Tunable Polarization-Induced Fano Resonances in Stacked Wire-Grid Metasurfaces
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Stacked metasurfaces are being investigated in light of exploring exotic optical effects that can-
not be achieved with single-layered metasurfaces. In this article, we theoretically demonstrate that
metallic wire-grid metasurfaces with specific polarization properties have the ability to induce tun-
able Fano resonances when they are stacked. The developed original model - combining a circulating
field approach together with an extended Jones formalism - reveals the underlying principle that
gives rise to the polarization-induced Fano resonances. The theoretical frame is validated in an
experimental proof of concept using commercially available wire-grids and a terahertz time domain
spectrometer. This unexplored possibility opens an alternative path to the realization and control
of Fano resonances by using stacked metallic metasurfaces. Furthermore, these findings suggest that
the polarization can be used as an additional degree of freedom for the design of optical resonators

with enhanced and tunable properties.

Fano resonances [1, 2] currently draw much attention
because of their remarkable and unique potential for ap-
plications such as sensing with high quality factor [3].
Over the past decades, Fano resonances have been re-
ported in a large variety of experimental configurations
ranging from electromagnetic structures [4-7] to elastic
structures [8]. Similar observations of Fano signature
in electromagnetic metamaterials [9] were made by de-
liberately breaking the symmetry of the metamaterial
unit-cell. These results have been rapidly followed by
extensive studies on the coupling of trapped modes in
metamaterials in order to obtain Fano resonances [10].
More recently, a vast literature focused on the excitation
of tunable and/or multiple Fano lineshapes for increased
functionalities [11-14]. At the same time, metallic meta-
materials rised in popularity because of the wide diversity
of physical effects which they can exhibit such as extraor-
dinary optical transmission [15], negative refraction [16]
or perfect absorption [17]. However, the performances
associated to these physical effects may be limited by
the intrinsic physical properties of the unit-cell, or might
require complex designs and fabrications. Stacked meta-
surfaces are currently proposed as an alternative way to
achieve complex functionalities [18]. Besides, the interac-
tion between metasurfaces brings further degree of free-
dom and enables additional effects [19, 20]. For example,
stacked structures are currently proposed to efficiently
manipulate the polarization of light [21-24].

In this article, we demonstrate that metallic metasur-
faces possessing basic polarization dependencies offer the
possibility to induce Fano resonances when these meta-
surfaces are stacked. The main focus of the present work
is not to report another polarization-dependent meta-
surface design where the unit cell itself is exciting Fano
resonances [25, 26], but rather to demonstrate, theoret-
ically and experimentally, an alternative route for the
realization of Fano resonances via stacked metasurfaces.

This concept is theoretically introduced and further de-
velopped thanks to an original cavity model which com-
bines a circulating field approach [27] and an extended
Jones formalism [28]. The theoretical study is experimen-
tally supported by demonstrating tunable polarization-
induced Fano resonances in the THz regime by using a
THz time domain spectrometer and implementing Metal-
lic Wire-Grid Metasurfaces (MWGMSs). This alternative
configuration to excite Fano resonances paves the way
towards novel designs of tunable and high quality factor
devices which are in great demand in the THz region.

The importance of the MWGMs linear polarization
properties for exciting Fano resonances is first examined.
An electromagnetic plane wave is considered to be propa-
gating along the z-axis and falls in normal incidence on a
stack of two parallel and perfectly conducting MWGMs,
as shown in Fig. 1(a), acting as linear polarizers. The
transmission and reflection of the first MWGM, identi-
fying the x and y axes respectively, serve as a reference.
The period, the thickness and the aperture width of both
MWGMs are denoted by p, h and a respectively. The dis-
tance between the two MWGMs is d and 6 is the rotation
angle of the second MWGM with respect to the x-axis.
The geometrical notations of the structure are summa-
rized in Fig. 1(a).

