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ABSTRACT: We demonstrate high-contrast electro-optic
modulation of a photonic crystal nanocavity integrated with
an electrically gated monolayer graphene. A silicon air-slot
nanocavity provides strong overlap between the resonant
optical ﬁeld and graphene. Tuning the Fermi energy of the
graphene layer to 0.85 eV enables strong control of its optical
conductivity at telecom wavelengths, which allows modulation
of cavity reﬂection in excess of 10 dB for a swing voltage of
only 1.5 V. The cavity resonance at 1570 nm is found to
undergo a shift in wavelength of nearly 2 nm, together with a
3-fold increase in quality factor. These observations enable a
cavity-enhanced determination of graphene’s complex optical sheet conductivity at diﬀerent doping levels. Our simple device
demonstrates the feasibility of high-contrast, low-power, and frequency-selective electro-optic modulators in graphene-integrated
silicon photonic integrated circuits.
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As shown schematically in Figure 1a, the experimental device
consists of an air-suspended PPC nanocavity that is coupled to
a graphene ﬁeld-eﬀect transistor (FET) gated by a solid
electrolyte.18,19 The optical transmission of monolayer
graphene for an incident photon at frequency ω is modulated
by electrostatically tuning the graphene’s Fermi energy (EF). As
indicated in Figure 1b, when EF is tuned away from the Dirac
point by more than half of the photon energy ℏω/2, the
interband transitions are Pauli blocked, reducing the graphene
absorption.20,21 Thus, the reﬂectivity and Q factor of the cavity
can be controlled by modulating the doping level of
graphene.17
To improve the overlap between graphene and cavity
resonance modes, we employ an air-slot PPC nanocavity22
with strongly conﬁned modes in a central air-gap, as shown in
Figure 1c. This design increases the coupling strength of the
optical mode to the graphene sheet by almost a factor of 3
compared to the linear three-hole defect cavity used
previously,17 where light is conﬁned in the high index material23
and experiences less overlap with the graphene layer. The air-

raphene’s unusual optical properties enable a range of
promising optoelectronic applications.1−6 To enhance the
light-matter interaction in this single atomic layer material,
graphene has been integrated into optical waveguides and
cavities, and has as well been used to support surface plasmon
polariton states.5,7−16 In the limit of wavelength-scale conﬁnement, we recently demonstrated a dramatic enhancement of the
light-matter interaction in graphene coupled to a planar
photonic crystal (PPC) nanocavity, leading to a reduction in
the cavity reﬂectivity by more than 20 dB.17 Here, we
demonstrate high contrast electro-optic modulation of the
reﬂectivity of a PPC nanocavity by electrical gating of the
graphene layer. Relying on the high Fermi velocity and
monolayer thickness of graphene, we tune its Fermi energy
to as much as 0.85 eV. We thereby obtain a cavity modulation
in excess of 10 dB, which, while limited in speed for our current
method of electrochemical gating, clearly shows the capability
for strong modulation of light in this very compact device
geometry. Furthermore, we employ eﬃcient coupling between
the cavity modes and graphene for precision spectroscopy of
graphene in the near-infrared spectral range as a function of
doping level. Our measurements yield a complex optical sheet
conductivity of monolayer graphene that agrees well with a
theoretical model of the material’s optical sheet conductivity.
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Figure 1. (a) Schematic of the electrically controlled graphene-PPC nanocavity. The reﬂection of the air-suspended cavity can be modulated by
electrostatic tuning of the Fermi level of graphene layer using electrolyte gating. A thin HfO2 layer is grown on PPCs before the graphene transfer to
isolate the silicon PPCs and graphene electrically. (b) Band structure of graphene at diﬀerent doping levels; graphene becomes more transparent
when interband transitions are Pauli blocked, as shown in images on the left and right. (c) Simulated energy distributions of two resonant modes of
the air-slot cavity (left, mode1; right, mode3 as deﬁned in Figure 2c) based on a ﬁnite-diﬀerence time-domain (FDTD) technique. The optical ﬁeld
is conﬁned in the air-gap, enabling a strong coupling with graphene.

Figure 2. (a) Optical image of one of the electrically controlled graphene-PPC nanocavity devices. The graphene monolayer covers an air-slot cavity;
the boundary of the graphene is indicated by the red dashed line. Source and drain electrodes are near the cavity, while the gate electrode is removed
by 15 μm. (b) SEM image of the air-slot cavity before graphene deposition; AFM and SEM studies of PPC cavities after graphene deposition are
shown in previous work.17 The lattice spacing is a = 450 nm, and the hole radius is r = 150 nm. The defect of the cavity is formed by a slight outward
shift of the central three rows of holes on both sides of the slot. (c) Reﬂection spectra of the PPC cavity covered with HfO2 layer, after graphene
transfer (blue), and after deposition of the electrolyte (green), showing three dominant resonant modes (modes 1, 2, and 3). The cavity resonances
present clear drops of the reﬂected intensities and Q factors after the graphene transfer.

