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Nanoscale light field imaging with graphene

Tongcheng Yu!, Francisco Rodriguez1, Fred Schedin?, Vasyl G. Kravets!, Vladimir A. Zenin® 3,
Sergey |. Bozhevolnyi® 3, Konstantin S. Novoselov@® "* & Alexander N. Grigorenko'™

Modern nano-optics and nanophotonics rely heavily on the precise formation of nanostructured
light fields. Accurate and deterministic light field formation and characterization are indis-
pensable for device operation as well as for revealing the underlying physical mechanisms
involved. Despite a significant progress made in detection of scattered light with extremely high
precision down to 1nm resolution, there are only a limited number of techniques for direct
subwavelength light mapping which do not rely on measurements of light scattering, fluores-
cence, or non-linear light conversion. Hence, techniques for direct conversion of light to elec-
trical signals with precise and non-destructive imaging of nanoscale light would be of great
benefit. Here, we report a nanoscale light field imaging approach based on photodetection with
a p-n junction that is induced and moved inside a graphene probe by gate voltage, formed by a
set of external electrodes. The spatial resolution of this electrical scanning technique is
determined by p-n junction width, reaching ~ 20 nm. The developed approach is demonstrated
with mapping the electric field distribution of a plasmonic slot-waveguide at telecom wave-
lengths. Our method provides a non-invasive nanoscale light field imaging that ensures
extremely high spatial resolution and precision.
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pillars of modern nano-optics!~3. Recently, a significant

progress in this field has been realized through the use of
plasmonic structures* and their assemblies®”, superlenses®?,
plasmonic waveguides!?, graphene plasmonics'!2, and optical
phononics!3. At the same time, most often the light field imaging
and characterization still rely on microscopy methods: detection of
scattered propagating optical fields that are subject to the diffrac-
tion limit, thus limiting the spatial resolution to a fraction of the
light wavelength!4. The resolution of light field imaging can be
significantly improved by utilizing optical near-fields!°. Unfortu-
nately, the near-field optical microscopy suffers from the funda-
mental six-power scaling of scattered power with the probe size!®
that limits the resolution in practice for direct light mapping to the
level of 50 nm at optical wavelengths!7-18, The archetypal near-field
microscopy is also inherently invasive as the detected optical fields
are scattered by a probe immersed in an interrogated optical (near)
field. Moreover, the workhorse of modern near-field optical char-
acterization, scattering scanning near-field optical microscopy (s-
SNOM) with pseudo-heterodyne interferometric detection!’, uti-
lizes demodulation of detected signals at high harmonics to sup-
press the background, a very efficient approach that however
introduces inevitably image distortions when fields with different
spatial frequencies are being imaged.

It should be mentioned that there have been developed various
electron microscopies, such as electron energy-loss spectroscopy
(EELS) and cathodoluminescence (CL) microscopy, that provide
information on the optical response of nanostructures with
unmatched, down to sub-nanometre, spatial resolutions by
making use of tightly focused electron beams!$. The optical
information is deduced by analyzing spatial maps of corre-
spondingly electron energy loss spectra or spectra of emitted
radiation, mapping the efficiency of resonant excitation of hybrid
polariton modes, and relating the efficiency maps to the mode
spatial distributions. The electron microscopies provide thereby
indirect access to the optical information, and one has to use
elaborate data treatment to extract this information and mainly
that associated with resonant excitations!8.

Indirect methods of light imaging using scattered fields can
also achieve extremely high spatial resolution down to 1 nm. For
example, mapping of Brownian motion of a dye particle was used
to image fluorescent profile of a single hot spot with 1nm
resolution!®, surface-enhanced Raman scattering can be used to
evaluate electric fields with high spatial resolution of 5nm, see
review?0, backscattered light can be used to determine optical
oscillation patterns of plasmon modes with the help of s-SNOM
achieving resolution of <10nm?!. However, these indirect
methods (while providing extremely high spatial resolution) are
often invasive and rely on certain assumptions which allow one to
translate measured parameters to light field maps.

