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Abstract: We propose an active optical Fano switch (OFS) based on an embedded dielectric
metasurface (EDM) including dual-layer graphene (DLG). An EDM is a dielectric grating
overlapped by two cladding layers, and it excites a Fano resonance. DLG is positioned inside
the upper cladding layer to maximize light-graphene interaction. Thus, with a small change
of the chemical potential (i) of graphene, a resonance wavelength is tuned to switch the OFS
on and off. First, a red-parity asymmetric Fano resonance is realized, and a sharp asymmetric
lineshape is achieved by controlling the structural parameters of the EDM and the interaction
between the Fano resonance and additional weak Fabry—Perot interference for efficient switching.
The distance of a peak-to-dip wavelength (Ak,_q) and the change of chemical potential (Auc)
for switching is analyzed by varying the duty cycle (DC) and grating thickness (¢;) of the EDM.
Furthermore, switching contrast as a figure of merit (FoM) is analyzed. With DC of 0.5 and 7, of
70 nm, the OFS requires Ak,_q of 7.3 nm and Au. of 0.25 eV. The FoM of 0.97 is achieved. By
adjusting the two parameters, the switching condition is tuned. In the case of a blue parity, the
effect of the two parameters exhibits a similar trend to that of the red parity. The FoM, however,
is lower due to the reversed parity.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ever since the unique spectral lineshape observed in quantum mechanical systems was explained
by Ugo Fano [1], the renowned Fano resonance due to the interference between a discrete state
and a continuum state has been widely used to understand the resonances found in guided-mode
resonance (GMR) gratings, photonic crystals, plasmonic structures, and optical metasurfaces
[2-6]. The Fano resonance, also known as GMR in one-dimensional (1D) dielectric gratings, has
been used in the design of optical filters, broadband reflectors, and optical switches by tailoring
design parameters such as grating thickness (zg), period (A), and duty cycle (DC), defined as
the ratio between the width of a high-refractive-index grating and A [2,3,7-14]. Ideally, a flat
spectral response within the desired wavelength range is required for optical filters and broadband
reflectors [2,8,9]. For optical sensing applications, a sharp symmetric Fano resonance lineshape
is chosen [15-20], but a sharp asymmetric Fano resonance lineshape is preferable for optical
switching [21]. Due to its unique asymmetric lineshape, switching contrast can be enhanced with
a smaller shift of a resonance wavelength compared to the symmetric Fano resonance lineshape,
also known as the Lorentzian lineshape [21-23]. Therefore, it is essential to manipulate a Fano
resonance and achieve sharp asymmetric lineshape in a GMR structure for efficient switching.
For real-time switching of a resonance structure, a resonance wavelength should be actively
tuned by changing the refractive index of a layer or a part of the structure. Diverse electro-optic
materials such as liquid crystals, transparent conducting oxides, semiconductors, and so forth,
have been employed to change the refractive index [5,22,24]. Recently, graphene has been used
for optics and photonics applications due to its unique gapless property and the tunability of its
refractive index [14,25-28]. Due to its gapless property, optical switching at a fixed resonance
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wavelength has been achieved through the absorption of incident light and the reduction of
reflected light by shifting the chemical potential (i) of the graphene above and below half of the
incident photon energy [13,14]. Like other optical switching structures using the enumerated
electro-optic materials, optical switching using graphene is made possible by the shifting of
the resonance wavelength via the electro-static gating of graphene [25]. However, to achieve
switching, the chemical potential of graphene should be sufficiently tuned above half of the
incident photon energy to avoid absorption in the graphene while keeping the intensity of the
reflected or transmitted light as high as possible. Furthermore, for efficient switching, the
interaction between the excited mode of a resonance structure and graphene should be large
enough to change the resonance wavelength with a small change of y..

