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a b s t r a c t
Subwavelength dielectric resonators have been demonstrated to provide an authentic platform to excite
high-Q resonances in ﬂat optics. Here, we present a strategy to modulate the high-Q resonances electrically using graphene. In the proposed strategy, the high-Q resonance is invoked through the use of
a lateral guided-mode resonance that is spectrally aligned with a vertical thin ﬁlm interference, while
graphene is employed to engineer the overall absorption rate. This conﬁguration allows for near unity
modulations in both the transmission and the reﬂection simultaneously. Theoretical analysis shows that
the excitation of the high-Q guided-mode resonance is dictated by the electrically tunable interband absorption in graphene while the radiative coupling channel remains intact. In particular, it is shown that
the electrical modulation of the high-Q guided-mode resonance facilitates remarkably eﬃcient light modulation without being limited by the graphene quality.
© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Dielectric resonators have drawn attention since they can behave as low-loss optical scatterers with properties that can be
tuned extensively by changing the resonator geometry. Recently,
they have been proven to support high-Q resonances in periodically arranged planar structures [1–11], one-dimensional arrays
[12–14], and even in a single resonator [15–17]. The underlying physics of these high-Q resonances is a phenomenon dubbed
quasi-bound states in the continuum (qBICs). Bound states in the
continuum (BICs) in optics refer to localized eigenstates lying in a
continuous spectrum of radiative modes [18–20]. However, in general, BICs do not interact with the external continuum states due
to the absence of radiative coupling channels. Assuming there is no
absorption in the resonators, energy trapped in BICs cannot vanish, and this results in an inﬁnite Q-factor, or an inﬁnite lifetime.
In the case of periodically arranged resonators, these BICs can be

Abbreviations: BIC, bound states in the continuum; CVD, chemical vapor deposition; FPR, Fabry-Perot resonance; GMR, guided-mode resonance; TCMT, temporal
coupled mode theory; qBIC, quasi-bound states in the continuum.
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considered as symmetry protected bound modes which cannot be
accessed by the freespace radiation.
To access the symmetry protected BIC optically, one convenient
way is to break the symmetry by illuminating with oblique light
or by imposing distortions and perturbations upon the resonators
[2,21]. The broken symmetry opens up radiative coupling channels,
turning a perfect BIC into a qBIC. The Q-factor of the qBIC mode is
determined by the degree of the asymmetry, which dictates the
scattering rate. Q-factors as high as approximately 18,500 have
been experimentally demonstrated in symmetry-broken all dielectric metasurfaces [3]. Such high Q-factors are preferable to enhance
light-matter interactions for lasing [4–6], biomolecular sensing [7–
9], and the observation of nonlinear effects [3,10,11,17].
Meanwhile, graphene has been regarded as a promising electrooptic material to manipulate light-matter interactions actively,
with the tunability it offers being a key technology for next generation nanophotonic devices [22–25]. One of the most beneﬁcial
properties of graphene is that its linear electronic dispersion allows for electrical modulation of the optical conductivities and
light absorption [26]. In a near-infrared range, the tunable interband absorption in graphene has been utilized to demonstrate active light modulation in integrated waveguides [27–29] and photonic crystals [30–32]. In mid-infrared to THz ranges, meanwhile,
highly conﬁned plasmons supported in nanostructured graphene
exhibit strong gate-dependent resonances [33–37] that have en-
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abled eﬃcient light modulation including electrically tunable perfect absorption and complex amplitude modulation with metal incorporated plasmonic structures [38–45].
In this paper, we propose a strategy to electrically modulate
high-Q resonances that operates at telecom frequencies by using graphene to control the overall absorption rate. Surface gratings are utilized on a suspended dielectric waveguide to support
a guided-mode resonance that will provide the base high-Q resonance [46–49], while graphene is incorporated to tailor its optical responses. Analogous to the excitation of the qBIC resonance
[21,50–52], the surface gratings are dimerized for the excitation
of a guided-mode resonance in the later direction that introduces
a radiative coupling channel with the degree of the dimerization,
or the perturbation, determining the scattering rate. To electrically
modulate and suppress the high-Q resonance, tunable interband
absorption in graphene is employed to engineer the overall absorption rate.

