reflection coeffi-
cient S1; at each wavelength. Periodic boundary condi-
tions are applied laterally at the unit cell, as shown in
Fig. 1(b). The thickness of the bottom Au layer is suffi-
ciently thick (¢4 = 1 pm), such that no light penetrates
the device.

When the device is unbiased (V, = 0 V), ITO be-
haves as a dielectric material. By properly selecting the
geometrical parameters of the structure, critical cou-
pling can be achieved, which leads to 100% absorp-
tion of the incoming wave at the resonant wavelength
Ares [6]. This is demonstrated in Fig. 3, where the re-
flectance spectra for an absorber with w = 130 nm are
investigated for various values of t3. Zero reflectance is

ENZ effect

Fig. 6 Profiles of the normalized electric field at the resonant
wavelength Ares = 1547 nm for an absorber characterized by
w = 110 nm and ¢t3 = 2 nm. In the absence of bias voltage the
electric field is concentrated between the metallic stripe and
the back mirror reflector, with lower intensity at the center
of the resonant cavity. At an applied voltage of V;, = 1.7 V
an ENZ layer is formed at the HfO5 /ITO interface, in which
the electric field shows very high confinement (ENZ effect).

observed at Aes = 1690 nm for ¢3 = 3 nm. The mini-
mum reflectance shows little sensitivity for small vari-
ations of the t3 value, while the resonant frequency is
blueshifted for increasing thicknesses of the HfO layer.

By properly adjusting the set of values for (t5,w),
critical coupling can be achieved at any given wave-
length in the near-infrared spectrum. Figure 4 shows
the design rules, namely the selection of the geometri-
cal parameters (t3, w), for an absorber operating at Ayes
spanning from approximately 1100 to 1900 nm. The in-
set shows the minimum achievable reflectance value at
resonance, which is not zero at shorter wavelengths due
to the imposed fabrication limitation t3 > 2 nm. It is
stressed that the calculated (w,t3) values are not the
single solutions for ensuring critical-coupling conditions
at a particular resonant wavelength, but they suggest
a straightforward method for designing the device as a
function of the target operating wavelength.

By applying the bias voltage, an accumulation layer
of electrons emerges at the HfOo /ITO interface, as demon-
strated in Fig. 2. This effect locally modulates the ITO
permittivity. For small values of V3, the ITO remains
dielectric, albeit with a reduced value of the real part
of its permittivity, which leads to a blueshift of the
resonant absorption spectrum. Nevertheless, this shift
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Fig. 7 Voltage-controlled modulation of the reflectance of
the infrared metamaterial modulator for four geometries op-
timized to operate at 1547, 1692, 1791, and 1880 nm. The
insertion losses at maximum modulation are in the range
of 3 dB. The extinction ratio is theoretically infinite, as the
critical-coupling condition ensures zero reflectance at Ares and
Ve =0V.

is not extensive, as observed in the voltage-dependent
reflectance spectra of Fig. 5, calculated for a tunable
absorber with w = 110 nm, t3 = 2 nm, and Ao =
1547 nm.

When the applied voltage is sufficiently high to in-
duce an ENZ layer in the ITO, in the case examined
for V, = 1.7 V, a maximum shift of the resonance is
observed, leading to a significant modulation of the re-
flectance value at Ao = 1547 nm, exceeding 50%. This
pronounced resonance shift stems from the ENZ ef-
fect and the associated high electric-field enhancement
in the ENZ layer [18]. Figure 6 shows the normalized
electric-field profiles calculated at V, = 0 and 1.7 V,
evidencing the strong field enhancement in the ENZ
layer. Thus, despite the fact that the ENZ layer effec-
tively has sub-nm thickness, the resonant properties of
the absorber are strongly affected, thanks to the strong
localized light-matter interaction.

When the applied voltage is further increased, a
negative-epsilon layer is induced at the HfO5/ITO in-
terface due to strong accumulation of free electrons,
while the thin ENZ layer is shifted further from the in-
terface. This transforms the bilayer occupying the res-
onant cavity from purely dielectric to hybrid dielec-
tric/metallic and lifts the conditions for meeting the
critical coupling criteria and the associated Lorentzian-
shaped resonant spectra. Figure 5 shows that high val-
ues of V;, lead to a broader resonant response, with mini-
mum reflectance values above 30%. This behavior might
be beneficial in applications where broadband infrared
light absorption is desired, e.g. in thermal absorbers or
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Fig. 8 Temporal response for the tunable metamaterial ab-
sorber investigated in Fig. 6 under the application of a 1.7 V
rectangular pulse with a rise and fall time of 0.52 ps and dura-
tion 2 ps. The corresponding response times of the reflectance
modulation are 7,. = 0.315 ps and 7y = 0.33 ps.

emitters. In the context of the proposed tunable meta-
material absorber, which is proposed as an amplitude
modulator of the reflected light intensity, the results of
Fig. 5 indicate that maximum modulation is achieved
between V;, = 0 V (zero reflectance) and a bias such
that the ENZ layer is formed at the HfO2/ITO inter-
face, which leads to maximum reflectance at the design
wavelength Aes.

