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Electrostriction is a property of all naturally occurring dielectrics whereby they are
mechanically deformed under the application of an electric field. Here we demonstrate that an
artificial metamaterial nanostructure comprising arrays of dielectric nano-wires, made of
silicon and indium tin oxide, is reversibly structurally deformed under the application of an
electric field, and that this reconfiguration is accompanied by substantial changes in optical
transmission and reflection, thus providing a strong electro-optic effect. Such metamaterials
can be used as the functional elements of electro-optic modulators in the visible to near-
infrared part of the spectrum: We demonstrate a modulator operating at 1550 nm with
effective electrostriction and electro-optic coefficients of order 10 m?v-2and 10° mv-!
respectively. Transmission changes of up to 3.5% are obtained with a 500 mV control signal
at a modulation frequency of ~6.5 MHz. With a resonant optical response that can be
spectrally tuned by design, modulators based on the artificial electrostrictive effect may be
used for laser Q-switching and mode-locking among other applications that require

modulation at megahertz frequencies.
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In regard to the pervasive technological challenge of electrically controlling (i.e.
modulating/routing) guided and free-space optical signals (at macro-, micro-, and lately nano-
scopic scales), mechanisms for electrically switching and tuning the optical properties of bulk
or thin film media and surfaces have been the subject of research interest over many decades:
The Kerr and Pockels electro-optic effects are widely used in amplitude, phase and
polarization modulators; carrier-induced changes in doped semiconductors are harnessed in
optoelectronic and silicon photonic devices;™ Liquid crystals reliant electric field-induced
molecular reorientation, acousto-optic modulators and micro-electro-mechanical systems,
MEMS are the foundation of numerous display, spatial light modulation and adaptive optics
technologies. (2!

In recent years, photonic metamaterials — manmade media with nanostructurally engineered
optical propertiest”® — have emerged as an enabling technology platform within which all
kinds of light-matter interaction can be resonantly enhanced and dynamically controlled.
Large electro-optic, EO effects have been demonstrated over extremely short,
subwavelength, interaction lengths through the hybridization of active media, including
semiconductors,®! graphene,***%l phase-change materials,[*4*71 and liquid crystals,!*81]
with plasmonic metamaterials.[?°! Indeed, the latter can also provide unique (e.g. electro-
magneto-optical) response functions that have no counterpart in bulk optical media. In these
nano-electro-mechanical structures, Coulomb and Lorentz forces are harnessed to manipulate
the conformation of constituent plasmonic metal unit cell elements fabricated on flexible
dielectric nano-membranes, the elastic deformation of which provides the necessary restoring
force.

‘All-dielectric’ metamaterials are typically manufactured from high-index, low-loss media
such as silicon and rely upon the excitation of displacement current, as opposed to plasmonic,
resonances.?2281 They have attracted considerable attention of late, not least for their

potential to mitigate the drawbacks associated with plasmonic metal architectures in various
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applications at optical frequencies. However, while their optical properties are readily
amenable to active control via hybridization,!?”! macroscopic substrate deformation, %81 phase-
change,?** and photo-excitation 51321 (including nanostructural reconfiguration induced by
optical forces®), in being characteristically comprised of discrete dielectric or semiconductor
‘particles’ they are not immediately suited to delivering nano-electro-mechanical optical
switching/tuning functions. Here we report on the realization of a free-standing, all-dielectric,
metamaterial EO modulator in which indium tin oxide (ITO) is employed as a transparent,
low-index conductor in tandem with nanostructured silicon, to enable low-power modulation
of near-infrared transmission at MHz frequencies via electrostrictive nano-mechanical
reconfiguration. Silicon, as the archetypal high-index, low-loss platform for optical-frequency
all-dielectric metamaterials(?>2* provides the resonant optical response necessary to enhance
low-voltage modulation contrast, while ITO, as perhaps the best-known member of the
conductive oxide family (which also includes Al- and Ga-doped zinc oxides) provides
conductivity for electrostatic actuation without introducing the optical losses that would come
with use of a metal.