Here, we propose an optical Fano switch (OFS) using an embedded dielectric metasurface
(EDM) containing dual-layer graphene (DLG). An EDM, which is a 1D dielectric grating
sandwiched between two cladding layers, excites a Fano resonance. DLG is put inside the upper
cladding layer to enhance the light-graphene interaction. Then, a resonance wavelength is shifted
by tuning u. of graphene to switch the OFS on and off. The asymmetry of a Fano resonance
lineshape is sharpened by adjusting DC and #; and additionally by tuning Fabry—Perot (FP)
interference. As a result, an asymmetric lineshape with high switching contrast is achieved.
Switching condition is then analyzed by varying two structural parameters: DC and ;. The OFS
is evaluated in terms of the distance between a peak wavelength and a dip wavelength (Ah,_q),
the required change of chemical potential (Ax.), and a figure of merit (FoM) defined to quantify
switching contrast. The OFS with DC of 0.5 and #, of 70 nm needs Ak,_q of 7.3 nm and Au,
of 0.25 eV, and the FoM of 0.97 is achieved. By controlling the two parameters, the switching
condition is selected. Similarly, with a blue parity, the effect of the two parameters exhibits a
similar trend to that of the red parity. The FoM, however, is lower due to the reversed parity.

2. Methods: concept and consideration

A schematic illustration and its cross-section of an active two-port OFS structure are shown in
Fig. 1(a) and 1(b). The OFS structure consists of an EDM, DLG as an electro-optic material
[24,29-31], and a SiO,/Si substrate. The EDM is a 1D dielectric metasurface surrounded by
two dielectric cladding layers [13,14]. The metasurface is a 1D grating structure consisting
of alternating high-refractive-index and low-refractive-index 1D grating bars. The high-index
material is TiO, and the low-index material is SiO;. The TiO; cladding layers are added to
spread the resonance field distribution outside the metasurface and to increase the light-graphene
interaction [13,14]. The DLG, which is two separate graphene layers, is employed to enhance
the light-graphene interaction furthermore, and it can minimize the required change of chemical
potential. The DLG is separated by a 10 nm thick HfO, layer, and each graphene layer can be
electro-statically gated independently. The top graphene layer is covered by another 5 nm thick
HfO, layer. The HfO, layers are added because they have a high dielectric constant and provide
low doping of graphene [32,33]. The conductivity of graphene (o g) can be modeled using the
Kubo model [31,34-36]. The in-plane complex permittivity of graphene was obtained from the
conductivity as follows:
10G
e=1+

ey

weplG
where w is the angular frequency, &g is the vacuum permittivity, and ¢g is the thickness of
the graphene. A fg of 0.34 nm was used in the numerical simulation [31]. Switching can be
conducted by tuning the y. of graphene with respect to the energy of incident light, hw. For
reflective-type switching, the graphene is electro-statically gated to reach the electro-refractive
region where u. is above hw/2 [29,30]. In the electro-refractive region, a change of u. alters
the refractive index of graphene, and hence a resonance wavelength is shifted. The resonance
mechanism of the OFS structure is illustrated in Fig. 1(c). Incident light (7) interacts with the
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OFS structure which consequently reflects and transmits the incident light with a total reflection
coeflicient of r and transmission coeflicient of 7, respectively. In the EDM structure, GMR can
be excited at a resonance angular frequency of wg, and some of the incident light is absorbed
with an absorption probability of 7,ps in the DLG [37]. Furthermore, the GMR is affected by the
weak FP interference excited by the EDM and bottom Si substrate separated by the buried oxide
(BOX) layer. At wy, the incident light resonantly interacts with the OFS structure, before leaking
out with each decay probability of 74.. to the incident and exit regions. The total coefficient
of each region is the sum of direct (74, t4) and indirect parts (riq, tig). The direct parts are due
to non-resonant effect, which can be described by replacing the metasurface with an effective
medium layer. The indirect parts are caused by the resonant scattering of the OFS structure [5,38].
The representative reflectance spectra of the ON-state and OFF-state are shown in Fig. 1(d)
depending on the y of graphene. At u.; for the OFF-state, the dip reflectance is lowest at the
center of the relative wavelength. When the chemical potential increases to uc for the ON-state,
the resonance wavelength is blue-shifted, the peak reflectance coinciding with the dip reflectance
of the OFF-state. Consequently, by tuning u. above hiwo/2, a Fano switch can be shifted from
the ON-state to the OFF-state. For efficient switching in terms of a required wavelength shift
(Ahy—q), an asymmetric lineshape rather than a symmetrical one is preferred [21,23]. Moreover,
considering switching contrast [21,37], a parity factor (p) of +1 (red parity) of the asymmetric
lineshape adopted here is preferred over a p of —1 (blue parity).
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Fig. 1. Schematic of (a) a two-port OFS and (b) the cross-section of a unit cell with design
parameters: period (A), width of a high-refractive-index grating bar (w), and thicknesses
of each layer. (c) Schematic illustration of the resonance mechanism of the OFS structure
excited primarily using guided-mode resonance interacting with additional FP interference.
Incident light (7). Reflected and transmitted light from direct (74, #4), and indirect process
(rig, tig)- (d) Representative reflectance spectrum of the ON-state and OFF-state based on
a change of the uc of graphene and the corresponding shift of a peak-to-dip wavelength,
A)\p—d-
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3. Results and discussion