The modulation performance of four distinct de-
vices, designed to operate at A\.os = 1547, 1692, 1791,
and 1880 nm, is presented in Fig. 7. In all cases, the
reflectance at Ao starts from zero at V3, = 0 V and
monotonically increases to a peak at a V} ranging from
1.7 to 2.4 V, mainly depending on the thickness of the
HfO5 layer. Such operating voltage values are below
the dielectric breakdown threshold for thin HfOs films
and ensure long-time stability of the device, as demon-
strated in detailed studies of field-effect transistors em-
ploying HfO4 as the gate oxide [21,22].

The dynamic response of the proposed modulator is
investigated in Fig. 8, where the device designed to op-
erate at A\es = 1547 nm is considered. A pulse with
amplitude V;, = 1.7 V, duration equal to 2 ps, and
10%-90% rise and fall times of 0.52 ps is applied. The
temporal variation of the reflectance at A5 is calcu-
lated and juxtaposed with the respective of the driv-
ing pulse. Interestingly, the optical response of the de-
vice is faster than the considered switching times of
the applied signal. In particular, the rise and fall times
of the reflectance modulation are 7. = 0.315 ps and
7 = 0.33 ps, respectively. This fast response stems
from the physical mechanism of the ENZ effect that
leads to a shifting of the absorber’s resonant frequency
and thus to the modulation of the reflectance at the
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working wavelength. For low voltage values, or equiv-
alently low electron concentration in the accumulation
layer, the ITO spacer remains dielectric, inducing an
insignificant shift to the resonant frequency. The tun-
ability of the absorber is enhanced only when the thin
ENZ layer is formed, which leads to the fast temporal
response demonstrated in Fig. 8.

The bandwidth of the infrared modulator can be
estimated using the relation B = 0.35/max{t,,t;} of a
low-pass RC circuit, yielding a value exceeding 1 THz in
the example investigated. In a practical configuration,
the maximum bandwidth will be rather limited by the
series resistance of the electric-driving circuit. Still, the
exclusive use of gold electrodes implies low resistance
values, as thin metallic gold pads have typical resistance
of less than 50 {2/sq and therefore provide high mod-
ulation bandwidths [23]. The switching energy can be
estimated using the relation W = (L/4) [[¢E - D*dS,
which calculates the averaged energy consumption for
achieving a reference ER level through calculating the
energy stored in the structure, with L being the device
length along the z—axis and S the total device cross
section. With reference to the example studied in Fig.
8, the switching energy of a single unit cell is calcu-
lated equal to 2.3 nJ/bit/m for V;, toggling between
0 and 1.7 V. As a result, the switching energy for a
100 x 100 pm? active surface of the device is in the
order of 0.16 nJ/bit.

The proposed amplitude modulator is based on the
critical-coupling condition, which theoretically leads to
zero reflectance and therefore maximum extinction ra-
tio of the modulated signal. Phase modulation could
also be investigated in overcoupled cavities based on the
same design, but for higher thicknesses of the dielectric
spacer, targeting, for instance, polarization rotation of
the reflected light [24]. The investigation of such a mode
of operation is out of the scope of this work, but it high-
lights other possible applications, based on the same
generic design and tuning effect, i.e.,the electrically in-
duced ENZ effect in Au/HfO5/ITO/Au plasmonic res-
onant cavities.

3 Conclusions

In brief, we have presented the design and investigation
of a free-space infrared amplitude modulator based on
a tunable metamaterial absorber. The resonant wave-
length of the device is electro-optically controlled via
an applied voltage that controls the accumulation of
free carriers at the interface of a HfO5/ITO bilayer.
The operating wavelength can be selected by properly
adjusting the geometrical parameters of the absorber.
By exploiting the ENZ effect, manifesting itself in the

ITO layer under proper biasing values, the reflectance
modulation of an impinging wave can be achieved at
a desired wavelength and with a theoretically infinite
extinction ratio at the expense of an insertion loss in
the order of 3 dB. The operating voltage of the device
is sufficiently low, below 2 V for operation in the IR
telecom C-band and the estimated intrinsic switching
times are ultra-low, calculated below 0.5 ps.
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