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Abstract: Multifunctional and reconfigurable devices are crucial for compact and smart
optoelectronic devices. In this paper, we propose a multifunctional and spectrally reconfigurable
asymmetric 1D PhC Fabry-Pérot cavity filled with nematic liquid crystal and bounded by two
graphene monolayers. Due to the large number of available degrees of freedom, such a structure
can behave as either a notch filter, an absorber, an amplitude modulator, or a phase shifter for the
reflected electromagnetic waves. The chemical potential of one or both graphene monolayers can
be exploited to modulate the amplitude and phase-shift angle of the reflected electromagnetic
waves. Furthermore, all functions are narrowband (1 nm linewidth) and are spectrally tunable
over a range of about 200 nm around the working wavelength of 1550 nm by controlling the
orientation of the elongated molecules of the liquid crystal. This structure may be advantageously
exploited for the realization of optical modulators and beamsteering systems.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

There is no denying that photonics has experienced tremendous improvement over the past two
decades. In large part, this has been inspired by analogies, mimicking phenomena discovered
in other physical systems and translated into the language of photons. The distinctive behavior
of electronic waves in conventional electronic insulators have inspired periodically structured
artificial photonic media such as photonic crystals as a photonic analogue of conventional
electronic insulators [1,2]. Dielectric and metallic photonic crystals (PhCs) and metamaterials
are among the cornerstones of optics and photonics today, enabling a plethora of distinct
applications: ultra-high Q-factor optical resonators [3,4], biocompatible sensors [5,6], near-field
optical tweezers [7,8], slow-light waveguides [9], non-linear optics [10], self-collimation [11],
interconnections for photonic circuitry [12], photovoltaics [13,14], etc.

Today, providing a device with multi-functionality and reconfigurability becomes an in-
creasingly important requirement to meet the growing demand for improved compactness and
intelligent architectural solutions. Multi-functionality allows a single device to perform a plurality
of functions while reconfigurability implies the possibility of modifying the behavior of its
individual functions through external control. On the one hand, the former can arise when an
abundance of degrees of freedom is found in the same topology, as we have previously shown in
the case of self-collimating structures based on 2D mesoscopic PhCs [15–17]. On the other hand,
the latter is achieved by exploiting the tunability of its component materials through the harnessing
of several physical mechanisms: phase transitions [18], piezoelectricity [19], thermo- [20],
electro- [21] and magneto-optical [22] effects, and two-dimensional materials peculiar properties,
to name the most common. By far the most celebrated 2D semiconductor, monolayer graphene,
exhibits important optical properties, owing to the simplicity of its electronic bands which are
gapless Dirac cones near the zero energy [23]. Because of this peculiar band structure, in which
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conduction and valence bands touch at the Dirac points, electrons behave as massless Dirac
fermions, showing an extremely high mobility [24]. Monolayer graphene exhibits reconfigurable
conductivity via chemical or electrostatic doping, for example by applying a voltage between
the graphene and an electrode separated by a thin insulator, resulting in a change in the number
of electrons or holes (which depends on the applied bias) available for conduction. In visible
and near-infrared spectral domain, coupling graphene monolayers to optical high-Q resonant
structure leads to light-graphene interaction enhancement. In particular, enhanced absorption
can be achieved under critical coupling in interferometric configurations, such as Fabry-Pérot
resonators [25], and field distribution engineering [26–28] by means of the so called coherent
perfect absorption (CPA) mechanism [29,30].

In this manuscript, we present an innovative structure that combines the paradigms of
multifunctionality and reconfigurability through the joint use of a 1D PhC Fabry-Pérot asymmetric
cavity, whose defect, filled with nematic liquid crystal, is bounded by two graphene monolayers.
1D PhCs, compared to their higher-dimensional counterparts, offer the advantages of a simpler
fabrication process and, generally, greater simplicity in understanding the physical phenomena
involved. In such structures, perfect and narrowband absorption has been already demonstrated
in presence of a single graphene monolayer placed at the center of the cavity defect [31,32]. The
proposed structure has many degrees of freedom (geometrical parameters, chemical potentials of
graphene layers, liquid crystal orientation) which can be exploited to control, over a very narrow
linewidth, the amplitude (via absorption) and phase of the reflected electromagnetic wave and to
tune the bandwidth of such functions over a wide spectral range at telecommunication wavelengths.
We will numerically show that it is possible to identify some important reconfigurable optical
functions that the proposed structure may allow to be implemented: amplitude modulation,
notch filter and phase shifter. Figure 1 shows a sketch of such spectrally reconfigurable optical
functions.