Here we describe a conceptually different direct and virtually
non-invasive method of nanoscale light-field imaging with a
lateral resolution of ~20 nm. The method is based on the pho-
toelectric effect in a p-n junction induced in graphene. The
position of such p-n junction can be very accurately controlled by
an external gate voltage. The graphene surface defines the plane
of optical field imaging and should thus be placed near a
nanostructure generating nanoscale light fields to be character-
ized. As a practical example, we measure the electric field profile
of a strongly confined plasmonic slot-waveguide mode at telecom
wavelengths. The experimentally obtained mode profile is found
to be in excellent agreement with numerical simulations. Our
method provides a practical way of nanoscale light field imaging
with extremely high spatial resolution and precision. It should be
emphasized that, in terms of the optical information made
available, our approach is similar to conventional near-field

N anoscale light manipulation and characterization are two

microscopy techniques'>17, but, being radically different in the
operation principle, allows one to circumvent the aforementioned
fundamental limitation in the achievable spatial resolution. It is
worth stressing that light field imaging discussed in this work is
concerned with non-destructive mapping of optical fields with
direct conversion of light to electrical signals. The limitations of
our method in the presented form are connected to the complex
fabrication procedures and limited geometries which can be
probed. We believe that these limitations can be overcome with
technique development.

Results

Nanoscale mapping of light fields with graphene. The concept
of nanoscale mapping of light fields with the help of graphene is
illustrated in Fig. 1 (here we consider one-dimensional light field
imaging for simplicity). A graphene sheet is placed in the region
of interest and electrically connected with source and drain
contacts. It is important that the source and drain contacts are
made from the same material and are kept at the same tem-
perature to avoid thermopower parasitic signals. Gate dielectric is
deposited on top of graphene, and two parallel metallic gates are
fabricated on top of the dielectric, defining the orientation of a
p-n junction and, thus, the scanning direction (parallel and per-
pendicular to the gate electrodes, respectively). Note that the two-
dimensional light imaging with this concept is, in principle, fea-
sible, but would require a more complex gating arrangement.

When the area between the two gating contacts is exposed to
light—an additional electrical signal is observed in graphene. Here,
it is worth mentioning that graphene absorption in the visible and
near-infrared light is ~ 2.3% at normal incidence?? and at the level
of 0.01-0.1 dB-um~! for confined plasmonic modes propagating
along the graphene layer?3, so that the influence of graphene on
light field distributions can be neglected. There are several
phenomena that could contribute to the electrical signal: the
photoelectric24, thermoelectric?®, and bolometric2® effects. While
the bolometric effect should be zero in non-biased graphene?®, both
the photoelectric and thermoelectric effects could, in general,
contribute to the electrical signal induced by light illumination and
provide the possibility for the electrical detection of light fields. It is
often assumed that the thermoelectric effect yields the largest
contribution?®. However, in the case when the source and the drain
are kept at the same temperature and made of the same material, it
is possible to show that the total thermoelectric contribution is
exactly zero for metals?” (see also Supplementary Note 1). The
exception to this rule is a discontinuity in temperature derivative8
or dependence of the mean free path of electrons on the
wavevector?’. For semiconductors, the situation is more compli-
cated and the contribution of the thermoelectric effect could be
non-zero. In the following, we will assume that the main
contribution to the photo-electrical signal in our case comes from
the photoelectric effect, which requires the presence of a p-n
junction in graphene to separate electrons and holes produced
during light absorption.