gratings lies in the middle of the ﬁrst Brillouin zone. The result of
this radiatively-inaccessible cavity mode is illustrated by the case
of zero perturbation (δ ), as shown in Fig. 1(b). This trapped cavity mode is similar to a symmetry-protected BIC with an inﬁnite
Q-factor.
When we introduce ﬁnite perturbation along the surface gratings, the overall period of the surface gratings is doubled, and
this leads to Brillouin zone folding [21]. As a result, the guidedmode resonance due to surface gratings becomes accessible with
normally incident freespace light. In other words, the perturbation
opens up a radiative coupling channel for the guided-mode resonance. Analogous to a qBIC, it allows the cavity mode to interact
with the freespace radiation. As shown in Fig. 1(c), high-Q resonances appear at around λ0 =1.55 μm with the perturbations of
10 0 nm, 20 0 nm, and 30 0 nm, which correspond to 11.5%, 23.0%,
and 34.5% of the period of the surface gratings (P = 870 nm), respectively.
We note that the degree of the perturbation determines the
scattering rate, or the Q-factor, of the resonances. Similar to the
qBIC phenomena [2], Fig. 1(d) shows that smaller perturbations
lead to lower scattering rates and thus larger Q-factors proportional to δ −2 . The Q-factors are calculated by ﬁtting the resonance spectra with the Fano formula (see Note S1 of Supplementary Materials). Fig. 1(e–g) show electric ﬁeld intensity distributions (|E|2 /|E0 |2 ) with δ =200 nm depending on the existence of
the high-Q guided-mode resonance. At the resonant wavelength
(Fig. 1(f)), the electric ﬁeld proﬁle displays a standing-wave-like
resonance with a signiﬁcantly enhanced amplitude. In contrast,
Fig. 1(e) end (g) show that there is no strong ﬁeld enhancement
at off resonant frequencies. Here, we note that the amplitudes of
the intensity in Fig. 1(e) and (g) are multiplied by 10 0 0 to match
the color map range of Fig. 1(f).
Since the high-Q resonance in this conﬁguration is based on a
guided-mode resonance phenomenon excited by the surface gratings, the resonant wavelength (λres ) is structurally tunable by adjusting the period of the surface gratings (P) [55,56]. The resonant
wavelength with a given surface grating period can be estimated
by evaluating the dispersion of the waveguide mode. Fig. 2(a)
presents the propagation constants normalized by freespace wavelengths (β /λ0 ) along the suspended waveguide as a function of
freespace wavelength. In this dispersion, two modes (TE1 and TE2 )
exist inside the waveguide, and only the TE1 mode is considered
to excite the guided-mode resonance. To calculate the dispersion,
the surface gratings are modeled by a 100-nm-thick
homogeneous


2. Results and discussion
The proposed modulation strategy displays two important beneﬁts. First, nearly perfect light modulation in both transmission
and reﬂection is simultaneously achievable. The guided-mode resonance is tailored to be spectrally aligned with the Fabry-Perot resonance that is supported vertically inside the suspended dielectric
waveguide. This conﬁguration ensures maximal modulation depth
as the transmission and the reﬂection are both pushed to the extremities at the overall high-Q resonance. Second, the switching
performance is not limited by the graphene quality, i.e., graphene
carrier mobility. This behavior is unlike graphene plasmonic light
modulators [41,42] and is due to the fact that, here, the graphene
is mainly utilized to govern the absorption rate in the resonance,
not to produce optical resonant responses.
Fig. 1(a) illustrates the basic schematic to modulate the highQ guided-mode resonance electrically. It consists of a suspended
waveguide (the SiNx and the bottom Si layers), surface gratings
(SiO2 ), and a graphene sheet. The bottom Si layer is introduced as
a transparent back electrode to gate the graphene. The SiNx , the
SiO2 , and the Si are assumed to be optically lossless media with
refractive indices tabulated in Refs. [53,54]. The thicknesses of the
SiNx and the bottom Si layers are optimized to produce a FabryPerot resonance at around freespace wavelength (λ0 ) of 1.55 μm
along the z-direction, as illustrated in Fig. 1(b).
Inspired by the excitation of the qBICs [21,50], the surface gratings are dimerized in order to support the high-Q guided-mode
resonance. The perturbation is denoted as δ , which determines the
resonance’s scattering rate. The graphene is gated by the bottom Si
layer in order to manipulate the absorption rate of the resonance.
The incoming light is at normal incidence, and the polarization is
assumed to be transverse electric (TE). It guarantees that all electric ﬁelds (Ey ) are aligned with the graphene sheet regardless of
the direction of the wavevector, so that light-matter interactions
are maximized in the graphene.