Fig. 1. Schematic diagram showing mechanisms, control inputs enabling reconfigurability
(the two chemical potentials of the two graphene layers and the external electric field applied
on the liquid crystal contained in the cavity defect) and functionalities of the proposed
structure. The asymmetric cavity (Γ1 and Γ2 represent the reflection coefficients of the lower
and the upper 1D PhC mirrors, respectively) ensures that almost the whole incident power is
reflected or absorbed. On the one hand, the two graphene layers bounding the cavity defect
act as narrow-band absorbers and phase shifters based on their chemical potentials. On the
other hand, the external electric field applied on the liquid crystal contained in the cavity
defect allows the optical length of the cavity to be changed by electrooptic effect, which
results in a spectral shift of the resonance that ensures spectral reconfigurability.
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The manuscript will be structured as follows. Firstly, (i) in the Structure and methods section
the proposed device will be presented and the geometric parameters and material properties
(in particular, the angular properties of the liquid crystal and the conductivity of the graphene
monolayer), essential to numerical modeling, will be detailed. Furthermore, the 1D PhC mirror
design and cavity defect dimensioning will be detailed. Then, (ii) in the Results and discussion
section to facilitate the understanding of the mechanisms underlying the proposed structure,
the effects of altering the two graphene monolayers’ chemical potentials and the liquid crystal
elongated molecule orientation will then be decoupled and presented separately. Thus, having
fixed the orientation of the liquid crystal and the chemical potentials, (a) the effect of the number
of periods constituting the mirrors delimiting the cavity will first be studied to numerically
identify the quasi-CPA condition that will result in an almost complete absorption of the incident
radiation. With the number of periods fixed, (b) the effect of varying the chemical potentials
of the two graphene monolayers is then presented. This is done in terms of both absorbance
and spectral shift of the localized optical mode resonance peak of the cavity. This will help
to identify the ranges of chemical potentials in which certain particularly convenient regions
of operation occur. (c) The response of the device to the change in orientation of the liquid
crystal by an external static electric field will then be presented; (d) the multifunctionality and
reconfigurability of the proposed structure and its application as a concrete device will finally be
discussed in final part of the result section. (iii) Potential applications and developments will be
discussed in the conclusions.

2. Structure and methods

Figure 2(a) shows a sketch of the envisaged multifunctional structure: a tLC wide cavity defect,
filled with a nematic liquid crystal (NLC) of type E7, is surrounded by two 1D PhC mirrors
arranged specularly at its sides. E7 mixture was chosen for its high positive birefringence
(∆n ∼ 0.185 near the working wavelength 1.55 µm), low viscosity, good chemical stability
and commercial availability. The PhC mirror is composed of two layers of different dielectric
materials, Ta2O5 and SiO2, of thicknesses t1 and t2, respectively, having period p. These materials
were chosen for their low losses and because they provide sufficiently high refractive index
contrast in the spectral region of interest. Each PhC mirror terminates on a graphene monolayer
(GL1 and GL2, indicated by the two dashed red and blue lines in Fig. 2(a)), of negligible thickness,
on which a small thickness tp = 50 nm of polyimide (PI2723 [33]) is deposited (indicated by the
two pale orange layers in Fig. 2(a)). The latter serves as an orientation layer for the NLC that
fills the cavity defect. All numerical simulations presented in this manuscript are performed by
means of the Finite Element Method [34].