To investigate the switching condition of an OFS structure, a rigorous coupled-wave analysis
(RCWA) method was employed and an in-house RCWA code was used for the numerical
calculation of reflectance (R), transmittance (T), and absorptance (A) [10,13,14,39]. The design
parameters of a representative OFS structure with a red parity (OFS-R) are summarized in
Table 1. The OFS structure was designed for transverse-electric (TE) polarized light, the electric
field component being parallel to the grating. Unless otherwise mentioned, the TE-polarized
light was incident on the OFS with normal incidence. All the dielectric materials used here
except graphene were assumed to be constants: ntig, =2.411, ng;o, = 1.4381, npro, = 1.8766,
and ng; = 3.47. In the case of graphene, the Kubo model was employed by assuming an intra-band
relaxation time (7) of 100 fs at room temperature, and Eq. (1) was used to obtain the dispersion of
the complex permittivity of graphene. A theoretical analysis was conducted using Fano formulas
to compare with the RCWA results and to understand the resonance property of the OFS structure.
The numerical results of the reflectance and transmittance spectrum of the representative OFS-R
structure without DLG in a wavelength range from 1970 nm to 2030 nm are shown in Fig. 2(a),
denoted by a solid line. The reflectance and transmittance spectrum show an asymmetric Fano
lineshape. At a short wavelength of 2002.0 nm, the reflectance drops to a minimum of 0.89%,
and at a long wavelength of 2008.4 nm, the reflectance reaches a maximum of 99.39%. The
distance between the peak and dip (Ahp_q) is 6.4 nm, and is related to the resonance sharpness,
0= MAMp_q, where ) is the median of the two wavelengths [24]. Consequently, as Ak,_g becomes
smaller, the sharpness (or Q factor) increases. The lossless two-port OFS-R structure was
analyzed using the theoretical Fano formula, as follows:

4nim N 4|tq| (S sin A + cos A)
1+ 62 1+ 62

where 74 is the amplitude of a direct transmission coefficient, & = (w-wg)/Yiot is the normalized
frequency, Yot (= Y1 + Y2) is the total decay rate into the two ports, 71,2 (= Y1.2/Yiot) is the
decay probability into each port, A =p-cos™!(-|t4//8'/?) is the phase difference between the
direct and indirect transmission at the resonance wavelength [37], and  =4n172/(1; +172)2 is the
coupling-symmetry factor. First, the 74 of the lossless OFS-R can be calculated by replacing the
grating with a homogeneous layer with an effective refractive index, ngcff. The 0"-order effective
medium theory (n? geff = DC~n2Tio2 +(1—DC)~n25102) was used to obtain the effective refractive
index for TE polarization [5,7,40]. Since the wavelength of the minimum transmittance is longer
than that of the maximum transmittance, the p is +1 [21,37].