layer with an effective refractive index of

2W
P

εSiO2 − (1 −

2W
P

),

where W and εSiO2 are the width and the permittivity of the surface gratings, respectively [55].
With the given normalized propagation constants, we can estimate the 1st order resonant wavelengths (λres ) by ﬁnding out
the freespace wavelengths satisfying λ0 =β (λ0 )P/λ0 . The estimated
resonant wavelengths (solid blue lines) are shown in Fig. 2(b) as
a function of the period of the surface gratings, and it shows a
good agreement with the calculated resonant wavelengths from
full-wave simulations (red circles).
As illustrated in Fig. 1(b), the thicknesses of the suspended layers are optimized to support a Fabry-Perot resonance along the
z-direction so that the transmission and the reﬂection are near
unity and zero, respectively, at around λ0 =1.55 μm. When the
guided-mode resonance exists along with the Fabry-Perot resonance, the interactions of the two resonances end up creating a
Fano resonance due to the large difference in their lifetimes [57].
As shown in Fig. 2(c) and (e), the general asymmetric form of the
Fano resonances are displayed when the guided-mode resonances
and the Fabry-Perot resonances are misaligned. With P = 670 nm
(Fig. 2(c)) and P = 1070 nm (Fig. 2(e)), the resonant wavelengths

2.1. High-Q guided-mode resonance without graphene
To examine the formation of the high-Q guided-mode resonance, we ﬁrst investigate the optical behavior of the proposed
structure without graphene. Along the suspended layers, two
waveguide modes that propagate in opposite directions (±kx ) can
be excited, which will create a standing-wave-like cavity mode inside the waveguide. In the absence of the surface gratings, this
cavity mode cannot couple to the waves in freespace due to the
lack of a radiative coupling channel. Even in the presence of the
surface gratings, the cavity mode remains trapped perfectly in the
waveguide unless the resonance mode supported by the surface
2
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Fig. 1. (a) Schematic of the proposed structure to electrically modulate the high-Q guided-mode resonance. The δ denotes the perturbation of the dimerized surface gratings.
The GMR and the FPR refer the guided-mode resonance excited in the lateral direction and the Fabry-Perot resonance supported in the vertical direction, respectively. (b)
Transmission (T) and Reﬂection (R) spectra without perturbation (δ =0 nm) supporting a maximum Fabry-Perot resonance at around λ0 =1.55 μm, where λ0 corresponds to
the freespace wavelength. (c) Transmission (T) and Reﬂection (R) spectra displaying high-Q resonances with ﬁnite perturbations. (d) Q-factor of the resonance as a function of
perturbation. Electric ﬁeld intensity distributions (|E|2 /|E0 |2 ) with δ =200 nm (f) at the resonant wavelength and (e, g) at off resonant wavelengths. The scale bars correspond
to 500 nm. In (b-g), all calculations were performed without graphene.

Fig. 2. (a) Propagation constants normalized by the freespace wavelength (β /λ0 ) of the guided-modes along the suspended structure. The insets illustrate the representative
electric ﬁeld distributions (Re(Ey )) of the TE1 mode (middle right) and the TE2 mode (bottom left). The scale bars correspond to 500 nm. (b) The resonant wavelength (λres )
as a function of the period of the surface gratings (P). The green dashed line denotes the resonant wavelength of the Fabry-Perot resonance (FPR) presented in Fig. 1(b).
(c–e) Transmission (T) and reﬂection (R) spectra displaying different resonance wavelengths as the period of the surface gratings (P) is varied with δ =200 nm. The dashed
lines correspond to the background spectra with zero perturbation in Fig. 1(b). In (a-e), all calculations were performed without graphene.
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Fig. 3. (a) Gate-dependent graphene conductivity (σ ) normalized by e2 / h̄ω at λ0 =1.551 μm. The graphene carrier mobility is assumed to be 10,0 0 0 cm2 V−1 s−1 . The σ inter
and the σ intra correspond to the interband graphene conductivity and the intraband graphene conductivity, respectively. (b) Gate-dependent absorption (A), (c) transmittance
(T), and (d) reﬂectance (R) maps as a function of λ0 . (e) T, R, and A spectra at EF =0 eV and (f) at EF =0.6 eV. (g) Gate-dependent T, R, and A at λ0 =1.551 μm.