The stack of two MWGMs is assumed to form a Fabry-
Perot-like (FP-like) cavity. To accurately describe the
resonance and polarization properties of the FP-like cav-
ity, a circulating field approach [27] is associated to a
Jones formalism [28], as illustrated in Fig. 1(b). A
scalar model (excluding polarization properties), report-
ing more details on the circulating field was thoroughly
investigated in [27]. The steady state forward circulating
field, Ec, is given by

Ec = JCUElaunch (1)

where F. corresponds to the infinite sum of waves incom-



ing on the second MWGM, as highlighted by the dashed
grey ellipses in Fig. 1(b). J. is the Jones matrix that
accounts for the infinite round-trips in the cavity and its
expression is detailed later in Eq. (4), Eq. (5) and Eq.
(6). The propagation operator U = ul links the elec-
tric fields from the first to the second MWGM inside the
FP-like cavity. The term I is a (2 x 2) identity matrix,
u = e'27/X represents the phase shift accumulated by
the electric field in half a round-trip and A denotes the
wavelength. The electric field E"launch, is the initial field
launched in the cavity and its expression is

Elaunch = JTEinc (2)

where

JT:(t”” O>andJR:(” 0) 3)
0 t, 0 ry

are the transmission and reflection Jones matrices of the
first MWGM where J® is mentioned for completeness.
The terms t, t, and 75, 7, are respectively the trans-
mission and reflection coefficients along the z and y axes

for one MWGM. The polarization-induced effect can be
inferred from the expression of J. which is written as

T = [1-UTR0 (4)

where JJt = R(0)J%R(—0) is the reflection Jones matrix
of the second MWGM and R(6) is the rotation matrix.
The matrix J. can be reformulated as

Jrz  Jry
which can be expanded into

Jo=—

! dotrionrs ) .

1 ([ 1—u?r,(s*ry+c®ry)

( u?es(ry—ry)ry  1=utry(Pro+siry,
where D = det(I — U2JRJR), ¢ = cosf and s = sind.
For this complex general case given by Eq. (6), it is
fundamental to remark that the coupling terms J¥* and
J¥Y are vanishing if r, = r, - as it would be the case
with polarization insensitive mirrors. In other words,
the polarization properties of the MWGMSs brings ad-
ditional polarization coupling effects - inducing Fano res-
onances - that are not achievable in classical FP cavi-
ties. Other works using matrix formalism have analyzed
anisotropic FP resonators [29, 30] or chiral FP interfer-
ometers [31, 32]. None of these studies, however, consid-
ered mirrors with polarization dependency, they rather
employed classical FP cavities filled with anisotropic or
optically active media. The linear polarization depen-
dency of the MWGMs (r, # ry) is the key difference
that permits the excitation of Fano resonances.

The transmission of the optical arrangement of Fig.
1(a) is numerically simulated with a/p = 0.9, h/p = 0.1,
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FIG. 1. (a) 3D illustration of two MWGMSs stacked along
the z-axis where the second MWGM is rotated by an angle 6.
(b) Principle of the FP-like cavity formed by two MWGMs
characterized by their Jones matrices JT, J® and J7F, JI re-
spectivel}: Elaumh is the initial electric field entering the cav-
ity, and E. is the steady state forward circulating field in the
FP-like cavity. The arrows are deliberately tilted to clearly
represent the round trips in the FP-like cavity. (c¢) Simulated
spectra of ., the transmission coefficient along the x-axis for
one MWGM. The real and imaginary parts of ¢, are depicted
in solid blue line and dashed orange line respectively, and
computed with a/p = 0.9 and h/p = 0.1. The greyed area
specifies the spectral region (A\/p < 1.8) for which the model
has lower accuracy. (d) Simulated transmission spectra of
the FP-like cavity with 6 = 10° and d/p = 2.0. The integer
m denotes the FP harmonic order where the Fano resonances
occurs. The black curve shows the spectrum of the transmis-
sion T computed with the numerical values extracted from the
monomode modal method. The dashed pink curve gives the
spectrum of the transmission 77 computed with the special
case where t, =1 and r, = 0.



d/p = 2.0 and § = 10°. The transmission properties of
one MWGM are first investigated. The spectral range of
interest is A/p > 2 which ensures that only the fundamen-
tal transverse electromagnetic guided mode is excited in
the MWGMs. Note that the fundamental guided mode is
polarized along the periodicity axis, i.e the x-axis. Using
a monomode modal method [28], the coefficient ¢, and
r, are numerically calculated by Airy-like expressions.
The perfectly conducting metal hypothesis imposes that
the two other coeflicients ¢, and r, are 0 and —1 respec-
tively. This further implies that the electric field E_'lmmch
is polarized along the x-axis. Figure 1(c) represents the
spectra of the real and imaginary parts of ¢, in solid blue
line and dashed orange line respectively. The transmis-
sion T of the FP-like cavity is defined as