T(6) = |tal* +

, @)

Table 1. Design parameters for the representative OFS-R

A (nm) DC tg (nm) Iclad,t(NM) Iclad,p (NM) tgox (nm)
1220 0.5 70 70 90 1750

Consequently, with the estimated 74 and a p of +1, a theoretical fit to the RCWA results was
conducted. The theoretical spectra are superimposed on the solid line using a square-dotted line.
The theoretical result is well fitted with the numerical one. From the results, vyor, wo, and 171 ,> are
obtained. Yo is ~1.445 THz, and n; and 1, are estimated to be ~0.545 and ~0.455, respectively.
Furthermore, the g-parameter defined as -tanA is ~1.203. Because the g-parameter deviates from
1, the resonance wavelength (Ap) of 2004.5 nm differs from 2005.2 nm, which is the median of
the peak and dip wavelengths [6]. The calculated quality factor of Q = wo/2V o is ~324, similar
to O ~313. The excited mode profile of |Ey| at the X is shown in Fig. 2(d). The mode profile
shows the fundamental mode with a maximum |Ey| of 17.42. The field intensity is strong in
the metasurface and cladding layers and gradually decreases away from the EDM. For active
switching, the OFS-R structure includes DLG near the metasurface to enhance the light-graphene
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Fig. 2. (a) Reflectance and transmittance spectrum of a representative OFS-R without
DLG and (d) its field profile at the corresponding resonance wavelength. Reflectance,
transmittance, and absorbance spectrum of the OFS structure with DLG and its field profile
at each resonance wavelength: u of (b), (e) 0.40 eV and (c), (f) 0.65 eV.

interaction and increase the shift of the resonance wavelength. Since the OFS-R structure is now
a lossy two-port system, it was analyzed using the modified Fano formula, as follows:

(g+06)  NdecTlabs
2 1+62 _ﬁ le:_ (;25 +77abs|td|2» (3)

Tlossy(é) = Ngectal

where 17gec =11 + 172 =1 — 1aps is the sum of the two decay probabilities and 7,ps (Yabs/Yiot) is the
absorption probability of DLG [37]. Then, the reflectance was calculated, as follows:

4771 Mabs (4)

Rlossy(é) =1- Tlossy((s) - 1+52°

where the third term on the right-hand side expresses the resonant absorption [37]. Figure 2(b)
shows the reflectance, transmittance, and absorptance spectrum of the OFS-R with DLG at
e of 0.4 eV. Since the OFS-R includes DLG, the incident light is absorbed. The maximum
absorptance (Apayx) is 21.04% at g of 2002.5 nm. The peak and dip reflectance (Rpeax and
Ryip) are 90.85% and 0.03% at 2007.3 nm and 2000.0 nm, respectively, and Ak, _q is 7.3 nm.
The theoretical result based on Eq. (3) is overlaid on the numerical results with a square-dotted
line. The total decay rate of vy is 1.610 THz, and the three probabilities of 11, 772, and 77,5 are
~0.476, ~0.413, and ~0.111, respectively. It is noteworthy that the ratio of (171+172) to 1aps is
far from 1, the critical coupling condition [13,14]. The absorptance is small, and therefore the
OFS is suitable for reflective-type switching. The g-parameter is ~1.199 and the Q factor is 291.
Since the A),_q4 increases due to the absorption in graphene, the Q factor decreases. Moreover,
the increased vy, is additional evidence of the decreasing Q factor. The excited mode profile
|Ey| at the Ag of 2002.5 nm is shown in Fig. 2(e). Since DLG absorbs some of the incident
light, the maximum |E,| is reduced to 15.38. However, the mode profile is still conserved. The
resultant spectrum changes when . increases to 0.65 €V as shown in Fig. 2(c). The Rpeax and
Ruip are 93.62% and 0.04% at 2000.1 nm and 1993.2 nm, respectively, and Akp_d is 6.9 nm. The
overall R/T/A spectra at p of 0.65 eV are blue-shifted compared to those at u. of 0.40 eV. The
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peak reflectance increases because u. moves further into the electro-refractive region [29,30].
Consequently, the absorptance of the OFS-R reduces to 13.78% at Ay of 1995.8 nm. The decay
rate of vy is 1.545 THz, and the three decay probabilities of 771, 172, and 17,45 are ~0.511, ~0.422,
and ~0.067, respectively. The g-parameter and Q factor are 1.195 and 304, respectively. Since
the v decreases again, the Q factor increases accordingly. The excited mode profile at the A of
1995.8 nm is shown in Fig. 2(f), and the maximum |E,| is 15.89. Since the absorbance slightly
decreases compared to the case when the u. is 0.4 €V, the maximum |E,| increases.