Electrostriction is a property of all bulk dielectrics, arising from a quadratic coupling between
strain and electric field, which manifests itself as a small field-induced mechanical
deformation dependent upon the magnitude but not the polarity of the field. The largest
electrostrictive coefficients reaching ~10"*6 m?/\V/2 are found in certain ceramicst+**! and
polymers,[*-4° which have been investigated for potential applications ranging from sonar
and high-precision positional actuation [“1421 to MEMS textile fibers.!**! Recent analytical and
computational studies have considered the enhancement of electrostriction in artificial
composite metamaterials comprising metal, dielectric or semiconductor nanoparticles
embedded in a dielectric matrix. (445! In the present case, the electric-field-induced
deformation of the metamaterial unit cell structure is driven by Maxwell stress [46471 —

specifically the electrostatic force between neighboring, oppositely charged nanowires,
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providing a resonantly enhanced effective electrostriction coefficient of order 10 m2v2, and
an associated EO coefficient of ~10° mv1,

The metamaterial EO modulator in Figure 1 comprises an array of nanowires with length L =
18 um manufactured on a free-standing bilayer membrane of silicon and ITO, see Methods,
with each period containing an asymmetric pair of closely spaced Si/ITO strips-one being
wider than the other. The optical response of the nanowire array is predominantly determined
by the structural geometry of the high-refractive-index silicon component. Dimensions are
selected here, for a bilayer of h1 = 100 nm Si and h, = 70 nm ITO, to achieve
transmission/reflection resonances in the near-infrared telecommunications band around 1550
nm (Figure 2): a sub-wavelength period P = 800 nm, nanowire widths wy, > = 200, 300 nm,
and a gap sizes d1 = 100 nm, which leaves a gap d> = 200 nm between neighboring pairs of
nanowires. The ITO layer meanwhile provides electrical connectivity to facilitate electrostatic
tuning of the gap sizes. For this purpose, the ITO layer is patterned at each end of the
nanowires such that neighboring pairs are electrically isolated from each other and connected
to opposing terminals of the device, i.e. such that alternate pairs are alternately biased as
annotated in Figure 1b.

Normal incidence reflection and transmission spectra for the metamaterial device are
measured using a microspectrophotometer, see Methods. For TE-polarized light, incident
electric field parallel to the nanowires, the metamaterial presents a Fano-type resonant
response as shown in Figure 2a, with a quality factor Q~35. This is based upon the excitation
of anti-parallel displacement currents in the dimensionally asymmetric nanowire pairs,#¢4°
predominantly within the silicon, as illustrated by the numerically simulated cross-sectional
field maps in Figure 2b. In contrast, spectra for the orthogonal, TM-polarization are
essentially flat, with transmission >80% and reflection ~10% across the entire near-IR

spectral range.
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The resonant optical properties of the Si/ITO metamaterial are strongly dependent on the
nanowire pair separation ds, 2, which can be continuously and to a point reversibly controlled
by applying an electrical bias. In the ++-- configuration indicated in Figure 1b, the nanowires
in each asymmetric pair are subject to electrostatic forces of mutual repulsion and (more
weakly by virtue of greater separation) of attraction to the nearest neighboring wires of the
adjacent pairs. In consequence, the two nanowires in each pair move away from one another,
increasing the gap size di and decreasing d.. This nano-mechanical reconfiguration red shifts
the TE resonance, leading to changes in transmission and reflection that are most pronounced
where the dispersion is steepest.

We first evaluate induced changes in transmission as a function of applied DC bias. Figure 3a
presents the spectral dispersion of relative transmission change A47/To, where AT = T, - To; T,
being the absolute transmission at an applied bias of a Volts. At 2V bias the induced change
reaches maximum values of +7% and -4% at wavelengths of 1497 and 1544 nm, either side of
1520 nm the zero-bias transmission resonance wavelength. 2V represents a conservative
upper limit on the operational range of applied bias within which electrostatic control of
nanowire separation provides continuous and reversible tuning of transmission. Beyond this,
there comes a point at which the elastic restoring force on a nanowire (which increases
linearly with displacement from its equilibrium position, i.e. with increasing gap size di) is
surpassed by the electrostatic force of attraction to its oppositely biased neighbor (which
grows as d5’; see Figures 3b, c). At this point the gap will abruptly close and, by virtue of Van
der Waals forces, remain closed even when the applied bias is removed. An order-of-
magnitude estimate for this irreversible switching threshold can be obtained analytically®™"

(assuming a symmetric pair of beams in a material with Young’s modulus E) as a* =

\32Ehw3d?/(me,L*), and is found experimentally for the present sample geometry to be

~3V. The change in transmission associated with this irreversible deformation of the
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metamaterial structure (i.e. reduction of gap size d> to zero) is unsurprisingly much larger than
those observed within the reversible tuning range, as illustrated by the vertically-scaled
dashed line in Figure 3a.