T = |Tpp P+ T2 (7)
with
JEp =JFJ.uJ” (8)

where J}., is the transmission Jones matrix of the FP-
like cavity and JJ = R(0)JT R(—0) is the transmission
Jones matrix of the second MWGM. Note that the trans-
mission results achieved by this formalism are strictly
identical to the transmission values computed by the S-
matrix propagation algorithm [33]. Figure 1(d) yields
the transmission spectrum of the cavity in solid black line
computed for d/p = 2.0 and § = 10°. Clear Fano-like res-
onances appear at the FP resonance condition expressed
as

_
_m

A 9)
where m denotes the FP harmonic order with m € N.
It is worth emphasizing that the Fano dip asymmetry
increases as A decreases. However, the greyed area for
which \/p < 1.8 is the region where higher order modes
are guided in the MWGMs and the monomode modal
method reaches a lower computation accuracy for t,.
To further explain the origin of these Fano resonances,
the lower FP harmonic m = 1 is analyzed in more details.
At \/p = 4.0, the coefficients are ¢, = 0.985+ 0.1697 and
ry = 0.475 x 1072 + 0.028i. For explanatory purposes, it
is now assumed that t, = 1 and r, = 0. In this ideal and
almost realistic scenario the matrix J. reduces to

1 0
Je = u?cs 1 . (10)
1—u2c? 1 —u2c?

This specific peculiar case is interesting from a theo-
retical perspective as it helps elucidating the physical
mechanism which gives rise to Fano resonances. To high-
light the core principle responsible for the polarization-
induced Fano resonance , it is now essential to distinguish
three cases:

1) When the MWGMs are aligned (6 = 0°), the cou-
pling terms are JY* = JZ¥ = 0. This configuration
yields J¥Y = 1/(1 — u?) corresponding to the elec-
tric field Airy distribution of a perfect y-polarized
FP resonance referred to as FP,. At the same time,
Eq. (8) becomes

JLp = JTLUJT = ( v ) (11)
which represents an x-polarized single pass propa-
gation operator. The x-polarized field Elaunch does
not couple to the FP, resonance and simply propa-
gates through the structure. Therefore, the FP,
resonance is not excited or, in other word, it is
”trapped” in the FP-like cavity.

2) When the MWGMs are crossed (6 = 90°), the cou-
pling terms are JY* = J¥¥ = 0 which prevents
again the coupling of the FP, dark mode. In addi-
tion, the transmission vanishes as it is expected for
two crossed polarizers.

3) When the MWGMs are not aligned, nor crossed
(0 # 0° and 6 # 90°), the coupling of Ejaunch t0
the FP, resonance occurs via the term JY*. As
it is numerically demonstrated in Fig. 1(d), such
coupling induces a Fano resonance according to the
FP resonance condition given by Eq. (9). The sin-
gle pass x-polarized electric field and the ”trapped”
FP, resonance might be regarded as an analogue
of bright and dark modes respectively, that are ex-
ploited to excite Fano resonances [10].

Finally, for this special case where t, = 1 and r, = 0,
the transmission 7" through the FP-like cavity is

2

u(l — ) cos? 0 (12)

=
‘1—u200529

which is consistent with the transmission expression re-
ported in ref. [33]. The FP resonance condition, as stated
by Eq. (9), corresponds to the case where u = 1 and
therefore leads to 7" =0, V 6 #£ 0 (mod 7). The expres-
sion of T’ at the FP resonance condition produces in-
verted Lorentzian line shapes, as depicted by the dashed
pink curve in Fig. 1(d). The results presented in Fig.
1(d) are also compatible with Eq. 17 of ref. [6] which pre-
dicts symmetric line shapes ”when either v or t is zero”.
As shown in Fig. 1(c), when A — oo, the coefficient
ty — 1 (ry — 0) which causes the Fano line shape to be
less asymmetric. This is clearly observed in Fig. 1(d)
where the transmission 7" gets closer to the symmetric
inverted Lorentzian transmission 77 as A — oco.

It is important to note that, in Eq. (10), the coupling
term J¥* can be controlled by 6. It further suggests
that the spectral width of the polarization-induced Fano
resonances can be tuned by acting on 6, as previously
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FIG. 2. (a) Measured and (b) computed transmission spectra
for p = 35 um, a =25 um, h = 10 um and d = 1,08 cm.
The inset in (b) highlights the slight asymmetry in the Fano
line shape.

observed in ref. [33]. From Eq. (12) we derive an expres-
sion of the quality factor @ for the inverted Lorentzian
line shape which is given by

mim

- 2gin~! (% sin 6 tan 0)

(13)

where 6 is expressed in radian. This expression further
confirms that the polarization-induced Fano resonance
can be spectrally tailored by controlling 6. It also sug-
gests that @ theoretically tends to infinity when 6 — 0.