The above consideration suggests the following method of
nanoscale light field imaging. Initially, doped graphene (e.g., p-
doped) is gated by the gating contact with a positively applied
voltage Vg, while the other contact is connected to ground
(Vg1 =0) in such a way that a p-n junction is formed in the area
where the light is present (see Fig. 1a). A non-zero photoelectric
current is thereby generated, with the current being proportional
to the electric field intensity at the position of the p-n junction
where the electron-hole pairs produced by light are separated due
to the electric field applied. Variation of Fermi energy across a p-n
junction induced in graphene in our geometry (Fig. 1b) was
calculated for the 30 nm-thin hafnia dielectric separator using the
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Fig. 1 Electric detection of light fields. a Schematics of a p-n junction induced in graphene by gating of a plasmonic waveguide. b Fermi energy in initially
doped graphene calculated in the presence of a gate voltage applied to one side of the waveguide. ¢ A graphene p-n junction position as a function of gate
voltage applied to one side of a waveguide. d Electric field of a p-n junction induced in graphene.

established methodology?®-30 (see also Supplementary Note 2). A
change in the gating voltage causes a lateral displacement of the
p-n junction location within the graphene sheet (Fig. 1c). Moving
the p-n junction, where the photoelectric signal is generated,
across the gap between the gating electrodes allows one to
accurately map the light field distribution across the gap. Note
that the described field mapping approach, contrary to scanning
near-field microscopy!?, does not involve any moving parts and is
thereby amenable to a very precise control of the scanning
coordinate. The lateral size of p-n junction can be estimated
from the built-in electric field distribution (Fig. 1d) and, for the
30 nm-thin hafnia separator, is ~ 20 nm, which is close to the
previously reported values?®30. It is worth mentioning that
the calculated width of the p-n junction (Supplementary Note 2)
changes around 40% for different gating voltages applied.
However, the width was reasonably constant (~20 nm) in the
region of the fast changes of the studied waveguide mode. In
addition, Supplementary Note 2 calculates the “photo-active”
width of the p-n junction in which electric fields are large
enough to separate electron-hole pairs produced by light and
which defines the spatial resolution of the technique. The
calculated “photo-active” width (and hence the resolution of
our technique) was below 20 nm for all gating voltages applied.
Finally, we extracted the experimental spatial resolution of our
technique from the measured data as described in Supplemen-
tary Note 6. This spatial resolution of light field mapping was
also around 20 nm. This resolution can be easily improved by
decreasing the thickness of a dielectric separator or lowering the
temperature (see Supplementary Note 2) or using advanced
gating electrode geometries.

Nanoscale light field imaging in plasmonic slot waveguides. For
the experimental demonstration of our imaging approach, we
have conducted the nanoscale electric field mapping of the gap
surface plasmon (GSP) mode supported by a plasmonic slot
waveguide. The plasmonic slot waveguide configuration, apart
from allowing to squeeze the mode field down to nm-sized lateral
dimensions3!, has the advantage of fully exploiting the available
dielectric space and thus making the best out of the confinement-
loss trade-offl0. It has been widely used in plasmon-empowered
nanophotonics for demonstrating diverse ultra-compact compo-
nents, ranging from branched and cross-shaped resonators3! to
high-speed fibre-coupled electro-optical3? and ultrafast energy-
efficient all-optical®® modulators. The plasmonic slot waveguide
configuration used for the demonstration of light field imaging
with graphene (Fig. 2a) was designed to operate at telecom
wavelengths34. To fabricate the device, two pieces of graphene
flakes were wet transferred on the silicon substrate that has a
1500 nm oxide layer on the top. Note that the dielectric silica
layer should be sufficiently thick to minimize leakage of the GSP
mode into the high refractive index silicon substrate. Graphene
flakes were etched into two 4 pum-wide strips to serve as two
detectors or as a modulator and a detector (see “Methods”). Then,
a 30 nm-thick high refractive index dielectric (hafnium oxide)
layer was deposited via electron beam evaporation above gra-
phene strips to electrically isolate the graphene strips from the
plasmonic waveguide structure used also for graphene gating.
Hafnia was previously demonstrated to be a reliable dielectric
layer for graphene gating with low voltages due to super-
capacitance effect3>3¢, Next, a 100 nm-thick silver waveguide
structure with a 300 nm slot between the two strips was fabricated
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Fig. 2 Experimental setup. a Schematics of the antenna-coupled plasmonic waveguide device. Two pieces of graphene work separately for the optical

modulation and electrical detection of the waveguide mode. b A microscope image of one device. Inset shows an enlarged picture of the nano-antenna and
the reflector taken by scanning electron microscope. € An experimental setup. A lamp and CCD camera were used to locate the sample. A NIR camera was
used to detect input and output signals and to measure the light modulation under gating. An optical chopper and lock-in was used to achieve electrical

detection of light in the waveguide.