For the purposes of studying the high-frequency AC EO modulation characteristics of the
Si/ITO metadevice, the metamaterial is mounted in a low-vacuum microscope stage to reduce
air-damping of induced nanowire oscillations, see Methods. The relative change in
metadevice transmission is monitored at a fixed wavelength of 1550 nm while varying the
frequency f of an applied sinusoidal electrical bias with an amplitude « of up to 500 mV,
Figure 4. At low frequencies the induced displacement of the nanowires, and therefore the
magnitude of the induced change in transmission, is small. Both however are enhanced when
the nanowires are driven at their natural mechanical resonance frequency: in the present case,
AT/To reaches 3.5% at a frequency of 6 MHz (as compared to only ~0.5% off resonance) at a
drive amplitude of 500 mV. Transmission modulation amplitude increases super-linearly with
drive voltage as shown in the inset to Figure 4. One might anticipate the presence of a double
peak in the frequency spectrum, by virtue of the fact that there are nanowires with two
different widths (and therefore Eigenfrequencies) within each unit cell of the metamaterial.
From numerical simulations, employing Young’s Moduli E and densities p for Si and ITO
from Refs. °1:52 these frequencies are estimated to be 4.07 and 6.10 MHz for the 200 and 300
nm wide nanowires respectively. The observation of a single peak, extending at FWHM from
5.7 to 6.8 MHz, is attributed to the coupled nature of the oscillations (which may include
components of out-of-plane and twisting motion) stress within the bilayer derived from the Si
membrane fabrication and/or ITO annealing processes, and to spectral broadening associated
with manufacturing imperfections of up to 10% variation in wy, 2 over the metamaterial array.
The nano-mechanical functionality of the metamaterial can be understood as a form of
artificial electrostriction at the unit cell level, in that it comprises a structural deformation

dependent upon the magnitude of an applied electric field E. Specifically, strain s should
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exhibit a quadratic dependence on the applied field: s = ME2, where M is the electrostrictive
coefficient. (In bulk materials M is a fourth ranked tensor; here we evaluate what, in these
terms, would be the longitudinal electrostriction coefficient M11 under an assumption that the
applied field, resulting stress and deformation are all unidirectional and parallel.)

We quantify strain as the change 4d in the size of the gaps between Si/ITO nanowires (the
magnitude of the increase in d1 or decrease in d), relative to the mean equilibrium gap size
c_i=(df+d;)/2, where d; , are the zero-bias gap sizes of 100 and 200 nm respectively in the
present case. Numerical simulations demonstrate that for small values of 4d metamaterial
optical transmission is, to a very good approximation, a linear (of course spectrally dispersive)
function of strain in these terms, as illustrated in Figure 5a. Experimentally measured
dependences of transmission upon applied bias « can thus be translated into dependences,
Figure 5b of strain upon applied electric field E= a,/d, from which effective electrostriction
coefficients for both DC and AC modes of excitation can be derived.

The metamaterial’s DC effective electrostriction coefficient is found to be Mpc = 4 x 1078
m2V/-2 — a value somewhat smaller than the largest coefficients found in bulk dielectric
media.[?>%% However, this value is enhanced by five orders of magnitude when the structure is
driven in AC mode at its mechanical resonance frequency, reaching Mac = 3 x 10 m?V2, a
value three orders of magnitude larger than can be found in bulk dielectrics. It should further
be noted that these represent conservative estimates of the electrostriction coefficients: strain
is underestimated because higher resonance quality factors in simulation as compared to
experiment exaggerate the dependence of transmission upon strain and electric fields are
overestimated, the bias applied to the device terminals is assumed across the gaps between
nanowires with no account taken of ohmic losses in the ITO.