To reveal the effect of a BOX layer on the Fano resonance lineshape, the reflectance maps
as a function of the BOX thickness and wavelength were calculated, then the Fano resonance
lineshape was analyzed at two different BOX thicknesses as shown in Fig. 3. In the OFS structure,
there is weak FP interference as well as the GMR. To eliminate the GMR effect, the metasurface
of the EDM structure in the representative OFS-R is replaced with an effective homogeneous
layer, and the reflectance is then calculated without graphene as shown in Fig. 3(a) [7,40]. There
is weak FP interference caused by the bottom Si and the top homogeneous layers separated by
the BOX layer. The dip and peak regularly occur as the BOX thickness increases. The collective
effects of the FP interference and GMR in the OFS-R at y of 0.65 eV (ON-state) and 0.40 eV
(OFF-state) are shown in Fig. 3(b) and 3(c), respectively. Overall, the FP dip and peak lines are
distorted and broken around the GMR. Near the left-hand side before the GMR, the reflectance is
lower than that at the right-hand side. In particular, below a BOX thickness of 1000 nm, the peak
reflectance starts to decrease, and below 500 nm, there is no GMR. This can be attributed to the
evanescent field in the EDM starting to interact with the bottom Si layer. As a result, the GMR
disappears [12]. When the . of graphene decreases to 0.40 eV, the GMR region is red-shifted as
shown in Fig. 3(c). In addition, the reflectance peaks slightly decrease due to the incremental
absorbance in DLG around the GMR. However, the overall shape of the reflectance map is
consistent. To compare the Fano resonance lineshape, the reflectance spectrum of the OFS-R
with a BOX thickness of 1375 nm and 1750 nm for each state is shown in Fig. 3(d). To evaluate
the switching condition, a FoM is defined to be (Rpeak-Raip)/(Rpeak+Raip) [22]. Furthermore, the
required change of u (Au.) is considered for switching. The reflectance spectrum of the upper
panel at a BOX thickness of 1375 nm shows the symmetric lineshape at two different y. values.
At ue of 0.65 €V, Rpeak is 89.86% at 1999.3 nm. As the u. decreases to 0.40 €V, Rpeqx is 86.62%
at 2006.1 nm and R is 37.84% at 1993.3 nm. With Au. of 0.25 €V, the resonance wavelength is
red-shifted by 6.8 nm. To compare the switching condition by considering a finite full width at
half maximum (FWHM) of the incident beam, the average reflectance is calculated within a 2 nm
window (highlighted by a light blue box). Unless otherwise mentioned, the width of the window
is fixed at 2 nm. The average reflectance (Rayg) at 1999.3 nm is 89.22% and 37.67% for each state,
respectively. The difference in the average reflectance (ARgy) of the ON-state and OFF-state is
51.55% and the FoM is ~0.40 with Au. of 0.25 eV. The reflectance spectra of the lower panel
show the asymmetric Fano lineshape at the two states. The resonance wavelength is blue-shifted
as yi¢ increases. Aty of 0.65 €V, Ryeak is 93.62% at 2000.1 nm. At a lower u. of 0.40 eV, the
Rpeax and Ryip are 90.85% at 2007.3 nm and 0.03% at 2000.0 nm, respectively, and Ak, _q is 7.3
nm. The difference in the average peak (Raygpeak) and dip reflectance (Rayg gip) is 92%, and the
FoM is 0.97. The asymmetric Fano lineshape improves the reflectance difference between the
ON-state and OFF-state with the same Au. compared to the symmetric lineshape. As a result,
the asymmetric Fano lineshape exhibits better switching performance than the symmetric one.
It is noticeable that at a BOX thickness of 1750 nm where the peak of the FP interference is
positioned, the asymmetric Fano resonance can be obtained. Conversely, the symmetric line
shape is achieved near the dip position of the FP interference [41]. Consequently, the BOX
thickness should be chosen near the peak position of the background FP interference.

