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Meta-surfaces arrays are 2D meta-materials with a periodicity below the diffraction limit that permits to obtain
homogeneous layers of resonant effective refractive index. In this work we present an analytical model that
describes the electromagnetic behavior of meta-surfaces constituted by split-ring resonators (SRR). SRR reso-
nance frequency can be adjusted by choosing their geometric parameters and the materials they are made of.
Their deposition on a phase change material enables an optical modulation of resonance peak during the phase
transition. We demonstrate a mid-infrared tunable SRR meta-surface using Vanadium dioxide (VO2) as phase

Tunability change material deposited on III-V semiconductors by low temperature pulsed laser ablation technique. The
presented measurements exhibit a maximum of 100 cm ! resonance shift. This result is very promising for the
conception of monolithic, robust, compact, frequency tunable III-V based devices in the mid-infrared.

Abstract standard deviation in position Ax and in momentum Ap, writes [8]:

Meta-materials (MM) are resonant artificial and technically
controlled materials whose properties reproduce and go beyond the
electronic atomic resonance. Consequently called “meta-atoms”, their
dielectric permittivity, magnetic permeability, refractive index and op-
tical absorption can be chosen according to their geometric parameters
and the materials they are made of. MM are electromagnetic filters, ie.
compact, passive and low energy consuming frequency selective sur-
faces allowing to obtain a specific electromagnetic response. They are
principally used in the microwave domain [32,40], in transformation
optics, invisibility cloaking [26], sub wavelength imaging, index
gradient materials, negative refractive indexes [34-36], super-lenses
[25] and perfect absorbers [12].

Meta-materials arrays are below the diffraction limit, meaning that
the layer composed by the nanoscopic resonators array is no more dif-
fractive but can be considered as a macroscopic homogeneous layer
modeled as a composite with effective permittivity, permeability and
refractive optical index. The diffraction limit comes from the Heisenberg
uncertainty principle in quantum mechanics stipulating that if two ob-
servables do not commute, then it is not possible to know exactly and
simultaneously both values of them. In the case of the conjugated ob-
servables position x and momentum p,, the uncertainty relation for the
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AxAp, > h/2 &)

where 7 is the reduced Planck constant, meaning that it is not possible to
know the position and the momentum of a particle at the same time. This
is the corpuscle point of view. Reformulating it with the De Broglie
relation:

Dx = hkx (2)

where k, is the wave vector along the x axis, we obtain the wave-like
point of view:

AxAky, > 1/2 3

where Ak, is the standard deviation in wavevector, meaning that a
monochromatic wave is spatially delocalized whereas it becomes a wave
packet with a spectral enlargement. As there is the same uncertainty
relation along the y coordinate, we also have:

AyAk, >1/2 4

In the case of a diffracting opening, a condition on the position of the
plane wave or the wave packet and the particle is imposed, and the wave
vector remains undetermined. In order to determine the diffraction
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limit, both uncertainties on the position and on the wavevector need to
be minimized. The minimum standard deviation for the wave vector Ak
corresponds to the uncertainty on the number of states k down to dk in
the reciprocal space: it is the density of states in wave vector by surface
unit.

If one consider a particle confined in a plane in a square of length L
and of surface A = L2, the resolution of the stationary Schrodinger
equation with null edge conditions implies that each wavevector state of

2 2
the particle occupies a surface (%) =7 in the reciprocal space as

schematized in Fig. 1. The circular ring surface defined by wavevector
states of norm k down to dk, ie. the surface defined between the circles of
radius k and k +dk , has a surface equal to 2zkdk. The number of states
dny. of wavevector k down to dk is defined as the number of surfaces ”XZ
comprised in a quarter of the circular ring surface, corresponding to the
positive values of the wavevector. Taking the degeneration into account,
we obtain:
2nkdk 1k

- =—dkA 5)
4 = 1

dle =2

The density of states in wave vector by surface unit is defined as:

- 1 dle
Ak = 1 dk (6)