The change in optical properties brought about by the electrostrictive deformation of the

metamaterial can be described by an effective electro-optic coefficient r = AnL/a, where An is
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the effective refractive index change induced over an interaction length L (the thickness of the
metamaterial, hy + ho = 170 nm) under an applied bias of « V. Numerical simulations indicate
a phase shift in transmission at 1550 nm of up to /9 at a nanowire displacement 4d = 3 nm
(strain of 2%, achieved at a DC bias of 2V). This corresponds to an effective index change 4n
~0.5, giving r = 10° mVv™* - a value approximately five orders of magnitude larger than in
typical electro-optic media such as lithium niobate (3 x 10" mv-1).[54

In summary, we have demonstrated a free-standing, all-dielectric metamaterial electro-optic
modulator of substantially sub-wavelength thickness (<A/8), manufactured from CMOS-
compatible (high-index low-loss semiconductor and transparent conductive oxide) materials.
The device provides continuous and reversible electrically-actuated nano-mechanical tuning
of near-infrared transmission, at wavelengths selected by design, presenting effective
electrostriction and electro-optic coefficients orders of magnitude larger than those of bulk
dielectric media: Electrostatic forces are harnessed to control the separation between elements
of a non-diffractive Si/ITO nanowire array and so to deliver, in the present case, relative
transmission changes of up to 7% at 1550 nm under an applied DC bias of 2V. In this low
frequency limit, power consumption is dominated by leakage resistance of 500 kQ and
amounts to only 8 pW at a bias of 2V. In AC mode, optical modulation amplitude is enhanced
when structures are driven at their few-MHz mechanical resonance frequencies. Depending
on application requirements, an appropriate balance among modulation amplitude, power
consumption and speed of response may be engineered: For example, longer nanowires would
have a lower mechanical resonance frequency but they would be displaced further at a given a
given bias voltage than shorter wires, producing a larger change in transmission. Greater
modulation contrast may be achieved via optimization of the metamaterial nanofabrication
procedure, enhancement of both optical and mechanical resonance quality factors by

reduction of dimensional inhomogeneity.
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Experimental section

Metamaterial fabrication: Devices are manufactured on commercially sourced
polycrystalline silicon membranes (1 mm x 1 mm windows supported in 200 pum thick silicon
frames). These are coated (including the frame) with 70 nm of indium tin oxide by radio-
frequency sputtering from an In.O3/SnO> (90/10 wt%) alloy target. A base pressure of 4 x 10
® mbar was achieved before deposition and a high-purity argon gas flow of 70 ccpm was used
to strike the plasma. A 20:5 argon: oxygen deposition gas mixture was used to maintain the
plasma and ensure sufficient oxygen content in the deposited ITO film. The membrane
substrate was held on a rotating platen approximately 150 mm from the target where it is
subject to a temperature increase of <10°C during deposition, ensuring minimal stress in the
film, which was subsequently annealed at 200°C for 60 minutes under an oxygen atmosphere
to increase conductivity (measured sheet resistance decreases from 3.4 x 10° to 1 x 10% Q/sq;
carrier concentration increases from 3.5 x 10 cm™ to 10% cm).

Metamaterial arrays of asymmetric nanowire pairs were fabricated by focused ion beam (FIB)
milling from the ITO side of the bilayer membrane, cutting through both layers of material.
The pattern of electrodes required to alternately bias pairs of nanowires (as indicated in Figure
1b) was then defined by FIB milling in the ITO layer only.

Numerical simulations: Full-wave electromagnetic simulations of the metamaterial structure,
based on the geometry presented in Figure 1c, were performed using the finite element
method in COMSOL Multiphysics. Calculations employ periodic boundary conditions in the
x and y directions (i.e. effectively assuming an infinite array of infinitely long nanowires).
They utilize refractive indices for polycrystalline silicon and for ITO from ellipsometric
measurements (both materials have weakly dispersive indices in the near-IR spectral range
above ~1300 nm: 3.45 + 0.005i for Si and 1.9 + 0.08i for ITO), and assume normally incident,

narrowband, linearly polarized plane wave illumination.



WILEY-VCH

The electrostatic field distribution and its dependence on gap sizer, as presented in Figures 3b
and 3c, were modelled using the AC/DC COMSOL module, assuming a pair of parallel, free-
standing 18 um long wires, with the ITO surface of one held uniformly at a given bias voltage
against the other at OV (ground).

Nanowire mechanical Eigenfrequencies are obtained from finite element models of single,
isolated wires of 18 pm length with fixed ends and rectangular cross sections as presented in
Figure 1c. These assume Young’s Moduli E and density p values for Si and 1TO B152]: Egi =
150, Erro = 190 GPa; psi =2300, piro = 7300 kg.m3.