The effect of the DC on the reflectance was calculated as shown in Fig. 4. Figure 4(a) shows
the reflectance map of the OFS-R without DLG as a function of the DC and wavelength. It
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Fig. 3. (a) Reflectance map of the representative OFS-R in which the metasurface is replaced
with an effective medium without DLG and (b), (c) of the representative OFS with uc of 0.65
eV (ON-state) and 0.40 eV (OFF-state) as a function of the BOX thickness and wavelength.
(d) Reflectance spectra of the OFS-R with a BOX thickness of 1375 nm (upper panel) and
1750 nm (lower panel) at the ON-state and OFF-state. The ON-state and OFF-state for two
representative Fano resonance lineshapes demonstrate the switching contrast in the light
blue box.

shows an elongated S-like shape with two sharp ends. Near the middle of the DC region between
0.4 and 0.6, the shift of the resonance wavelength is small compared to both ends of the DC
region. In addition, the resonance linewidth is broad in the middle region, but both ends possess
sharp linewidths. The reflectance map of the OFS-R shows a red-parity without regard to the
DC. Consequently, in the shorter wavelength region below the resonance wavelength, it exhibits
low reflectance. As the wavelength approaches the resonance wavelength from the shorter
wavelength, the reflectance drops to ~0%. Subsequently, the reflectance abruptly increases
around the resonance wavelength and reaches a maximum, before slightly decreasing again. The
abrupt change of the reflectance from the dip to the peak grows steeper as the DC increases
beyond 0.6 or as the DC decreases below 0.4. With DLG at u. of 0.65 eV, the overall reflectance
map exhibits a similar shape except for the overall shift of the S-like resonance region toward
the shorter wavelengths as shown in Fig. 4(b). Even though y. further decreases to 0.40 eV, the
overall reflectance map still preserves the S-like shape, except that the peak reflectance is further
reduced due to the enhanced absorption in graphene. However, the parity of the asymmetric Fano
lineshape is maintained when . is tuned for switching. To compare the switching condition at
three different DCs of 0.3, 0.5, and 0.7, the reflectance spectra at the ON-state and OFF-state
are shown in Fig. 4(d)-4(f). With DC of 0.3, the Rpeax and Rgip of the OFF-state are 87.57% at
2000.6 nm and 0.05% at 1995.1 nm, respectively, and Ak, g is 5.5 nm. Rpeqx of the ON-state
is 91.29% at 1993.5 nm as indicated by the blue-dotted line in Fig. 4(d). Since the peak of the
ON-state spectrum moves lower than the dip of the OFF-state, the y. for the ON-state is lowered
to 0.575 eV. As a result, the adjusted ON-state peak, denoted by a blue-solid line, is aligned
with the OFF-state dip at 1995.1 nm with a reflectance of 92.02%. Consequently, with DC of
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0.3, it requires Auc of 0.175 eV for switching. The Rayg peax and Rauyg gip are 91.22% and 1.82%,
respectively, and AR,y is 89.4%. Thus, the FoM is 0.96 with Au. of 0.175 eV. For the purpose
of comparison, the results of the representative OFS-R spectra with DC of 0.5 are shown in
Fig. 4(e). A larger Auc of 0.25 eV is required since Ak,_q at e of 0.4 €V is 7.3 nm. However, it
exhibits an improved AR,y of 92% and FoM of 0.97. Figure 4(f) shows the reflectance spectra of
the OFS with DC of 0.7. The Rpeak and Rgjp of the OFF-state are 87.30% at 2016.8 nm and 0.0%
at 2011.8 nm, respectively. Ah,_q at OFF-state is 5.0 nm. The peak reflectance of the ON-state at
e of 0.65 eV is 90.55% at 2009.5 nm. To align the ON-state with the OFF-state, u. is reduced to
0.545 eV. Then, the peak reflectance is 91.62% at 2011.8 nm, and the required Ay, is 0.145 eV.
The Rayg peak and Rayg dip are 89.99% and 2.73%, respectively, and ARy, is 86.76%. The FoM is
0.94. Therefore, the switching can be conducted with a lower Ay, by adjusting the DC, but at the
expense of the FoM.
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Fig. 4. Reflectance map as a function of the DC and wavelength (a) without graphene
and (b), (c) with graphene at u¢ of 0.65 eV (ON-state) and 0.40 eV (OFF-state). (d-f) The
reflectance spectra with three different DCs of 0.3, 0.5, and 0.7 present the ON-state and
OFF-state. The required . of the ON-state varies depending on the DC.