NLCs behave as anisotropic positive uniaxial crystals with the optical axis oriented in the same
direction as the elongated molecules. If the polarization of the wave travelling through the NLC
is orthogonal (parallel) with respect to the optical axis, the phase velocity experienced will be
c/no (c/ne), being c the speed of light in vacuum and no and ne the ordinary and the extraordinary
refractive indexes of the NLC. Here, we will excite the structure with a plane wave impinging
from the input port, with the wave vector k= kyuy and polarization so that E=Exux, being ux
and uy unitary vectors along the x and y directions, respectively. As depicted in Fig. 2(a), we
assume ϕ as the angle that the optical axis of the NLC forms with the y-axis in the [xy]-plane. In
the unbiased state, NLC molecules are assumed to be oriented along the y-axis and the relative
permittivity tensor is [εLC]= [no

2, 0, 0; 0, ne
2, 0; 0, 0, no

2]. By applying a static electric field by
means of external electrodes is it possible to reorient the elongated molecules of the LC and thus
to modify the angle ϕ. By rotating the relative permittivity tensor around the z-axis by one angle
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Fig. 2. (a) – Sketch of the proposed structure. The two black arrows indicate the propagation
direction. (b) Logarithm of the transmittance of a 30 periods-long 1D PhC (same type as
that constituting the cavity’s surrounding mirror) as a function of the wavelength and of
the design parameter λ0. The dashed white line represents the locus of the transmittance
minimum. As for the red marker, it identifies the value of the λ0 design parameter, equal
to 1445 nm, for which the transmittance minimum occurs at 1550 nm. (c) Transmittance
(green solid curve), reflectance (red dashed curve), and absorbance (black dash-dot curve)
as a function of the thickness tLC of the cavity defect, calculated in the absence of the two
graphene layers.

ϕ, we obtain:

[εLC] =

⎡⎢⎢⎢⎢⎢⎢⎢⎣
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which implies that the dispersion equation for the extraordinary waves is:

k2
y (n

2
ecos2ϕ + n2

osin2ϕ) = k2
0n2

en2
o (2)

where k0 is the vacuum wavenumber. Finally, the refractive index experienced by the extraordinary
wave travelling along the y-direction for an arbitrary orientation of the NLC optical axis is:

nLC =

√︄
n2

en2
o

n2
osin2ϕ + n2

ecos2ϕ
(3)

where no and ne have been modeled as dispersive and lossy after [35]. Additionally, to account
for E7 losses we add a dispersive imaginary part κlc modeled after [36].

Ta2O5 layers have been modelled as a dispersive, lossy material with index nTa2O5 after [37]
and SiO2 layers as a dispersive, lossless material with index nSiO2 after [38,39]. Their thicknesses
were chosen so that the forbidden band of the 1D PhC is centered around 1550 nm. This was
done by setting t1=λ0/(4nTa2O5) and t2= λ0/(4nSiO2), where λ0 is a design parameter. Figure 2(b)
shows the transmittance of a 1D PhC with 30 periods as a function of wavelength and design
parameter λ0. From the same figure we observe that the minimum transmittance occurs at 1550
nm when λ0 = 1445 nm. Therefore, the thicknesses t1 and t2 are set equal to 173 nm and 250 nm,
respectively.

Polyimide layers have been modelled as a dispersionless, lossy material with n= 1.678+ j10−4

[33]. The two graphene monolayers, placed between one end of the photonic crystal mirrors and
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the polyimide layer, were modeled as a surface current density J=σExux [40], where σ is the
graphene monolayer isotropic conductivity [S], modelled by means of the Kubo model [23,41,42]
as the sum of an intraband (σi) and an interband (σo) term in absence of any external magnetic
field. In the mid-infrared spectral regime, the intraband term can be written in a closed form as:

σi =
je2

πℏ2(ω + jΓ)

∫ ∞

−∞

|ξ |
dfF(ξ)

dξ
dξ =

e2kBT
jπℏ2(ω + jΓ)

2 ln
[︃
2 cosh

(︃
µc,n

2kBT

)︃]︃
(4)

where e, ℏ, µc,n, ω, Γ, kB, and T are the electron charge, the reduced Planck constant, the
chemical potential of the n-th graphene monolayer, the angular frequency, the energy independent
phenomenological scattering rate, the Boltzmann’s constant, and the temperature, respectively.
fF(E)=[1+exp((E-µc,i)/(kBT)]−1 is the Fermi-Dirac distribution. The interband term can be
written as:

σo =
e2(ω + jΓ)

j2πℏ2

∫ ∞

0
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tanh
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ℏ
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which we solve through numerical integration as suggested in [43] to avoid pole singularity. We
assume Γ = 0.66 meV [44] for both the two graphene monolayers and a room temperature T = 300
K. The real and the imaginary part (indicated with one and two apices, respectively) of σ, σi,,
and σo are plotted in Fig. 3 for several combinations of wavelengths and chemical potentials.
It is worth noticing that, in this parameter range σi’ is always negligeable and σo’ reaches the
limiting value e2/2h= 60.85 µS for smaller wavelengths. The electron-phonon coupling that may
occur in the presence of a polar substrate has been neglected in the expression of monolayer
graphene conductivity.

The cavity defect thickness tLC was chosen to maximize transmittance without penalizing
feasibility. Figure 2(c) shows the transmittance, the reflectance, and the absorbance of the entire

Fig. 3. (a) Real (σ’) and imaginary (σ’’) part of the total conductivity (continuous
and dashed double-dot curves, respectively), real (σo’) and imaginary (σo’’) part of the
inter-band term of conductivity (continuous and dashed-dot curves, respectively), and real
(σi’, here negligible) and imaginary (σi’’) part of the intra-band term of conductivity (the
magenta dotted curve and dashed curves, respectively) as a function of wavelength for three
different values of chemical potential (0.4, 0.5, and 0.6 eV corresponding to black, red,
and green curves, respectively). (b) Same quantities calculated as a function of chemical
potential for three different values of wavelength (2, 1.55, and 1 µm corresponding to the
black, red, and green curves, respectively).
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structure calculated when the number of periods N1 and N2, constituting the lower and upper PhC
mirrors, are both equal to 10 and tLC varies from 4115 to 4125 nm (without the two graphene
layers). In the absence of graphene monolayers and due to the sole Fabry-Pérot interferometer
with low losses materials, the transmittance maximum of about 99.5% (corresponding to a
reflectance and absorbance of about 0.01% and 0.49%, respectively) occurs at 1550 nm for tLC ≈

4121.5 nm.

3. Results and discussion

In this section, we shed light on the mechanism that provides reconfigurability and multifunc-
tionality to the structure under investigation. For simplicity and to decouple the effects of the
graphene monolayer chemical potential variation from those due to the liquid crystal elongated
molecules orientation, at first the study of the cavity will be conducted by enforcing ϕ= 0, so that
nLC= no. Furthermore, due to the abundance of degrees of freedom, we will limit our analysis
only to the excitation that impinges in the normal direction with respect to the input port surface.

Firstly, to maximize the interaction of the cavity optical mode with the two-graphene monolayer,
the number of N1 and N2 periods, constituting the lower and upper PhC mirrors bounding the
cavity defect, will be varied to identify the quasi-CPA condition that will result in an almost
complete absorption of the incident radiation. The two chemical potentials will also be varied,
and the effect of these parameters will be observed in terms of transmittance, reflectance, and
absorbance in the spectral domain of interest. We start by fixing N2 = 15, µc,1= 0 eV and µc,2= 1
eV, while varying N1 from 3 to 15. It is worth noticing that, as it can be observed by inspecting
Fig. 3(b), near 1550 nm, when µc,i is equal to 0 and 1 eV, σ reaches 60.85-j3.52 µS and 0.01-j16.46
µS. With these settings, the lower graphene monolayer will act as a much more effective absorber
(achieving an absorbance per single pass of the incident plane wave through it close to 2.3%)
than the upper graphene monolayer. Figure 4(a,b) shows the reflectance and the absorbance as a
function of the wavelength and N1, respectively. In Fig. 4(b) we observe that there is always an
absorbance peak around 1550 nm that reaches its highest value of about 98.76% for N1= 7 and at
λ= 1550.2 nm (as shown in Fig. 4(c)). To this absorbance peak, a dip of the reflectance is found,
with the lowest value of about 0.66% (as shown in Fig. 4(a)), which implies a transmittance
of about the 0.58%. Figure 4(c), shows the transmittance, the reflectance, and the absorbance
curves when N1= 7, N2= 15, values that will remain fixed henceforth in the manuscript. It is
worth remarking that by further increasing the number of periods of the upper mirror beyond
N2= 15, the absorbance does not increase significantly.