of the guided-mode resonances are located at λ0 =1.257 μm and
λ0 =1.825 μm, respectively, while the Fabry-Perot resonance exists at λ0 =1.552 μm, as shown in Fig. 2(b). The dashed lines in
Fig. 2(c–e) correspond to the background spectra in the case of
zero perturbation in Fig. 1(b). On the other hand, the resonance
follows a Lorentzian line shape if the guided-mode resonance is
located at the maximal point of the Fabry-Perot resonance due to
the matching phase signs to the left and the right of the resonance
wavelength with P = 870 nm, as shown in Fig. 2(d). Indeed, the
Lorentzian proﬁle arises from the inﬁnite Fano parameter (q) of
the Fano formula (see Note S1 of Supplementary Materials). In this
case, the overall reﬂection and transmission responses are dominantly governed by the indirect coupling pathway through guidedmode resonance, while the Fabry-Perot resonance provides a background transmission of unity with vanishing reﬂection [57]. As a
result, the transmission and the reﬂection spectra drop from near
unity to almost zero and vice versa simultaneously at the high-Q
resonance, providing maximal modulation potential.
The suspended waveguide and the surface gratings are assumed
to be lossless, which means the Q factors presented in Figs. 1 and
2 are solely governed by the scattering rates. In addition, the highQ factors indicate that the ﬁnite scattering rates derived from the
perturbations still remain relatively low. This implies that while
the resonances are in an overcoupled regime, they would be extremely sensitive to another damping channel. Therefore, the resonances will easily become undercoupled even with a small absorption rate, collapsing the high-Q resonances. This would grant
the capability of large active modulation in both the transmission
and the reﬂection simultaneously.

(μ) of 10,0 0 0 cm2 V−1 s−1 . The graphene conductiviy consists of an
interband term (σ inter ) and an intraband term (σ intra ), and the conductivities are evaluated by the random phase approximation in
the local limit [58,59]. Here, the overall Re(σ ) determines the absorption in graphene [42], and the resonance position, or the resonant wavelength, is slightly affected by the Im(σ ). As shown in
Fig. 3(a), the Re(σ inter ) starts decreasing at around EF = h̄ω/2 due to
the Pauli blocking, where EF and h̄ω corresponds to the graphene
Fermi level and the photon energy, respectively. Due to the drastic reduction in the interband transition, the absorption at high
graphene Fermi levels mainly comes from the Re(σ intra ).
Gate-dependent absorption (A), transmittance (T), and reﬂectance (R) maps are presented in Fig. 3(b–d). Below EF = h̄ω/2,
it is clearly shown that the resonance is weakened signiﬁcantly
and the linewidth becomes very broad due to the large absorption rate from the interband absorption in graphene. In particular,
the resonance in the reﬂection almost vanishes. The high-Q resonance is restored above EF = h̄ω/2 in both the transmission and the
reﬂection as the interband absorption in graphene is suppressed.
The small shift in the resonant wavelength is due to the gatedependent Im(σ ) of graphene.
The transmission, the reﬂection, and the absorption spectra at
λ0 =1.551 μm are presented in Fig. 3(e) and (f) with and without the interband absorption in graphene. It is clearly displayed
that the overall absorption at EF =0 eV is much larger than that
at EF =0.6 eV. It indicates that the linewidth and the oscillator
strengths of the resonance are strongly affected by the absorption
in graphene. As the absorption in graphene overwhelms the scattering rate, the high-Q resonance becomes strongly undercoupled,
losing its ability to signiﬁcantly alter the transmission and reﬂection responses.
However, we cannot conclude that the guided-mode resonance
disappears at EF =0 eV simply due to the large absorption in
graphene. As shown in Fig. 3(b), the absorption at EF =0.457 eV is
larger than that at EF =0 eV although the Q-factor of the former is