Microspectrophotometry (including DC EO modulation measurements): Transmission and
reflection spectra (Figure 2) were obtained using a microspectrophotometer (CRAIC
QDI2010), with a 15 um x 15 pm sampling aperture via a 15x objective with NA 0.28. Al
data are normalized to reference levels for air (100% transmission), a silver mirror (high
reflector) and a ‘Vantablack’ vertically-aligned carbon nanotube array (zero
reflection/transmission), and averaged over 15 repeated measurement cycles, each with a 500
ms integration time. For DC EO characterization, a source measure unit (Keithley 2636) was
employed to apply a DC bias across the metadevice terminals.

High-frequency EO modulation measurements: The metamaterial sample was mounted in a
low-vacuum (~1 mbar) microscope stage equipped with an RF electrical feedthrough via
which a control bias signal from an electrical network analyzer (Agilent Technologies
E5071C) could be applied to the metadevice terminals. Optical transmission was monitored at
a wavelength of 1550 nm using a diode laser providing a CW intensity of 70 uW/cm? at the
sample and an InGaAs photodetector (New Focus 1811) connected to the network analyzer.
Data are averaged over five frequency scans at each setting of peak bias voltage; Error bars in

the inset to Figure 4 are calculated as the standard error.
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Figure 1. All-dielectric, nano-mechanical, metamaterial electro-optic modulator. (a)
Scanning electron microscope image of a nanowire array metamaterial manufactured on
a silicon/ITO bilayer membrane; (b) shows detail of the structure at the ends of the
nanowires; (¢) Schematic cross-section of the asymmetric Si/ITO nanowire pair within
each period of the metamaterial array [P = 800, h1 = 100, h2 = 70, wl = 200, w2 = 300,

d1 =100 nm, d2 = 200 nm].
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Figure 2. Optical characteristics of the Si/ITO nanowire metamaterial. (a) Measured
transmission [solid blue line] and reflection [solid red line] spectra of the Si/ITO nanowire
metamaterial shown in Figure 1 for TE-polarized light and corresponding [polarization
independent] spectra for the unstructured Si/ITO bilayer [dashed lines]. (b) Numerically
simulated distribution of the y-component of electric field in the xz plane, overlaid with arrows
denoting the direction and magnitude of magnetic field, for one pair of asymmetric width
nanowires as described in Figure 1b, at the 1520 nm transmission resonance wavelength.
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Figure 3. EO tuning of Si/ITO metamaterial transmission. Spectral dispersion of the relative
change in transmission of the Si/ITO nanowire metamaterial for a selection of applied DC
electrical bias levels [as labelled]. The inset shows the spectral dispersion of absolute
transmission around the resonant wavelength for zero and 2V bias settings. (b) Numerically
simulated cross-sectional map in the xz plane of the static electric field amplitude over a single
period of the metamaterial array for a gap size di = 100 nm and an applied bias of 1V between
the ITO sections of the two nanowires. (c) Maximum electric field amplitude [at the midpoint
of the gap between the nanowires] as a function of gap size, for a fixed 1V bias.
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Frequency, MHz
Figure 4. Dynamic electro-optic modulation of Si/ITO metamaterial transmission. Relative
change in transmission at 1550 nm of the Si/ITO nanowire metamaterial shown in Figure 1 as
a function of the drive voltage modulation frequency, for a fixed peak bias a = 500 mV. The
inset shows the peak magnitude of induced transmission change at 6 MHz as a function of peak
bias voltage a.
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Figure 5. Si/ITO metamaterial electrostriction. (a) Numerically simulated spectral dispersion
of Si/ITO nanowire metamaterial transmission as a function of strain, defined as the relative
change in the size of the gaps between nanowires, for wavelengths of 1490 (blue) and 1550 nm
(red) at which maximally positive and negative proportionalities are observed. (b) Strain
induced within the metamaterial structure [from experimental measurements of optical
transmission at 1490 nm for DC bias and 1550 nm for AC bias, via proportionalities derived
from panel (a)] as a function of applied DC and peak AC (f = 6 MHz) electric field squared.
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We demonstrate a nano-mechanical metamaterial providing electro-optic modulation
via electrostriction. The modulator, which comprises arrays of bilayer silicon/indium-tin-
oxide nano-wires that are reversibly deformed under the application of an electric field,
operates at 1550 nm with effective electrostriction and electro-optic coefficients orders of
magnitude larger than those of bulk dielectrics (reaching 102* m?v2 and 10 mv!
respectively).

Keywords: photonic metamaterials; electrostriction; electro-optic modulation; nano-
mechanics
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