Fig. 4. Maps of (a) reflectance and (b) absorbance as a function of wavelength and N1,
when N2=15, µc,1= 0 eV, and µc,2= 1 eV. (c) Transmittance (green solid curve), reflectance
(red dashed curve), and absorbance (black dash-dot curve) as a function of the wavelegth
when N1=7, N2=15, µc,1= 0 eV, and µc,2= 1 eV.
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Having fixed all geometric parameters, we analyzed the effect of the variation of both the
chemical potentials. It is worth pointing out that the actual bias values to be applied in order to
modify the chemical potential depend on the adopted graphene gating scheme. Figures 5(a,b)
show the (a) absorbance and the (b) reflectance maps (at resonance) as a function of µc,1 and µc,2
from 0 to 1 eV. This figure reveals that the effect of the two chemical potentials is essentially
the same, despite the asymmetry of the cavity. On inspection of Figs. 5(a,b), it is possible to
distinguish six different regions, which are identified by a numbered label and delimited by dashed
green horizontal and vertical lines. On the one hand, within the regions labeled as (1), which
occur when one of the chemical potentials is less than or equal to 0.35 eV and the other greater
than or equal to 0.55 eV, the absorbance reaches its highest values, between 98.6% and 99.3%,
while the corresponding reflectance and transmittance remain lower than 1%. A similar constant
behavior of the absorbance is found in regions labeled (3) and (6): in region (3), when both the
chemical potentials are less than or equal to 0.35 eV, the absorbance shows values between about
84% and 85% (while the reflectance and the transmittance show values of about 15% and 0.25%,
respectively), whereas in region (6), occurring when both the chemical potentials are greater
than or equal to 0.55 eV, the absorbance reaches its lowest values, between about 1.6% and 5%
(while the reflectance ranges between 92.5% and 95.7% and the transmittance show values of
about 2.6%). The maximum and minimum transmittance, reflectance, and absorbance values
in the operating regions labeled 1, 3, and 6 are summarized in Table 1. On the other hand, in
regions labeled as (2), whereby µc,1 (µc,2) is between 0.35 and 0.55 eV and µc,2 (µc,1) is less than
0.35 eV, the absorbance increases by increasing µc,1 (µc,2) and is almost constant with respect
to µc,2 (µc,1). An opposite trend is found in regions labeled (4) occurring when µc,1 (µc,2) is
between 0.35 and 0.55 eV and µc,2 (µc,1) is greater than 0.55 eV, where the absorbance decreases
for increasing µc,1 (µc,2) and is almost constant with respect to µc,2 (µc,1). Finally, the absorbance
(as well as the reflectance and the transmittance) shows a saddle point in region (5), whereby
both the chemical potential values are between 0.35 and 0.55 eV.

Fig. 5. Maps of (a) the absorbance at resonance, (b) the reflectance at resonance, and of (c)
the resonance spectral peak shift with respect to 1.55 µm as a function of both the chemical
potential µc,1 and µc,2 varying from 0 to 1 eV. In (a,b) green dashed lines highlight the
chemical potential values of 0.35 and 0.55 eV. In (c) black dash-dotted lines highlight the
chemical potential value of 0.4 eV.

Figure 5(b) depicts the spectral shift with respect to 1550 nm of the absorbance peak as a
function of the chemical potentials of the two graphene monolayers. As both µc,1 and µc,2
increase from 0 to 0.4 eV, the resonance slightly redshifts of about 0.55 nm, value that is reached
when both the chemical potentials are 0.4 eV. For increasing values of both µc,1 and µc,2 over 0.4
eV, the resonance blueshifts of about 1.75 nm. Therefore, the total resonance wavelength shift
range is roughly 2.3 nm.
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Table 1. Maximum and minimum transmittance, reflectance, and absorbance values in regions 1, 3,
and 6.