2.2. Gate-dependent high-Q guided-mode resonance with graphene
When we place graphene onto the SiNx layer and gate the
graphene, as illustrated in Fig. 1(a), we can introduce tunable absorption rates. Fig. 3(a) shows the gate-dependent graphene conductivities (σ ) at λ0 =1.551 μm with a graphene carrier mobility
4
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higher than that of the latter. This situation happens because the
absorption rate is governed by the non-resonant absorption from
the interband transition in graphene instead of the total absorption at the resonance, as will be described theoretically below.
Fig. 3(g) shows the gate-dependent transmittance, reﬂectance,
and absorption at λ0 =1.551 μm. The transmittance and the reﬂectance change rapidly after EF = h̄ω/2 due to the interband transition in graphene. Their gate-dependent modulation eﬃciencies (ηT ,
ηR ) are both 99.9%, where the eﬃciencies are calculated by ηT =1Tmin /Tmax and ηR =1-Rmin /Rmax . In these modulation eﬃciency calculations, we limited the graphene Fermi levels to be within
0.6 eV, which is a reasonably accessible doping level in an electrostatic gating method [41,42,44]. After EF =0.6 eV, the transmittance
and the reﬂectance transit rapidly again due to the blueshift arising from the gate-dependent Im(σ ).
In realistic materials, there could be some intrinsic absorption
in the dielectric layers (SiO2 , SiNx , and Si). To consider the loss effect, we calculated the spectra with ﬁnite k values, or the imaginary parts of the refractive indices, ranging from 10−6 to 10−3 in
Note 2 of Supplementary Materials. When the k is equal to or below 10−5 , the resonances are still strong and narrow because the
scattering rate overwhelms the absorption rate from the ﬁnite k.
However, the oscillator strength starts decreasing with k = 10−4 ,
and the guided-mode resonance is suppressed with k = 10−3 due
to the large absorption in the dielectric layers. Considering the k
values of the materials are in the order of 10−5 or 10−6 at telecom frequencies, the proposed structure will support the high-Q
guided-mode resonance robustly.
2.3. Analysis on absorption and scattering rates
To investigate the effect of the absorption on the high-Q resonance, we analyze the spectra with the temporal coupled mode
theory (TCMT) [60,61]. In this analysis, we assume that the resonant features are dictated by the guided-mode resonance exclusively, and the Fabry-Perot resonance and the interband absorption
in graphene determine the non-resonant responses, or the background signals. Then, we can readily evaluate the absorption rate
and the scattering rate from the spectra (see Note S3 of Supplementary Materials).
Fig. 4(a) shows the absorption rate (γ a ) and the scattering rate
(γ s ) calculated by the TCMT, and the corresponding Q-factor as a
function of graphene Fermi levels. As expected, we can see that
the absorption rate overwhelms the scattering rate below EF = h̄ω/2
due to the large interband absorption in graphene, which collapses
the excitation of the high-Q resonance. After EF = h̄ω/2, the absorption rate diminishes signiﬁcantly, and the scattering rate dominantly governs the resonance and high Q-factors are retained.
In particular, the scattering rate is almost constant along the
graphene Fermi levels, as shown in Fig. 4(a). It indicates that the
radiative coupling channel of the guided-mode resonance always
remains open regardless of the interband absorption in graphene,
but the excitation of the guided-mode resonance is largely affected
by the interband absorption in graphene.
Fig. 4(b) shows that the Q-factor is in inverse proportion to
the non-resonant absorption (Anon-res ), which exactly follows the
Re(σ inter ) in Fig. 3(a). Here, the non-resonant absorption, associated
with the background absorption independent of the high-Q resonance, is calculated by ﬁtting the absorption spectra with the Fano
formula in Supplementary Materials. This implies that the absorption rate is dictated by the non-resonant absorption until the interband absorption in graphene is suppressed enough. In this way,
it is clearly conﬁrmed that the gate-tunable interband absorption
can be exploited to modulate the high-Q resonance electrically.
In addition to the role of the interband absorption in graphene,
the TCMT analysis shines light on the critical coupling of the high-

Fig. 4. (a) Gate-dependent absorption rate (γ a ), scattering rate (γ s ), and the damping rate (γ ). (b) Gate-dependent non-resonant absorption (Anon-res ), absorption
along the resonant wavelength (A(λres )), and the Q-factor.