From Egs. (5) and (6), we conclude:
Ak = k 7

7
From the Euclidian norm, we have
1/2 1/2
Ar = [(Ax)z + (Ay)z] andAk = [(Akx)z + (Akyﬂ
k y
k
ke

Fig. 1. Schematics of the surface occupied by each wavevector state in the
reciprocal space (green square) for a particle confined in a plane in a square of
length L and of the surface of the circular ring defined by wavevector states of
norm k down to dk, ie. the surface defined between the circles of radius k and
k +dk (blue ring) used to compute the number of states dny of wavevector k
down to dk and deduce the density of states in wavevector by surface unit Ak.
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and combining with Egs. (3) and (4), we have:
ArAk > 1 ®

According to Egs. (7) and (8), the inferior limit for the uncertainty on
the position is deduced:

Ar = —
2n

)
with 4o the vacuum wavelength and n the medium optical refractive
index.

Eq. (9) gives the optical formulation of the Heisenberg principle: this
is the optical diffraction limit. It is coherent with the Abbe diffraction
limit for an optical system and with the electromagnetic field confine-
ment limit in a cavity, eg. it is the minimum length cavity in a Fabry-
Perot resonator and it is the grating periodicity in a first order distrib-
uted feedback network where Ao is then the Bragg wavelength. In
choosing an uncertainty on the position smaller than the diffraction
limit, uncertainty on the wave vector increases and the diffractive
character of the optical system is lost. Thus the structuration of the MM
array with a sub wavelength periodicity forms a macroscopic homoge-
neous layer, which properties only depend on geometrical parameters of
the nanoscopic MM elements.

Analogy between electronics and electromagnetics makes easier the
modeling and the control of the interaction of MM with an electro-
magnetic field. The electrical values that are the current intensity I, the
electrical potential V and the electrical bias U are linked with the elec-

tromagnetic values that are the electric polarization ?, the magnetic
L AP . =
polarization M, the electric field E, the displacement vector D, the

magnetic field B and the magnetic excitation vector H. Meta-surfaces
are composed of metal, it is thus possible to consider them as elec-
trical Resistor, Inductor and Capacitor (RLC) circuits in a series, which

impedance Z, defined such as U = ZI, is for a plane wave
e d
X = Xoel K- 700 in the quasi-stationary approximation:
. 1
Z=R—iwl- — (10)
iwC

As RLC circuits in a series are second order filters, they can be
resonant. For the electric resonance, as shown on Fig. 2.a, MM can be
modeled by simply linear antennas of length 1 and of section S that can
be considered as electric dipoles. Dipolar momentum p’ = q 7 where q is
the charge carried by each pole and 7 the distance between the poles
gives rise to the polarization P= %q?> that is the dipolar moment
density with 7" the dipole volume. As the polarization current density
writes: ﬁ =-Lq7 where 7 is the charge carries velocity and as I =
JjpatS, we deduce in the sinusoidal regime:

I= —iwSP 11)

Polarization P is also linked to the electric field E by the dielectric
susceptibility y,: P =¢yy, E.As E = —gradV,wededuce U =El
where U is the electrical bias at the antenna boundaries resulting from
the electrical potential difference at the two edges of the antenna.

Thus

U
P= €oe; 12)

which combined to (11) leads to:

i1 i1
- -~z 1
e~ e SU e0SZ a3

Replacing Z with its expression (10), we get a Thomson-Lorentz like
model, similar to the electronic atomic resonance [31]:
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Fig. 2. (a) Schematic of the linear antenna and corresponding electrical RLC circuit. (b) Schematic of the loop antenna and corresponding RLC circuit. (c) Schematic
of the Split Ring Resonator (SRR) and corresponding electrical RLC circuit. The SRR made of gold has a gap 5, a total length /, a height h and a section S. In first
approximation, the resonator can be taken similar to that of a tore with a the radius of the circular loop (tore) and ry the radius of its circular cross section.