intrinsic or lightly doped silicon membrane directly and
inﬂuence the cavity spectroscopy under electrical gating. To
avoid this eﬀect, the devices described in this study include a
conformal 10 nm hafnium oxide (HfO2) layer grown on the
PPCs using an atomic layer deposition before the graphene
transfer (see Figure 1a).
Figure 2a displays an optical image of one of the completed
graphene-PPC nanocavity devices. The dashed red line traces
the boundary of the monolayer graphene, as conﬁrmed using

slot PPC nanocavities are fabricated on a silicon-on-insulator
wafer with a 220 nm-thick silicon membrane using a
combination of electron-beam lithography and dry/wet etching
steps. We employ mechanically exfoliated graphene monolayers, which are transferred onto the PPC nanocavities using a
precision alignment technique.24 The drain, source, and gate
electrodes of the graphene FET are fabricated using electronbeam lithography and titanium/gold electron-beam evaporation. In early trials, we found that these contacts can gate the
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Figure 3. Electrical and optical responses of the electrically controlled graphene-PPC nanocavity. (a) Gate voltage Vg modulated in a sawtooth
pattern at a rate of 0.1 V/s between −7 and 6 V. (b) DC resistance across the graphene layer measured from the source to drain electrodes, showing
the charge neutrality point at VCN = 1 V. (c) Reﬂection spectra of the cavity as Vg is modulated. The resonances show clear shifts in wavelength and
modulations of Q factors and intensities under diﬀerent gate-voltages. (d) Spectra of the cavity reﬂection for Vg = 0, −1, −7, and 6 V, which are
normalized by the reﬂection peak at Vg = 0. Compared to the reﬂection of the graphene-PPC nanocavity at zero-bias, the cavity presents ∼8.5 times
higher peaks when the single-layer graphene is strongly doped. For a voltage swing from −1 to −2.5 V, we observe a modulation of the cavity
reﬂection by more than 10 dB at a wavelength of 1592.9 nm.

decay rates induced by the graphene absorption are κcgi = (1.6,
1.1, 2.0) × 10−3ωi for these three resonant modes, where ωi =
2πc/λi are the frequencies of the resonances. The variation in
these loss rates is due to the diﬀerent coupling rates between
the graphene sheet and the electrical ﬁeld distributions of the
resonant modes: modes 1 and 3 have stronger optical ﬁelds
and therefore greater overlap with graphenein the air-gap
than mode 2.
The electrolyte deposition subsequently red-shifts the cavity
resonances due to its real dielectric constant of about 2.5,28 as
shown in the green curve of Figure 2c. We also observe the
broadening of the resonant peaks due to an extra optical loss
from the electrolyte, which reduces the Q factors to Q1,2,3 =
335, 610, 410. This electrolyte-related loss amounts to extra
κelectroi = (1.3, 0.8, 1.7) × 10−4ωi for the three modes,
respectively. As seen in Figure 2c, modes 1 and 2 become
indistinguishable after electrolyte deposition because they
experience varying red-shifts due to diﬀerent mode-overlaps
with the electrolyte (see Supporting Information).
To study the electrical control of the graphene−PPC
nanocavity, we measure the cavity reﬂectivity as a function of
the gate voltage Vg between the gate and drain electrodes. The
sample is loaded in a vacuum chamber evacuated to pressures
of 10−4 Torr at room temperature to avoid degradation of the
electrolyte. The electrical resistance through the drain and
source is monitored simultaneously to record the doping level
of graphene. Figure 3 presents measurements of the electrical
and optical signals of the graphene-PPC nanocavity as the gate
voltage Vg is swept linearly. Here we scan Vg in a sawtooth
pattern at a speed of 0.1 V/s between −7 and 6 V. The
resistance peak across the graphene FET shown in Figure 3b
indicates a gate voltage for the charge neutrality point of VCN =
1 V. In Figure 3c, we present the cavity reﬂection spectra,
acquired continuously at 30 frames per second during the
voltage sweep. We ﬁrst apply the bias along the negative
direction. For small Vg (−1 V ≤ Vg ≤ 0 V), the cavity reﬂection
remains unchanged, showing two resonant peaks at wavelengths of 1571.7 and 1593 nm for modes 1 and 3, respectively
(top panel of Figure 3d). As Vg is decreased to −1 V, the two
resonant peaks narrow (Q increases) and red shift slightly