The polarization-induced Fano resonance and its spec-
tral tunability are demonstrated in a proof-of-principle
experimental configuration in the THz region. Note that
the THz range is particularly relevant and suited to ver-
ify the developed theoretical model as metals are close
to be considered as perfect electric conductors at these
frequencies. A pair of commercially available MWGMs
from PureWavePolarizer [34] is placed in the same config-
uration as previously depicted in Fig. 1(a). The geomet-
rical parameters are p = 35 um, a = 25 uym, h = 10 um,
and d = 1,08 ¢m. The two MWGMs are inserted into a
Menlo Systems Tera K15 THz time domain spectrometer
based on photoconductive antennas [35]. The maximal
spectral resolution of the spectrometer is 1.2 GHz in the
range of 0.1 THz to 3.5 THz. The first MWGM’s trans-
mission axis is aligned to the polarization direction of the
photoconductive emitter. A set of transmission measure-
ments, denoted by T'(6), are acquired at different relative
angles of the second MWGM, i.e. for § = 20°, 30° and
45°. The transmission Ty, measured at 8 = 0°, serves as
a reference for the normalized transmission 7,, which is
defined as

()

Towp = Ty

(14)
Figure 2(a) represents the normalized transmission spec-
tra for the different angles # and Fig. 2(b) depicts the
computed counterpart using the FP-like cavity model. In
order to be commensurate with the detector’s polariza-
tion sensitivity, the numerical transmission is given by

4

|J;‘C}f1|2. The measured and simulated results reported
in Fig. 2(a) and (b) respectively, exhibit a remarkable
agreement only limited by the available spectrometer res-
olution and by the signal to noise ratio. Note that for
this considered spectral range t, = 0.998 4+ 0.053; ~ 1
which causes the Fano lineshape to be almost symmet-
ric as highlighted in the inset of Fig. 2(b). The quality
factor of these quasi-symmetric Fano line shapes can be
assessed using Eq. (13). The resonance close to 0.210
THz corresponds to the FP order m = 15 and @ = 386,
162 and 65 respectively for § = 20°, 30° and 45°. The 1.2
GHz spectrometer resolution does not allow for 6 below
20° as the Fano line width would become narrow enough
to be undetected by the spectrometer. For example, for
0 = 1°, we theoretically obtain Q = 1.55 x 10° with an
associated linewidth of 1.35 MHz. Such results - arising
from the simplest possible proof of concept - are promis-
ing for the future designs of THz devices with high qual-
ity factors. Further investigations will focus on a stack
of two metasurfaces sharing a THz compatible substrate
such as Si/SiO3. The polarization-induced Fano reso-
nances could be implemented in actively tunable opto-
electronic THz platforms [36] where the mechanical tun-
ing can be replaced and superseded by graphene-covered
tunable metasurfaces [37, 38] with modulation speed be-
yond 100 MHz [39].

In conclusion, stacked MWGMs with linear polariza-
tion dependency have been theoretically investigated in
order to explore an efficient and alternative strategy to
induce and control Fano resonances. The experimental
proof of principle was performed in the THz range show-
ing very good agreement with the predicted trends. It
is worth stressing the versatility and generalization of
this alternative way to realize Fano resonances by us-
ing FP-like cavities. This different approach does not
require metasurfaces that are specially designed with
complex unit-cells or custom-made materials. Rather,
the polarization-induced Fano resonance addresses fun-
damental concepts of optics as it essentially relies on
simple polarization properties and basic resonance ef-
fects. This principle could therefore be extended to other
metasurfaces made of unit-cells featuring the same linear
polarization properties [28]. Likewise, the polarization-
induced Fano resonance is not restricted to the THz
domain and it could be scaled to any other frequency
ranges such as the near infrared or the visible regime.
However, the larger metal absorption and the fabrication
requirements would raise new challenges. Nonetheless,
the diverse range of materials’ optical responses avail-
able at those frequencies, such as Kerr effect or Pockels
effect, may unlock new possibilities. As another interest-
ing direction, the polarization-induced mechanism could
be combined to other effects available in stacked meta-
surfaces to enhance the performances of integrated THz
devices or to unveil more exotic optical responses.
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