/ 2
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with o? = =% 1 the plasma pulsation, wo = \/Llc the eigen pulsation,

similar to the electronic atomic resonance pulsation between two elec-
tronic levels and I' = B is the damping factor, similar to a fluid friction
force in the atom classical model. Bandwidth is Aw = I = R and quality

1 /L

RV C

For the magnetic resonance, MM can be modeled by simply current
loops of length 1 and of internal surface Sy, as on Fig. 2.b, that are
considered as magnetic dipoles [14,22]. Magnetic dipolar momentum m

— @o
Aw

@o _

r

factor is Q

— —
= IS;, where I is the current in the loop and Sj,; is the normal vector to
the internal surface of norm Sj,¢ [15], gives rise to the magnetization

—_

1
M= W= 715? as)

that is the magnetic dipolar moment density with 7" the dipole volume.

Considering a magnetic field B applied along the normal direction to

the internal surface, the electromotive force Ungqg created by the mag-
do

dt
SineZ. As the current loop is made of a non-magnetic material, typically

netic flux ¢ = BSj, is given by the Faraday’s law: Upqy =

gold, its relative permeability is unity and in a sinusoidal regime, we
deduce B = ,uoﬁ and

Ungg =  Sind®B = pioSimiH (16)

Magnetization M is also linked to the magnetic excitation H by the

magnetic susceptibility y,,: M= Im H. With (16) it follows:

Unag

= 17
mﬂosintiw ( )
And combined with (15), we obtain:
1 .. I 1 5. 1
= S iv— = S?in= 1
Xm 9///#Osmtlw Umag 7/[4051“(1(,0 VA ( 8)

Replacing Z with its expression (10), we get a Thomson-Lorentz like
model:

1,62 1,2 2
THoSim1®” _ —Fo

= 19
o? —L+ioR 02— o +ilw (19)

Am =

with the same notations as for the dielectric resonance and the inductive
_ 1, ¢21
constant F = —Si 7
The effective optical index is directly driven by the magnetic and
electric susceptibilities y,,and y, as:

ngff = Erfly = (800 +)(e)(l’teo +/1./m) (20)
with €, and yu, respectively the permittivity and the permeability for
infinite pulsation. Thus, the refractive index can be made resonant as
well as reflection, transmission and absorption that depend on the
refractive index, enabling optical engineering through the choice of the
geometrical parameters of the MM medium base element.

In our study, we focus on the electric LC resonance of the Split Ring
Resonator (SRR) geometry [24]. SRR are considered as inclusions in the
host matrix and as they are smaller than the diffraction limit, they
constitute a homogeneous effective layer [5,22], which collective effects
are taken into account through the Maxwell-Garnett approximation.
Fig. 2.c depicts a typical SRR geometry. The LC electric resonance comes
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from the gap & introduced in the loop, in which the electric field becomes
very intense in the direction perpendicular to the gap faces at the
resonance frequency, as in a plane capacitor. The SRR geometry, similar

to that of a tore, adds a supplemental geometric inductance L' =

Hoaln (ﬁ—:) =y, 4In (f—ih), where a ~ £ is the radius of the circular

loop (tore), ry ~ h%’ is the radius of its circular cross section, 1 is the total
length, w is the width of the arms and h their height. The resulting

resonance pulsation for the SRR is then: w, = «/ﬁ*ﬁ- In

practice, L’>L [14,16,17].

In our work we studied the tunability of the frequency resonances of
a mid-infrared SRR based MM medium as function of the geometrical
parameters (metallic gap 9§, total length ~ and section S). In order not to
restrain to a frequency fixed by the resonators geometry but to add
dynamic properties to MM, we also developed active control of these
meta-structures using a phase change material VO3 as a host substrate.
In the microwave domain, tunability has been achieved using integrated
RF electrical components [11]. Nevertheless, for higher frequencies such
as terahertz (THz) or infrared (IR), other solutions are required.
Consequently, new meta-materials have been developed. The seeked
optoelectronic switching has always to be fast even ultra-fast in order to
build performing switches and modulators. In most of cases, free carrier
density of the substrate material or of the material included in the res-
onators openings is modified. This density is directly linked to the ma-
terial conductivity and so to its electromagnetic and optical
characteristics via its permittivity and its permeability. The change of
the substrate physical characteristics [37] can be electrically [6,7,12],
mechanically, thermally or optically [21,23,33] controlled and it tunes
the resonance frequency of these MM structures, which are called hybrid
materials. Other studies at other wavelength ranges use the phase
change material VO3 as the host substrate with different MM to achieve
tunability in the near infrared [9] and in the far infrared [10]. Interests
have also been shown for new phase change materials in the area of
photonic in-memory computing but with the smallest possible resonant
wavelength shift [28-30,41]. Noteworthy is the emerging technology
using phase change materials for reconfigurable electrical-optical mixed
devices in the visible and near infrared ([19,38]-2, [13]).