Q resonance. As shown in Fig. 4(b), the overall absorption is maximized at around EF =0.457 eV. At this graphene Fermi level, the
absorption rate and the scattering rate cross each other, as shown
in Fig. 4(a). This condition corresponds to the condition of critical coupling where the absorption loss and the scattering loss are
balanced, and it leads to maximizing the overall absorption in the
system [62]. This critical coupling condition is also predicted by
the temporal coupled mode theory (see Note S3 of Supplementary
Materials). At this critical coupling condition, perfect absorption
can be achieved if the transmission is blocked with a back reﬂector
[30,31,62,63]. In this case, the effective impedance of the structure
becomes unity when the scattering loss and the resistive loss are
equal [63], and it results in zero reﬂection with perfect absorption.
This implies that a high-Q resonance supported in a nanophotonic
structure with a back reﬂector can be employed to facilitate electrical tunable perfect absorption.
2.4. Dependency on graphene carrier mobility
One last question that remains is whether the electrical modulation of the high-Q guided-mode resonance is achievable with
low quality graphene. It is well known that high graphene carrier mobility is desirable to enhance light-matter interactions in
graphene. In particular, the graphene carrier mobility primarily
dictates the oscillator strengths of graphene plasmons in the midinfrared. Although very high graphene carrier mobilities (> 10,0 0 0
cm2 V−1 s−1 ) are available in exfoliated graphene, such large values
5
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successfully by suppressing the interband absorption in graphene,
and the linewidth is suﬃciently narrow, as shown in Fig. 5(a).
The modulation eﬃciencies of the transmission and the reﬂection and their Q-factors are presented in Fig. 5(b) as the graphene
carrier mobility is varied. In this calculation, the resonant wavelengths are chosen to maximize the modulation eﬃciencies with
EF =0.6 eV, and the Q-factors are evaluated at the resonant wavelengths with EF =0.6 eV. As shown in Fig. 5(b), very large modulation eﬃciencies over 91% are achievable in both the transmission
and the reﬂection simultaneously even with very low graphene
carrier mobility (μ=500 cm2 V−1 s−1 ). This result suggests that the
proposed strategy to modulate the high-Q guided-mode resonance
is not limited by low graphene carrier mobilities.
3. Conclusion
In summary, we propose a method of electrical modulation
of high-Q guided-mode resonances electrically using graphene. To
modulate the high-Q guided-mode resonance, the electrically tunable interband absorption in graphene is exploited to engineer the
overall absorption rate. As a result, the electrical modulation is
shown to achieve very eﬃcient light modulation in both the transmission and the reﬂection simultaneously without being limited
by the graphene carrier mobility. Theoretical analysis shows that
the excitation of the high-Q guided-mode resonance is dictated by
the electrically tunable interband absorption in graphene while the
radiative coupling channel remains intact. The proposed strategy
can be utilized to modulate general high-Q resonances and have
broad potentials applications in electro-optic devices, such as active light modulation and tunable thermal emission in the midinfrared range.
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Fig. 5. (a) Transmission (T), reﬂection (R), and absorption (A) spectra at EF =0.6 eV
with different graphene carrier mobilities (μ). (b) Transmission eﬃciency (ηT ), reﬂection eﬃciency (ηR ), and Q-factor at EF =0.6 eV as a function of the graphene
carrier mobility (μ).
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are not easily obtained in CVD-grown graphene, which is preferable for large scale optical devices.
Unlike graphene plasmonic devices, the graphene in the proposed structure is not incorporated to support resonances or to
maximize tunable absorption. Instead, the graphene is employed
to engineer the absorption rate of the high-Q resonance which
already exists in the structure independent from the graphene.
Therefore, we can expect that the switching performance is not
signiﬁcantly degraded with low graphene carrier mobilities.
Fig. 5(a) shows the high-Q resonance spectra with the graphene
carrier mobility μ=1,500 cm2 V−1 s−1 at EF =0.6 eV when the interband absorption in graphene is suppressed. The spectra at EF =0 eV
is identical with the spectra in Fig. 3(b), where the Re(σ inter ) governs the overall absorption in graphene, because the Re(σ inter )
is nearly independent of the graphene carrier mobility [58,59].
On the other hand, the Re(σ intra ) is inversely proportional to the
graphene carrier mobility. Therefore, the intraband absorption in
graphene increases when the graphene carrier mobility decreases.
As a result, the overall absorption with μ=1,500 cm2 V−1 s−1 is
slightly higher than that with μ=10,0 0 0 cm2 V−1 s−1 , as shown in
Fig. 5(a).
Due to the larger intraband absorption in graphene, or the
larger absorption rate, Fig. 5(a) displays that the oscillator strength
decreases and the resonance broadens slightly with the reduced
graphene carrier mobility. However, the deep resonance is restored
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