using electron beam lithography and lift-off process. During this
procedure, 100 nm-thick silver contacts to the graphene flakes
and the waveguide legs were also fabricated (Fig. 2b). The slot
waveguide incorporates a 90° bend to enhance the visibility of the
out-coupled (relatively weak) radiation as compared to that
specular-reflected at the input coupler by using crossed polarizers
(Supplementary Note 3). To efficiently interface free-space pro-
pagating (normal to the surface) radiation with the GSP mode
supported by the slot plasmonic waveguide, two dipole nano-
antennas with back reflectors®* were fabricated near the wave-
guide terminations (inset in Fig. 2b). Finally, a 1.5 um-thick
layer of polymethyl methacrylate (PMMA) was used to cover the
whole configuration in order to encapsulate the device and avoid
oxidization.

The optical excitation of the resulting waveguide configuration
involved a focused (40x objective with NA = 0.65) incident 1550-
nm laser beam polarized parallel to the in-coupling antenna. The
detection of the out-coupled radiation was performed in the
cross-polarized configuration (Fig. 2¢). Using InGaAs short-wave
infrared (SWIR) camera, we controlled the excitation of the
waveguide mode by monitoring the input and output light
intensities (Supplementary Fig. 6b). At the same time, we were

able to measure a photo-current induced in graphene (between
the source and drain contacts) as a function of the gate voltage
in the presence/absence of light. This was performed using
either light modulation with an optical chopper and lock-in
detection, which provided the photocurrent response due to the
GSP mode absorption by graphene, or direct measurements of
the photocurrent with a source metre, which gave the dark and
light responses.

The gating characteristics of graphene were determined by
applying the same gate voltage to both waveguide sides G1 and
G2 with a graphene strip being grounded (Fig. 3a). The range of
applied gate voltages was determined by supercapacitor gating
property of e-beam evaporated HfO,3>3%. The ratio of the
maximum and minimum values of the graphene sheet
resistance was above 4 which suggests good quality of the
graphene used. It is worth noting that the graphene was initially
p-doped as the Dirac peak is shifted to the positive voltage
(Fig. 3a). We also verified that the graphene strips interact with
the GSP waveguide mode by realizing the modulation of output
light intensity with graphene being gated to achieve the Pauli
blocking effect’”. By applying a 1 Hz square-wave gate signal
with 6 V amplitude and 1V offset to both sides of the
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Fig. 3 Electrical mapping of light field in a plasmonic slot waveguide. a The resistance of graphene as a function of the gate voltage applied to both G1
and G2 contacts for a sample with a 30 nm HfO, dielectric layer. b A photovoltage measured between the source and drain of graphene as a function of the
gate voltage G2 when the contact G1is grounded. The photovoltage was measured with an optical chopper and lock-in amplifier. ¢ A photovoltage (drain
voltage in open circuit) and d a photocurrent (drain current in a short circuit) as a function of the gate voltage G2 with and without light input through the
waveguide, measured directly with a source metre. Both the source and the G1 contact were connected to the ground. e Dependence of the photocurrent
on the drain bias voltage of graphene with and without illumination. Both source and G1 are connected to ground, and 0.4 V gate voltage is applied to G2.
f Linear dependence of the photovoltage on the incident light power with a fixed gate voltage of 0.4V applied to G2 and G1 contact being grounded. The
data for a, b and c-f were measured on two different samples with the same geometry.

waveguide, we observed a 12% modulation of the transmitted
output light (Supplementary Fig. 6e). This modulation level
corresponds to the modulation depth of 0.12 dB-um~1, which is
significantly larger than those obtained previously with hybrid
graphene plasmonic waveguide modulators?3-3>, and assigned to
strong change in graphene absorption due to Pauli blocking. It
is worth noting that these measurements allowed us to establish

that Fermi level in graphene reaches half of the excitation
energy (conditions for the Pauli blocking) at the applied gate
voltage of 5.5V.