In our work we demonstrate a frequency tunable MM in the mid-
infrared wavelength range on III-V semiconductors using a VOy low
temperature deposition technique [3] compatible with active optoelec-
tronic devices. VO3 presents a metal/insulator transition (MIT) from an
insulating phase at low temperature to a metallic phase at high tem-
perature. The MIT is based on the carrier density variation and the band
diagram modification through temperature [4,18,20,39]. Thus, the MIT
changes the electric conductivity and therefore the permittivity, the
refractive index and the optical reflectivity of the VO, layer [3]. The
change of the host substrate refractive index affects directly the LC
resonance of the SRR, where capacitance is defined as for a plane
condenser between the two opposite faces of the antenna: C = go&,3
where ¢ is the vacuum permittivity and ¢, is the relative permittivity of
the host substrate.

Fig. 3 shows scanning electronic microscope images of the fabricated
devices. The periodic array of SRR nano-resonators has been deposited
on GaAs substrate and on VO, (150 nm thick) on GaAs substrate. The
VO, layer has been deposited by Pulsed Laser Deposition [3]. The SRR
array has been built with electron beam lithography (EBL), using PMMA
A3 resist, 290 nm thickness. An evaporation of titanium (3 nm) and gold
(80 nm) follows with a lift-off. Optical reflectivity characterizations of
the samples have been carried out with an optical microscope coupled to
a Fourier transform infrared (FTIR) spectrometer. The reflectivity
spectra are divided by a reference spectrum obtained from a perfectly
reflecting gold sample.

Fig. 4 presents the study of the frequency dependence on the
geometrical parameters of the SRR. Fig. 4.a shows results on a GaAs
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Fig. 3. Scanning Electron Microscope (SEM) images of a SRR array. SEM im-
ages measurements show a tolerance reproducibility of 2 nm on the SRR gap
and a tolerance of 10-20 nm for the total length of the SRR.

substrate where the gap § increases from 35 nm to 100 nm and where
total length / is fixed to 1960 nm and periodicity is fixed to 900 nm in
both directions. Varying the gap opening means varying the geometric
capacitor C in the electrical model. This induces a large variation of the
SRR resonance frequency: the wider the gap, the higher the resonance
frequency.

Fig. 4.b shows the curves for SRR arrays on a VO layer on a GaAs
substrate. In this case, the total length varies from 1 um to 2.05 ym and
gap is fixed at 80 nm. Periodicity increases proportionally to the total
length so that a constant density of resonators is kept in the arrays. The
more the inductance, the less the resonance frequency and it has a lower
influence on the resonance frequency variation. Indeed, the capacitor
varies in 1/86 with & the gap opening whereas the inductance has a
logarithmic growth according to the effective length 1. Besides, the
measured quality factor of the SRR is around 10 leading to large reso-
nance peaks. This value is not high because of the ohmic losses of the
metal constituting the SRR antennas.

If we consider SRR of length 1 = 1.75 pm, of gap & =80 nm with an
height of h = 83 nm (orange SRR on Fig. 4.b), we obtain a resonant
wavenumber of 1457 cm ™!, which corresponds to a resonant frequency
of 43.71 THz and a resonant wavelength of 6.83 pum. The associated full
width at half maximum (FWHM) is 1.93 cm’l, ie. 5.79 THz. Taking
& = 13.5 for the VO2 in its dielectric phase at 6.83 um [9], we obtain
according to the model presented below, L’ = 2.3845:10"!2 HandC=
1.24095-1017 F. With a gold resistivity of p,,, = 22-107° Q-m and a gold
electronic density of na, = 5.9-102 m~3 [1], we get with the standard
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Fig. 4. (a) Experimental reflectivity measurements of SRR arrays with a varying gap (35 nm, 70 nm, 100 nm), a total length fixed at 1960 nm and a period fixed at
900 nm on a GaAs substrate. Inset: Schematic of the reflectivity measurement with an optical microscope and a FTIR spectrometer. (b) Experimental reflectivity
measurements of SRR arrays with a varying total length from 1000 nm to 2050 nm, a gap fixed at 80 nm and a periodicity increasing proportionally to the total

length. Substrate is a VO,/GaAs bi-layer.