Regions µc,1 [eV] µc,2 [eV] Tmin [%] Tmax [%] Rmin [%] Rmax [%] Amin [%] Amax [%]

1 ≤0.35 ≥0.55 0.5 0.6 0.4 0.8 98.6 99.3

1 ≥0.55 ≤0.35 0.5 0.6 0.4 0.8 98.6 99.3

3 ≤0.35 ≤0.35 0.24 0.25 14.9 15.7 84.0 84.8

6 ≥0.55 ≥0.55 2.57 2.64 92.5 95.7 1.6 4.9

Following the analysis performed on Fig. 5 and for ease of explanation, henceforth we will
call one of the two graphene monolayers as the “control” layer and the remaining one as the
“tuning” layer. A layer will be in the ON (OFF) state if its chemical potential is less than or equal
to (greater than or equal to) the critical value of 0.35 eV (0.55 eV). Figure 6 demonstrates that the
device can be used as a reflection modulator, when the working wavelength is close to the cavity
resonance. On the one hand, when the control layer is in the ON state while the tuning one is
in the OFF state, we lie within one of the two regions (1) identified in Fig. 6(a,b), in which the
absorbance is maximum and the reflectance minimum (note that the transmittance is <0.6%). It
is worth noting that when the tuning layer is in the OFF state, the cavity resonance blueshifts
for increasing chemical potential. This adds a degree of freedom that allows finetuning of the
spectral position of the resonance. On the other hand, when control and tuning layers are both in
the OFF state (and we lie within the regions (6) identified in Fig. 6(a,b)) the absorbance decreases,
and the reflectance increases to values close to unity. It is worth mentioning that Figs. 6(d-f),
in which the control monolayer is in its OFF state, describe very well the case in which the
tuning layer is completely removed from the device: although it is always possible to achieve the
modulation function, in this case, we lose the convenient finetuning degree of freedom.

Fig. 6. Maps of (a)(b) transmittance, (b)(e) reflectance and (c)(f) absorbance as a function
of the wavelength and of the chemical potential µc,2 when µc,1 is (a)(b)(c) 0.3 and (d)(e)(f)
0.6 eV.
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Finally, Fig. 7 shows that it is possible to exploit the ϕ angle, which models the orientation
with respect to the y-axis of the elongated particles of the liquid crystal filling the cavity, as a
reconfigurability degree of freedom that allows the resonance of the cavity to be tuned along a
wide spectral range of about 200 nm centred around the design wavelength. Figure 7(a) shows
the absorbance map as a function of wavelength (1400 nm < λ < 1700 nm) and of the ϕ angle
(between 0 and π/2 radians), when the control and tuning layers operate in the ON and OFF states,
respectively. In the observation window, for ϕ= 0 rad, we find 3 resonance peaks (at 1432.5,
1549.9, 1688.7 nm, corresponding to absorbances of 77.9%, 99%, and 61.2%, respectively)
corresponding to the cavity modes that we term (n-1), n, and (n+1). As the ϕ angle increases, the
resonances redshift consistently with the refractive index nLC that increases. When ϕ exceeds the
value of 0.41 rad, the (n+1)-th mode goes beyond the observation window and only two modes
remain until ϕ reaches the value of 0.91 rad, where a new mode (which we call the (n-2)-th
mode) enters the observation window.