The main result of our work, electrical mapping of light
intensity with the help of graphene, was obtained with the gate
voltage being applied to the contact G2 (while the contact G1
was grounded) to form a p-n junction in graphene underneath,
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which could then be moved by adjusting the gate voltage
(see Fig. 1c). Using the input laser light at the wavelength of
1550 nm and power of 0.5 mW, the corresponding photovoltage
was measured (at zero applied bias between the source and
drain contacts) with lock-in detection (chopping at 800 Hz) as a
function of the gate voltage applied to G2 (Fig. 3b). The
photovoltage being near zero for the gate voltages below 0.2V
(not large enough to induce p-n junction in graphene at the
places with light fields) is seen to increase sharply for larger gate
voltages, reaching the maximum value of ~ 5V at 0.4V gate
voltage. The drain photovoltage measured as a function of
the gate voltage (Fig. 3b) allowed us to restore the electro-
magnetic field profile of the GSP mode excited in the plasmonic
slot waveguide as described in “Discussion”. Note that the
maximum gate voltage applied and thereby maximum of
the p-n junction displacement was restricted by the electric
breakdown of the dielectric.

We have also measured both the photovoltage and photo-
current dependencies on the gate voltage directly with a source
metre (i.e., without using the lock-in detection) under the light
and dark conditions (i.e., with and without the incident light).
Two representative runs (demonstrating the repeatability of
measurements) are displayed for the light and dark photovoltages
(Fig. 3¢) and photocurrents (Fig. 3d) signals. Both light and dark
photovoltages show a non-zero limit at negative voltages which is
associated with the contact voltages. At the same time, the
difference between the dark and light photovoltages (the yellow
curve in Fig. 3¢) follows the same behaviour as that observed with
the lock-in measurements (Fig. 3b). The light and dark
photocurrents measured at the conditions of zero applied bias
voltage (Fig. 3d) behave similarly to the corresponding photo-
voltages (Fig. 3c). The dark current and voltage dependencies
connected by the Ohm’s law reflect the gating characteristics of
graphene strips (Supplementary Note 4 and Supplementary
Fig. 7). Besides, both light and dark photocurrents show a linear
dependence on the bias voltage between the source and the drain
(from —10 to 20 uV) provided the gate voltage applied to the
contact G2 is constant (Fig. 3e). Finally, the photovoltage was
measured to depend linearly on the incident light power (Fig. 3f)
as one would expect for the photo-response governed by the
photoelectric effect. It is worth mentioning that linear photo-
response could also be observed for thermoelectric effect at some
conditions?>38. Calculations of the thermoelectric contribution in
the linear approximation for our structures are provided in
Supplementary Note 7.

Discussion
Light propagation and field distribution in our device were
modelled with finite difference time domain (FDTD) simulations
(Lumerical) for the experimental geometry and conditions
(Supplementary Note 5), revealing details of the GSP mode
propagation and attenuation in the waveguide (Fig. 4a). The
simulated power transmission ratio P,,/P;, was 0.12%, which is
close to the experimentally measured ratio of 0.1%. To get more
accurate values of electric field distribution of the studied GSP
mode, we employed the two-dimensional (2D) mode analysis
using the finite-element method (FEM) implemented in COM-
SOL software (“Methods”). The 2D distribution of electric field
magnitude in the waveguide cross-section (Fig. 4b) represents a
typical GSP mode field profile in a slot waveguide, with the
electric field component E, (across the slot and in the graphene
plane) being strong and weakly varying (Fig. 4c) resembling the
electrostatic field distribution in a capacitor.