definition of the resistance R = p4 = p 4 a value of R = 4.6386 Q and the
plasma pulsation is calculated to be w, = 1.37-10'¢ rad-s™'. The
inductance equals L = 1.27-107'3 H. We confirm that we have L>L.
With the theoretical model, we thus estimate the resonant pulsation to
be w, = 1.79-10' rad-s~* and the corresponding resonant frequency to
be f, = 28.5 THz. The pulsation FWHM is 0.36-10'* rad-s !, equivalent
of a frequency FWHM of 5.81 THz. The comparison of the experimental
and theoretical FWHM is in very good agreement. The resonance fre-
quency based on the model is slightly shifted with the experimental
value. This shift is due to the VO, permittivity taken from the literature,
a value of &, = 5.7 (refractive index of 2.38) could cancel this shift.
Fig. 5 presents the experimental measure of the reflectivity versus
temperature for a MM array of a fixed SRR geometry of 1.75 um length
and a gap of 80 nm on a 150 nm thick VO, film deposited on a GaAs
substrate. The measurements have been performed below and above the
VO transition temperature using a regulated heating and cooling
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platform.

At low temperature, VO5 behaves as a dielectric, the measured
reflectivity presents a maximum, which corresponds to the LC cavity
resonance. At high temperature, VO, has a metallic behavior, the
measured reflectivity is high and flat, that is typical of the response of a
continuous metallic plane and there is no phonon absorption band in
this measurement range [2,27]. SRR are short-circuited and there is no
more resonance. In the regime of intermediate temperature, shown in
the zoom of Fig. 5.b, the global reflectivity increases according to the
temperature whereas the SRR resonance maximum decreases through
the VO3 phase transition and the FWHM of the resonant peak gets wider.
This resonance maximum is situated around 1450 cm ™! and shifts of
100 cm ™! along the phase transition on a temperature range of the order
of 10°C, between 65°C and 72°C. Tunability is of the order of 7 %.
During the phase transition, the optical width of the resonators changes,
increasing the capacitance and the inductance of the SRR and thus
reducing the resonance frequency. A shift towards low frequencies (red

Wavelength (um)

—30°C
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——66°C
—68°C
70°C |
72°C

Reflectivity

N

1400 1500 1600
Wavenumber (cm™)

1300

0.3 -
1200 1700

Fig. 5. (a) Experimental reflectivity measurement of a SRR array on a VO5/GaAs bi-layer substrate for an increase in temperature. Geometry is fixed to 1750 nm for
the total length and to 80 nm for the gap. (b) Zoom on the resonance in the middle of the phase change transition of VO,. Tunability of 100 cm ! is achieved between
60°C (red curve) and 70°C (light blue curve). Background line increases during the transition when VO, becomes metallic and makes the SRR resonance disappear.
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shift) is obtained.

In conclusion, we showed in this study that the homogeneous and
resonant response of SRR meta-surfaces arrays below the diffraction
limit can be tuned in frequency in a static way and a dynamic way.
Varying the geometric parameters adjusts the SRR resonance frequency,
which is more sensitive to the gap variation than to the total length
variation. Furthermore, we demonstrate that for a fixed geometry, it is
possible to tune the resonance frequency using vanadium dioxide VO
phase change material. The deposition of a SRR array on a VO, layer
grown by pulsed laser deposition on a GaAs substrate enabled an optical
modulation of more than 100 cm™! of the resonance peak during the
VO, phase transition. Thus, associating meta-materials and phase
change materials allows the choice and the tuning of the resonance
frequency of the bi-layer. This result is very promising for the conception
of monolithic, robust, compact, frequency tunable III-V based devices in
the mid-infrared and whose optical properties only depend on the VO,
layer temperature.
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