Fig. 7. (a) Map of absorbance as a function of the wavelength and of the liquid crystal
optical axis angle ϕ, when µc,1 = 0.3 eV and µc,2= 0.6 eV. (b)(c) Absorbance and reflectance
versus wavelength. In (b), the absorbance (reflectance) is calculated when µc,1 = 0.3 eV
and µc,2= 0.6 eV (µc,1 = 0.6 eV and µc,2= 0.6 eV). In (c), the absorbance (reflectance)
is calculated when µc,1 = 0.6 eV and µc,2= 0.6 eV (µc,1 = 0.3 eV and µc,2= 0.6 eV). (d)
Logarithm of the ratio between the reflectance calculated when µc,1 = 0.6 eV to the reflectance
calculated when µc,1 = 0.3 eV (in both cases µc,2= 0.6 eV). In (b)(c) and (d), the quantities
are displayed at the resonances and as a function of the angle ϕ (the value of which is
indicated by the colorbar).
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As ϕ increases beyond this value, the (n-2)-th, (n-1)-th, and n-th modes continue to shift
towards the red until they reach the maximum value of ϕ equal to π/2 radians, where the 3 peaks
are positioned at 1435.9, 1547.7, and 1679.7 nm (which correspond to absorbance values of
81.1%, 98.7% and 69.1% respectively). Therefore, the n-th and (n-1)-th modes allow to cover,
in an almost continuous way the spectral range from 1432.5 nm to 1679.7 nm. Figure 7(b,c)
shows the values of absorbance and reflectance at resonance against wavelength as the ϕ angle
varies (indicated by the color of the markers and the colorbar) when the tuning layer is in the
OFF state. When the control layer is in the ON state, the absorbance is maximum (see Fig. 7(b),
while the reflectance is minimum (see Fig. 7(c)). Conversely, when the control layer is in the
OFF state, the absorbance is minimum (see Fig. 7(c), while the reflectance is maximum (see
Fig. 7(b)). Finally, Fig. 7(d) shows the ratio between the reflectance with the control layer in
OFF state and that with the control layer in ON state (in dB), which represents the extinction
ratio of the modulation function. We note that in the spectral range 1477 nm < λ < 1604 nm
the extinction ratio is greater than 21.8 dB and reaches maximum values of 31 and 30.7 dB for
lambda equal to about 1497 nm 1576 nm, respectively.

In a nutshell, if the biases of the control and tuning layers are kept fixed so that the first is in
the ON state and the second in the OFF state, the structure behaves as a spectrally reconfigurable
reflectance notch filter (selective absorber) as the angle ϕ changes. On the other hand, when the
control layer is switched between ON and OFF states in time, the structure acts as a spectrally
reconfigurable narrowband reflectance modulator. In both functions, the absorbed spectral
linewidth is about 1 nm, with spectral reconfigurability of about 200 nm around the working
wavelength of 1550 nm, achieved through the action of the liquid crystal.

In addition to these two functions, we will now highlight that the structure can also behave as a
spectrally tunable phase shifter in reflection. Figure 8(a,b) shows either (i) the phase ψµc,1,µc,2 of
the scattering coefficient S11 (reflection coefficient), which represents the phase shift between
the incident and reflected waves when µc,1 and µc,2 are specified, and (ii) the corresponding
reflectance, as the biases of the control and tuning layers are varied. In particular, Fig. 8(a) and
Fig. 8(b) show ψµc,1,µc,2 when the control layer is placed in the ON (µc,1= 0.3 eV) and OFF
(µc,1= 0.6 eV) states, respectively, while the tuning layer is in the OFF state and its chemical
potential µc,2 is varied between 0.6 and 1 eV. In Fig. 8(b) the case when µc,1=µc,2 = 1 eV is
additionally shown.

Fig. 8. (a),(b) angle of the S11 coefficient (values on the left ordinate-axis, with magenta
lettering) and reflectance (values on right ordinate-axis, with green lettering) versus wave-
length, calculated when (a) µc,1 is in the ON state while µc,2 is in the OFF state, and when
(b) µc,1 and µc,2 are both in the OFF state. It is worth to remark that in the last case the
reflectance is always greater than 95% in the observation spectral range (corresponding to
insertion losses lower than −0.23 dB). (c) Absolute value of the phase shift difference when
µc,1= 0.6 eV and µc,2 is raised to 1 eV (black solid curve) and when both µc,1 and µc,2 are
raised to 1 eV (black dash-dotted curve).
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When the control layer is in the ON state, the phase of the reflection coefficient has a steep
excursion of about 120° across the resonance, which undergoes a spectral shift toward blue as
the chemical potential of the tuning layer increases. Despite this large phase excursion, the
reflectance drops across the resonance, where all the optical power is absorbed by the control
layer. Conversely, when the latter is in the OFF state and the reflectance is higher than 94.9%, a
full phase excursion of the reflectance coefficient is observed, with a smoother trend across the
resonance wavelength. Let us define the reflection coefficient phase shift difference ∆ψµc,1,µc,2
as:

∆ψµc,1,µc,2 = ψµc,1,µc,2 − ψ0.6,0.6 (6)
This quantity represents the maximum difference in phase shift that a reflected wave, obtained

for values of µc,1,µc,2∈[0.6,1] eV, can accumulate compared to a reference phase shift ψ0.6,0.6,
obtained when µc,1=µc,2= 0.6 eV.