The main contribution to the photo-response in our geometry
comes from photoelectric effect in the p-n junction induced in

graphene by the gating voltage as discussed above. In order to
recover the mode profile along the graphene from the photo-
voltage dependence on the gate voltage (Fig. 3b), one should
verify linearity of the photo-response with respect to the mode
power (Fig. 3f) and correlate the position of the graphene p-n
junction and the gating voltage applied to contact G2 (Fig. 1c).
With this information at hand, we were able to plot the intensity
of the (GSP mode) electric field component in graphene plane as
a function of the p-n junction position, obtaining thereby the GSP
mode field profile in the plasmonic slot waveguide. Excellent
agreement between the calculated and reconstructed plasmonic
mode intensity profiles (Fig. 4d) demonstrates the success of
electrical mapping of optical field intensity using graphene.
The possible reason for a disagreement of profiles at large
gating voltages (that were needed to move the p-n junction in
graphene to the middle of the waveguide) is connected to larger
leakage currents inside the dielectric which break simple capaci-
tance relation between the applied voltage and the induced
charges in the graphene sheet. It is worth adding that the ther-
moelectric effect was often claimed to be the main contributor to
the generated by light signals in hybrid graphene/plasmonic
systems2>38. However, the calculations of the thermoelectric
contribution in the linear approximation for our structures
(provided in Supplementary Note 7) were not able to describe the
measured data.

The spatial resolution of this mapping depends on the
properties of the p-n junction induced in graphene. The spatial
resolution of our measurements was extracted from comparison
of the measured field profile with the calculated field distribu-
tion in Supplementary Note 6. This comparison yielded the
Gaussian apparatus function with width of 9.5nm and the
resolution at the full width at half maximum of the response
function of 22 nm. Since we applied the gating voltages of ~ 1V,
which is much smaller than 5.5V necessary to achieve Pauli
blocking in our devices, this implies that Pauli blocking did not
affect the light absorption in the induced graphene p-# junction.
Using the FDTD modelling we estimated the maximal photo-
current produced in the graphene p-n junction under our
experimental conditions as ~ 3nA, which is close to the
observed photocurrents (Supplementary Note 5). Finally, it is
worth stressing again that graphene does not significantly per-
turb electromagnetic field distributions due to small light
absorption. Our light-field imaging method is especially useful
for characterization of strongly confined optical modes sup-
ported by planar nanophotonic circuitry, since it allows natural
integration of intermediate graphene monolayers and gate
electrodes (which, potentially, can also be made from graphene,
thus, making the whole system even less invasive). An addition
of a graphene layer to a nanostructure is not a difficult process:
it requires several additional steps in the fabrication procedure
or one transfer step if we apply graphene to a ready-made
structure. The measurement procedure then requires only
simple optics and a source metre and, hence, is open to many
researchers. In our work, we have demonstrated only one-
dimensional (1D) imaging of plasmonic light fields. We note
that electric gates, necessary for implementation of our method,
could have other symmetry, e.g., we can use circular nano-
particles and circular gates, x-y gates, or we can place studied
nanoparticles (even made of dielectric) inside the plasmonic slot
waveguide and compare the field profiles with and without
nanoparticles. We can also envisage a creation of complex
moving p-n junction by a proper electron illumination. Even at
the simplest 1D realization described in our work, our techni-
que is already capable of achieving what none of existing
microscopy technique can achieve and we have no doubts that
it can be developed further.
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the input antenna (taken in the plane of the waveguide at the half-height of the waveguide and calculated with the help of Lumerical FDTD solutions).
b Simulated electric field distribution in the cross-section of the plasmonic slot waveguide calculated with the help of Comsol software. € The line-scan of
the norm of electric field calculated at the graphene position. d Comparison of the simulated field profile in the plasmonic slot waveguide (the red solid line)
with the reconstructed profile obtained with a p-n junction moved in graphene by gating (the blue circles).

