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Abstract: We demonstrate high-contrast electro-optic modulation in a graphene integrated 
photonic crystal nanocavity, providing a modulation depth of more than 10 dB at telecom 
wavelengths. This work shows the feasibility of high-performance electro-optical modulators in 
graphene-based nanophotonics. 

 
The exotic optical properties of graphene enable a wide range of promising devices for light manipulation and 

photodetection [1,2]. In order to enhance the light-matter interaction in graphene, several schemes have been 
employed, including an integrated optical waveguides [3] and cavities [4,5] with graphene, and the coupling of 
graphene to plasmonic nanostructures [6,7]. In this work, we integrate a silicon air-slot planar photonic crystal (PPC) 
nanocavity with a monolayer graphene sheet. By tuning the Fermi energy of graphene with electrical gating, we 
obtain a modulation of the cavity reflection in excess of 10 dB with a voltage swing of only 1.5 V. This strong 
interaction is attributed to the substantial overlapping of the resonant optical field of the cavity and the graphene 
layer. Furthermore, we observe a shift of 2 nm in the resonant wavelength of the cavity, together with a 3-fold 
increase in the quality factor, allowing us to determine the complex optical conductivity of graphene with enhanced 
accuracy. 

 Fig. 1a shows the scheme of our device. An air-slot PPC nanocavity is fabricated on a silicon-on-insulator wafer 
with a 220 nm thick silicon membrane using a series of electron-beam lithography and dry/wet etching steps. After 
graphene is transferred on top of the PPC nanocavity, source, drain and gate metal electrodes are defined by e-beam 
lithography, metal deposition and lift-off. Finally, an electrolyte (PEO plus LiClO4) is spun on the entire wafer, 
allowing us to induce high electrical fields and carrier densities in graphene. The optical transmission of the 
monolayer graphene can be modulated by electrostatistically tuning the Fermi energy (EF) of graphene, as illustrated 
in Fig. 1b. The interband transition will be Pauli blocked when the photon energy is lower than twice of the Fermi 
energy away from the Dirac point. In this regime, the absorption of graphene is reduced and the reflectivity and the 
Q factor of the cavity can be effectively controlled. 

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 mono-
layers, 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 electron-
beam lithography and titanium/gold electron-beam evapora-
tion. In early trials, we found that these contacts can gate the

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

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.
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Fig. 1. (a) Schematic of the graphene integrated PPC nanocavity modulator. (b) Band structure of graphene. The interband transitions are 

suppressed at high doping level and the graphene becomes more transparent as a result of Pauli blocking. 
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We characterize the graphene-PPC nanocavity using a cross-polarization confocal microscope with a broad-band 
(super-continuum laser) excitation source. The cavity reflection is analyzed using a commercial spectrometer with a 
resolution 0.05 nm. The measured optical and electrical signal are recorded simultaneously and presented in Fig. 2. 
We sweep the gate voltage in a sawtooth pattern between -7 V and 6 V. The resistance peak in Fig. 2b indicates the 
charge neutrality point (VCN) of our graphene field effect transistor (FET) is at 1 V. In Fig. 2c, three different 
resonant modes are evolving as the gate voltage is sweeping. At VG = 0 to -1 V, the cavity spectra remains 
unchanged. Two peaks can be observed at the wavelengths of 1571.1 nm and 1593 nm, respectively (top panel of 
Fig. 2d). As VG goes below -1 V, the two peaks narrow and red shift slightly. The increase of cavity reflectivity 
arises from the reduction of graphene absorption, where Pauli blocking starts to take effect. Decreasing VG further, 
the peaks continue to grow narrow but starts to blue shift. The Q factor stabilizes when VG is below -2.5 V, 
indicating a full Pauli blocking regime in graphene is achieved. At VG = -7 V, these peaks are very narrow and a 
mode at 1576 nm becomes more distinguishable (third panel of Fig. 2d). The cavity spectra shows corresponding 
behavior when VG is moving back from -7 V to 0 V. At positive VG, the graphene becomes n doped when VG is 
larger than VCN. The evolution of the cavity spectrum has the same effect for the n and p doped side of graphene and 
is therefore symmetrical to VCN = 1 V. In terms of the variation of the cavity reflectivity to gating, we obtain a 
maximum modulation of more than 10 dB at a wavelength of 1592.9 nm when VG is between -1 V and -2.5 V, 
corresponding to a voltage swing as small as 1.5 V. To understand the behavior of the cavity reflectivity, we can 
further apply a coupled mode theory for this graphene-cavity system [4], and the complex optical conductivity of 
graphene can be extracted from the experimental results. 

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 cross-
polarization confocal microscope with a broad-band (super-
continuum 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

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 graphenein 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 wave-
lengths 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

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.
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Fig. 1. Electrical and optical response of the graphene-PPC nanocavity modulator. (a) Gate voltage (VG) as a function of time. (b) Resistance 

of the grpahene FET. (c) Reflection spectra of the cavity as VG is modulated. Three resonant peaks show clear shift in wavelengths and 
modulation in their intensity and Q factors. (d) Normalized spectra of the cavity reflectivity in (c) at VG = 0, -1, -7 and 6 V (top to button). 

 
Our works shows the strong optical modulation in coupled graphene-cavity systems. While the speed of our 

current device is limited by the ionic mobility of the gating electrolyte, the use of dual-gated graphene layers or 
highly doped silicon PPC nanocavities as a back gate will permit the operation up to the GHz regime. The potential 
of graphene-based modulators are promising for a new generation of low power consumption, high modulation 
depth and high-speed applications in photonic integrated circuits. 
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