micro-Raman spectroscopy. The gate electrode is located about
15 μm away from the graphene ﬂake to ensure eﬀective doping
through the electrolyte. Figure 2b displays a scanning electron
microscope (SEM) image of the air-slot cavity with a lattice
spacing of a = 450 nm and a lattice hole radius of r = 150 nm.
The cavity defect is formed by shifting air-holes away from the
central slot.22 After graphene is transferred and the metal
contacts are prepared, an electrolyte (PEO plus LiClO4) layer is
spin-coated on the entire wafer, providing high electrical ﬁelds
and carrier densities in graphene.18,19
We characterize the graphene−PPC nanocavity using a crosspolarization confocal microscope with a broad-band (supercontinuum laser) excitation source.17,25 The cavity reﬂection is
analyzed using a spectrometer with a resolution of 0.05 nm.
This vertical coupling to the cavity has relatively low eﬃciency,
which results in a large insertion loss for the device. With
further development of this technology, eﬃcient coupling
strategies, such as the use of tapered ﬁbers26 or on-chip
waveguide couplers,27 could be employed to reduce the
insertion loss.
The red curve in Figure 2c displays the reﬂection spectrum of
the cavity before the graphene transfer and after the HfO2
deposition, showing three dominant resonant modes22 at
wavelengths of λ1 = 1548.4 nm (mode1), λ2 = 1557.4 nm
(mode2), and λ3 = 1574.5 nm (mode3). Fitting these
resonances to Lorentzian curves, we estimate Q factors of Qi
= 860, 2350, 3420 for modes i = 1, 2, 3. These values are lower
than the theoretically predicted Q factors obtained by the
FDTD simulations, which are 12000, 16600, and 40400 for
modes i = 1, 2, 3. We attribute the degradation of Q factors to
fabrication tolerances. After the graphene transfer process, we
observe blue-shifts of the three resonant wavelengths by 0.6,
1.0, and 0.9 nm, respectively; this is expected as a result of the
decrease in the refractive index of the HfO2 layer during the
thermal annealing step of the graphene transfer process (see
Supporting Information).24 The single-layer graphene causes a
strong reduction (nearly 18 dB) in the reﬂectivities of each of
the three resonant modes, while their Q factors drop to 350,
640, and 440, respectively. Employing perturbation theory to
the graphene-PPC cavity system,17 we calculate that the energy
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electrolyte (κelectro1,3 = (1.3, 1.7) × 10−4ωi), we expect that
modes 1 and 3 should have Q factors of 775 and 2160 in the
limit of full transparency of graphene. The incomplete recovery
of the Q factors indicates the presence of a small residual
absorption in graphene even when the doping level is far above
the threshold for Pauli blocking.21 The unrecovered Q factors
caused by the electrolyte and residual absorption on graphene
result in an insertion loss of the modulator, which is given by
10 log10(Rl/R0), where Rl and R0 are the reﬂections of the cavity
with and without the residual loss. From coupled mode
theory,17 the insertion loss can be calculated from 10 log10(Ql/
Q0)2, where Ql and Q0 are the quality factors of the cavity with
and without the residual loss. Using the experimental values for
the Q factors, we then obtain losses of 1.3 and 9.4 dB, for
modes 1 and 3, respectively, which are comparable to those
achieved for other electro-optic modulators.30 Figure 4b depicts
the variation in the wavelengths of cavity resonances with
gating; total excursions of 2 and 1.3 nm are found for modes 1
and 3, respectively.
The observed variation of the Q factors and wavelengths of
the resonances arises from the variation in the complex in-plane
optical sheet conductivity σg = σg1 + iσg2 of graphene induced by
doping.17 We can calculate σg from a knowledge of the overlap
of the cavity modes (shown in Figure 1c) with the graphene
layer using perturbation theory.17 The inferred values of σg
from mode 3 are shown in Figure 4c. To understand the
experimental data, we also plot (Figure 4d) the Fermi energy of
the graphene sheet as a function of Vg from the capacitance of
the polymer electrolyte (∼1 μFcm−2).18 After accounting for
the photon loss caused by the electrolyte, we obtain a value of
σg1 ≈ πe2/2h at VCN, which decreases to a minimum value of
0.06(πe2/(2h)) at Vg − VCN = 3 V. The value does not change
appreciably for higher Vg−VCN, with graphene displaying a ﬁnite
absorption even for EF signiﬁcantly greater than ℏω/2. This
ﬁnite residual absorption (nonzero σg1) of graphene has been
previously reported21,29 and has been attributed to the presence
of midgap states and of electron−phonon coupling.31 On the
other hand, σg2 decreases monotonically from nearly zero at the
charge neutrality point to a minimum of −0.28(πe2/(2h)) at Vg
− VCN = 1.8 V. It then increases monotonically with increasing
doping level. The inﬂection point for the variation of the
imaginary part of the conductivity with doping is expected to
occur at EF = ℏω/2.32 For our resonance at 1590 nm, we then
predict the inﬂection point at EF = 0.39 eV, which agrees well
with the experimental data in Figure 4.
More generally, we can compare the experimentally deduced
variation of the complex conductivity of graphene as a function
of doping with a simple theoretical model based on both interand intraband transitions:32,33