The effect of the grating thickness of an OFS-R on an asymmetric Fano resonance lineshape
was investigated by calculating the optical reflectance map at the ON-state and OFF-state. The
reflectance map as a function of grating thickness and wavelength is shown in Fig. 5(a) and 5(b).
The other parameters are the same as those summarized in Table 1. The width of an asymmetric
Fano lineshape around the resonance wavelength widens as the grating thickens for both p. of
0.65 eV as the ON-state and 0.40 eV as the OFF-state. As u. decreases from 0.65 eV to 0.40
eV, as shown in Fig. 5(a) and 5(b), the resonance region shifts downward. With a lower ., the
peak reflectance decreases because the graphene is close to the electro-absorption region and the
absorption increases. Nevertheless, the overall shape of the reflectance map and the parity remain
the same. Figure 5(c)-5(e) shows the ON-state and OFF-state spectra with a grating thickness of
50 nm, 70 nm, and 90 nm. For the purpose of comparison, the representative OFS-R spectra with
a grating thickness of 70 nm is also shown. With a grating thickness of 50 nm, the Rpeax and Rg;p
of the OFF-state are 85.62% at 1990.8 nm and 0.37% at 1986.0 nm, respectively, and Ak,_q is
4.8 nm. Rpeqx of the ON-state is 89.83% at 1983.1 nm. Since the peak position of the ON-state
moves further away from the dip position of the OFF-state, the u. for the ON-state decreases to
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0.53 eV. As aresult, Rpeai of 91.09% is achieved at 1985.9 nm, and the peak and dip positions
are aligned. Moreover, the Ruyg peak and Rayg gip are 89.99% and 3.23%, respectively. Therefore,
AR,y is 86.76% and the FoM is 0.93. The required Ay, for switching is 0.13 €V, which is 0.12
eV smaller than that of the representative OFS-R. In addition, the spectrum around the dip and
peak is narrow and sharp. Consequently, when incident light possesses a narrow FWHM, an
OFS-R with a thin grating can be selected to filter unwanted light. With a grating thickness of
90 nm, the Rpeax and Rgjp of the OFF-state are 96.66% at 2022.6 nm and 0.26% at 2012.1 nm,
respectively, and Ak,_q is 10.5 nm. With p. of 0.65 eV, the Rca of the ON-state is 95.51% at
2015.7 nm. Since the ON-state peak is not well aligned with the OFF-state dip, 1. increases
further. With g, of 0.85 eV, Rpeax of 94.44% is achieved at 2012.0 nm and is aligned with Rgp.
The average peak and dip reflectances are 94.25% and 0.71%, respectively. By applying Auc
of 0.45 eV, ARy 0f 93.54% and FoM of 0.98 are achieved. The thicker grating possesses the
highest FoM, but requires the largest Au.. Within the light blue box region, there is an almost flat
spectrum around the peak and dip. Similar to the effect of the DC on switching, the Ak, 4 or a
slope of the spectral dispersion around a resonance wavelength can be controlled by tailoring the
grating thickness. Not only that the possibility of controlling the asymmetric lineshape, but the
resonance wavelength can also be tuned further into the longer mid-infrared wavelength range by
controlling the structural parameters of the EDM [13].
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Fig. 5. (a), (b) Reflectance map as a function of grating thickness, ¢ and wavelength at uc of
0.65 eV (ON-state) and 0.40 eV (OFF-state). (c)-(e) The ON-state and OFF-state reflectance
spectra at three different 7g of 50, 70, and 90 nm. The required y for the ON-state increases
as tg thickens.

To compare the effect of the parity of an asymmetric lineshape on the switching condition,
the opposite blue-parity is investigated. For the blue-parity, the spectrum is flipped along the
resonance wavelength compared to the red-parity. Figure 6(a) shows the ON-state and OFF-state
spectra of the representative OFS with a blue-parity (OFS-B), and the design parameters of which
are shown in Table 2.

Table 2. Design parameters for the representative OFS-B

A (nm) DC tg (nm) Teladst (NM) Tcladsb (nM) tgox (nm)
1000 0.3 100 200 220 1720
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Fig. 6. (a) The representative ON-state and OFF-state reflectance spectrum of an OFS-B
structure with a blue-parity. The ON-state is with a low y¢ of 0.4 eV and a high ¢ of 0.635
eV. (b), (c) The field profile at the corresponding resonance wavelength for each state.