Figure 8(c) shows the absolute value of ∆ψ0.6,1.0 and ∆ψ1.0,1.0 as a function of the wavelength.
On the one hand, when only the chemical potential of the tuning layer is raised to 1 eV, we
observe that the maximum value of the phase shift difference reaches a value of 97.6° (see the red
stem in Fig. 8(c)) is obtained at 1549.3 nm. Roughly the same result (98.5°) would be obtained
by inverting the role of the layers (i.e., by bringing only the control layer chemical potential
to 1eV and making that of the tuning layer remain at 0.6 eV). On the other hand, when both
chemical potentials are raised to 1 eV, the phase shift difference reaches its maximum achievable
value of about 152.5° (see the blue stem in Fig. 8(c)). This means that, by changing the chemical
potential of the two graphene layers (in a non-absorbing configuration), a large phase change of
the reflected electromagnetic wave is achieved at a given working wavelength, with low insertion
losses, less than −0.23 dB in our observation domain. Finally, for the same reasons that allowed
the spectral reconfigurability of the previous identified optical functions, by tuning the resonance
thanks to the action of the liquid crystal, it is possible to achieve the same phase shifting behaviour
throughout a 200 nm spectral range centred around 1550 nm.

4. Conclusion

In this manuscript, we numerically investigated the properties of an innovative multifunctional
and reconfigurable 1D PhC asymmetric Fabry-Pérot cavity filled with nematic liquid crystal
and bounded by two graphene monolayers. We have shown that due to the large number of
degrees of freedom present in the structure, emerging in the cavity geometry and thanks to the
coexistence of two different reconfigurable materials, different optical functions can be identified.
We have proven that it is possible to exploit the proposed structure as a spectrally tunable notch
filter (with a linewidth of 1 nm), due to the existence of the CPA mechanism. Furthermore, the
reconfigurability of graphene conductivity allows the amount of absorption to be controlled,
enabling the proposed structure to implement the function of a spectrally tunable narrowband
modulator of reflected power. Finally, we have shown that when the quasi-CPA condition is not
satisfied, the structure can be exploited to realize a spectrally tunable phase shifter (up to about
152° and with insertion losses lower than −0.23 dB, when µc,1,µc,2∈[0.6,1] eV), in which the
chemical potential of graphene can be used to modulate the phase shift angle when they are
in a non-absorbing state. In all identified functions, the orientation of the elongated molecules
of the liquid crystal is exploited to achieve a spectral reconfigurability of about 200 nm around
the working wavelength of 1550 nm. It is worth noting that the nematic liquid crystal is only
exploited to achieve spectral reconfigurability of the different functions, while the implementation
of the modulation relies on controlling the chemical potential of graphene by applying a bias,
which is known to provide an ultrafast response [45]. Nevertheless, it has been demonstrated that
the reorientation of the elongated molecules occurs rather rapidly (milliseconds [46], down to
the ultra-fast response of 30 ns by exploiting the electric field induced modification of the order
parameters (or EMOP) effect using ultra-short voltage pulses [47]). The structure presented
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could be implemented through well-established nano- and micro-fabrication processes. The
1D-photonic crystal backbone could be fabricated by mean of radiofrequency sputtering [48,49],
of standard plasma-enhanced chemical vapor deposition [50] or of e-beam evaporation [51]
while graphene monolayers could be grown via Chemical Vapour Deposition and manually
transferred onto the SiO2 slabs. Orientation layer could be achieved via spray or spin-coating
and rubbing. Finally, the electrical contacts on the side of the liquid crystal cell could be made
by a standard process of optical or electronic lithography and following evaporation, while the
polarization of the graphene monolayers could be realized by a coplanar side-gate scheme. It is
worth mentioning that the structure, with appropriate optimization, may also be fabricated from
a skeleton made from a commercial liquid crystal cell. With further research efforts aimed at
identifying an optimal design of an array of independently controllable elementary cells, this
powerful yet simple structure may pave the way for the realization of optical modulators and
beamsteering systems.
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