Conclusion

We have suggested and experimentally realized the electro-
magnetic field mapping based on the photo-detection with a p-n
junction induced and moved inside graphene by an external gate
voltage. The spatial resolution of this electrical, rather than
mechanical, scanning technique is determined by the p-# junction
width of ~20 nm which can further be improved by decreasing the
thickness of the gating dielectric. The developed approach is
demonstrated with mapping the electric field distribution of a
strongly confined plasmonic slot-waveguide mode at telecom
wavelengths, resulting in the mode profile found in excellent
agreement with numerical simulations. Importantly, the developed
configuration exhibited also good electro-optical modulation
characteristics, featuring the modulation depth of 0.12 dB-um~! at
the gate voltage amplitude of 6 V. Our method of non-invasive
light mapping provides a fresh paradigm in nanoscale optical
characterization that ensures extremely high spatial resolution and
precision, offering at the same time promising opportunities for
nanoscale plasmonic on-chip devices.

Methods

Fabrication. To fabricate the devices, a piece of graphene grown on copper by a
chemical vapour deposition process was transferred on a Si substrate with top
1.5 um thick SiO, layer using a standard wet-transfer method: a layer of PMMA
was firstly spin-coated on the graphene, and then the copper underneath was
etched in an ammonium persulfate solution. The floating membrane was then
moved to deionized water with the help of a clean Si chip to remove the ammo-
nium persulfate residue. Finally, the PMMA/graphene membrane was fished with
the substrate. After that, it was left to dry for 24 h, and after drying, it was baked in

a hot plate at 170 °C (improving adhesion between graphene and substrate) for
15 min and then bathed in acetone for 10 min to remove the PMMA. The sample
was then put in isopropanol solvent for 10 min to clean residual acetone and dried
with a nitrogen gun. The area with good graphene quality was located by optical
microscopy. Electron beam lithography and O,:Ar plasma etch were used to define
two graphene stripes on the substrate. The dielectric layer pattern was defined by
electron beam lithography. Then, 30 nm hafnium oxide was deposited on the
substrate above two graphene stripes with the help of electron beam evaporation,
which was performed by Moorfield deposition system at a speed of 0.6 A/s. After
the lift-off procedure, the sample was cleaned with isopropanol alcohol (IPA) and
deionized water. The waveguide structure and contacts pattern were again defined
by a third electron beam lithography, using a 210 nm thick layer of PMMA and a
high-resolution 100 kV beam. The exposed areas were developed at 5 °C in methyl
isobutyl ketone:IPA mixture with ratio 1:3 for 40 s and then IPA for 20s. 1 nm Cr
as adhesion layer and 100 nm Ag were evaporated with Moorfield electron beam
deposition system, with a high deposition rate of 0.9 nm-s~! for the silver
deposition. After the final lift-off, the waveguide structures were imaged with a
scanning electron microscope (SEM). Then, the whole device was spin-coated by a
1.5 um thick PMMA layer to protect silver from oxidation. More details on sample
fabrications, measurement procedures, and results can be found in ref. ¥.

COMSOL simulations. Mode analysis was performed using FEM implemented
in RF module of COMSOL software (version 5.3). As can be seen in Fig. 4b,
edges of silver electrodes were rounded with a 20 nm radius of curvature to
avoid artificial singularities and influence of mesh discretization, which should
better represent the fabricated geometry. All material properties were the same
as in 3D FDTD simulations, and graphene layer was assumed to have no
influence on the mode profile and, thus, not included into simulations.

A standard triangular mesh was applied, with a maximum mesh element size of
10 nm inside silver and (190 nm)/n everywhere else, where n stands for the
refractive index of correspondent material. The mesh of the line, corresponding
for the position of graphene, was refined to decrease the mesh size down to
~1 nm. The whole simulation domain size was 14 x 14 um?, with perfect electric
conductor boundary conditions. The convergence of simulations was verified by
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varying the meshing and domain size. We also verified the waveguide light
profile with the help of an alternative FDTD software3.

Data availability
The data that support the findings of this study are available from the corresponding
author ANG upon reasonable request.
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