Even though it possesses the opposite parity, as u. increases, the spectrum is blue-shifted much
like the case of the red-parity. Therefore, a peak reflectance with a lower y of 0.40 eV is now
the ON-state, as shown in Fig. 6(a). The Rpeak and Ryjp of the ON-state are 90.37% at 1997.7
nm and 0.13% at 2001.9 nm, respectively, and Ak, 4 is 4.2 nm. As u. increases, the resonance
wavelength is blue-shifted. The dip position of the reflectance spectrum at x of 0.635 eV for the
OFF-state is aligned with the ON-state peak. The switching is achieved with Ay of 0.135 eV.
The Rayg peak and Rayg gip Within the light blue box are 89.53% and 4.34%, respectively. As a
result, the AR,y is 85.19% and FoM is 0.90. Figure 6(b) and 6(c) show the mode profile, |Ey|, of
the ON-state at Ay of 2000.5 nm and the OFF-state at Ay of 1996.3 nm. The field profile shows
the fundamental mode, but with an elongated mode shape along the z-direction compared to that
of the OFS-R. This is because the EDM is sandwiched by thicker top and bottom cladding layers.
To enhance the FoM of the OFS, the reflectance difference between the ON-state and OFF-state
should be larger. However, the ON-state of the OFS-B is set with a lower u.. As a result, the x
of graphene is close to the electro-absorption region and the peak reflectance decreases further.
As aresult, the FoM of the OFS-B is lower than that of the OFS-R, making the red-parity more
suitable than the blue-parity.
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Fig. 7. (a,b) Reflectance map of the representative OFS-B as a function of the DC and
wavelength at uc of 0.40 eV (ON-state) and 0.635 eV (OFF-state). (c), (d) Reflectance map
as a function of f; and wavelength at uc of 0.40 eV (ON-state) and 0.635 eV (OFF-state).
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To further understand the representative OFS-B, the effect of the DC and grating thickness
on switching conditions is investigated by calculating the reflectance map as shown in Fig. 7.
Figure 7(a) and 7(b) show the reflectance map as a function of the DC and wavelength at u. of
0.4 eV and 0.635 eV. The reflectance maps possess the trace of the resonance wavelength with
an elongated S-shape, much like that of the OFS-R. However, the difference is that the shorter
wavelength regions below the resonance wavelength show higher reflectance than that of the
longer wavelength region because of the blue-parity. The reflectance maps as a function of grating
thickness and wavelength are shown in Fig. 7(c) and 7(d) for each state. As u. increases to switch
from the ON-state to the OFF-state, the resonance wavelength is blue-shifted. As the grating
thickness increases for both states, the resonance wavelength shifts to a shorter wavelength. This
is contrary to the representative OFS-R, which exhibits red-shifting. Nevertheless, the peak-to-dip
wavelength distance widens as the grating thickness increases, as shown in the OFS-R.

4. Conclusions

We proposed and analyzed an OFS using an EDM containing DLG. The switching was realized
by changing the u. of graphene and shifting the resonance wavelength of the OFS. For efficient
switching, an asymmetric Fano resonance lineshape with a red-parity was excited by using the
interaction between a Fano resonance and FP interference. Using an asymmetric lineshape
with the red-parity, the effect of the two design parameters of DC and grating thickness on
switching conditions was analyzed in terms of Ay, and FoM. When the DC increased beyond
~0.6 or decreased below ~0.4, A)»p_d decreased. In the case of DC around 0.5, A)»p_d was almost
constant. As the grating became thick, A\,_q increased, and hence the required Au. was increased.
The FoM, however, could be lower as Ak,_q decreased due to the increased absorption around
the resonance wavelength. In the case of a blue-parity, the effect of the DC on the switching
condition was similar to the OFS with the red-parity. However, the FoM was slightly lower
because the ON-state suffered more absorption. Due to the gapless property of graphene, DLG
as electro-optic material can be used even in a longer wavelength range. Therefore, the design
principle and the property of the OFS can be used in longer mid-infrared applications.
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