(second panel of Figure 3d). This increase of the cavity
reﬂectivity and Q factor arises from decreased cavity loss as the
graphene absorption is reduced by Pauli blocking. Decreasing
Vg further, we ﬁnd that the resonant peaks continue to grow
and narrow sharply over a voltage range of ∼1.5 V, while the
resonant wavelengths now blue-shift. The Q factor and
reﬂectivity stabilize as Vg drops below −2.5 V, where the
graphene achieves full Pauli blocking for the resonant modes.
At Vg = −7 V, the peaks become very narrow and modes 1 and
2 again become distinguishable (third panel of Figure 3d). We
observe the corresponding changes in Q factor when increasing
Vg from −7 V back to 0 V. The behavior for positive bias
voltage (with electron, rather than hole doping of graphene)
mirrors that for negative voltages, taking into account the oﬀset
from the point of charge neutrality of Vg = −1 V. In terms of
the overall response to gating, we see that the height of the
resonance peaks increases by a factor of 8.5 for highly (electron
or hole) doped graphene compared to the case of lightly doped
graphene. Since the peaks also shift in wavelength with doping,
the modulation at the peak wavelength for the highly doped
graphene is still greater. For example, at a wavelength of 1592.9
nm, we obtain a modulation depth exceeding 10 dB for a swing
in gate voltage between −1 V and −2.5 V. Over this voltage
range, the Fermi energy shifts past EF = ℏω/2 for the onset of
Pauli blocking. The need for a voltage swing as large as 1.5 V
reﬂects broadening of the optical response in the vicinity of
Pauli blocking. We expect that this could be decreased by
reducing charge inhomogeneity and disorder eﬀects,21,29
leading to a still lower modulation voltage.
Fitting the response of modes 1 and 3 to a Lorentzian form,
we obtain Q factors and resonant wavelength shifts as a
function of Vg from −6 to 6 V (Figure 4a,b). The gate-voltage

Figure 4. (a) Measured variations of the Q factors and (b) wavelength
shifts for modes 1 and 3 as a function of Vg. (c) Complex optical sheet
conductivity of graphene as a function of Vg, as deduced from the
experimental data of mode 3 in parts a and b. The red curves are the
theoretical values determined by a model with interband and intraband
transitions. (d) Fermi energy EF of graphene calculated from the
measured resistance between the drain and source electrodes under
diﬀerent gate voltage Vg.

σg = σ0 Θ(ℏω − 2EF ) + iσ0[(4EF )/(π ℏω) − 1/π ln
|(2EF + ℏω)/(2EF − ℏω)|]

(1)

with σ0 = e2/(4ℏ). This model neglects ﬁnite temperature and
ﬁnite dephasing rates. To take these eﬀects into account, as well
as possible inhomogeneity in the doping density, we broaden
the predicted material response by convoluting formula 1 with a
Lorentzian with a width of 50 meV. The corresponding
theoretical prediction generally matches both the real and
imaginary parts of the measured complex conductivity as a
function of doping quite well (Figure 4c).
In conclusion, we have demonstrated that coupling an
electrically gated graphene monolayer to a PPC nanocavity

at which the Q factor grows is greater for mode 1 than for mode
3, as expected from the slightly higher threshold for Pauli
blocking of higher energy mode 1. For large Vg, the Q factor of
both modes saturate, growing from 335 (410) to 740 (1150)
for mode 1 (3). The recovered Q factors are lower than those
before the graphene transfer (Q factors indicated in the red
curve of Figure 2c). Considering the photon loss caused by the
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allows the realization of strong optical modulation. While the
speed of the current device is limited by the ionic mobility of
the solid electrolyte,34 the use of highly doped silicon PPC
cavity as a back gate or the inclusion of dual-gated graphene
layers should permit an increase of the modulation speed into
the GHz regime.5,35 Because of the small capacitance of such
graphene−PPC devices, we also anticipate low power
consumption. For the current device, we estimate a switching
energy of about 340 fJ from a calculation of the capacitive
charging energy (see Supporting Information).36 By reducing
the lateral extent of the graphene sheet to cover only the defect
region of the nanocavity, which is smaller than 0.5 μm2 in area,
we estimate that this energy consumption can be reduced
below 1 fJ per bit, lower than that of current state-of-the-art
resonator-based electro-optic modulators.36,37 Moreover, the
PPC-based modulator is relatively broad-band, over 300 GHz
for a Q value of 600, which promises greater temperature
tolerance than for high-Q resonators. The potential for low
power consumption, relatively wide bandwidth, and high
modulation depth promise a new generation of high-performance graphene-based nanocavity modulators in photonic
integrated circuits.
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