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Broadband gate-tunable terahertz plasmons
in graphene heterostructures
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Graphene, a unique two-dimensional material comprising car-
bon in a honeycomb lattice’, has brought breakthroughs across
electronics, mechanics and thermal transport, driven by the
quasiparticle Dirac fermions obeying a linear dispersion®3.
Here, we demonstrate a counter-pumped all-optical differ-
ence frequency process to coherently generate and control
terahertz plasmons in atomic-layer graphene with octave-
level tunability and high efficiency. We leverage the inherent
surface asymmetry of graphene for strong second-order non-
linear polarizability**, which, together with tight plasmon field
confinement, enables a robust difference frequency signal at
terahertz frequencies. The counter-pumped resonant process
on graphene uniquely achieves both energy and momentum
conservation. Consequently, we demonstrate a dual-layer
graphene heterostructure with terahertz charge- and gate-
tunability over an octave, from 4.7 THz to 9.4 THz, bounded
only by the pump amplifier optical bandwidth. Theoretical
modelling supports our single-volt-level gate tuning and
optical-bandwidth-bounded 4.7 THz phase-matching measure-
ments through the random phase approximation, with phonon
coupling, saturable absorption and below the Landau damping,
to predict and understand graphene plasmon physics.

The discovery of graphene has spurred dramatic advances rang-
ing from condensed matter physics and materials science to physi-
cal electronics, mechanics and thermal processes. In optics®, the
additional chiral symmetry of the Dirac fermion quasiparticles
of graphene® enables optical conductivity defined only by the
fine structure constant na (ref. °), one that is remarkably charge-
density-tunable'”'" and with broadband nonlinearities'*". The col-
lective oscillations of the two-dimensional correlated quasiparticles
in graphene'® naturally make for a fascinating cross-disciplinary
field in graphene plasmonics', with applications ranging from
tight-field-enhanced modulators, detectors, lasers and polariz-
ers to biochemical sensors'®-*’. Unlike conventional noble metal
plasmons, graphene plasmons are dominant in the terahertz and
far-infrared frequencies®. To excite and detect these plasmons, spe-
cialized techniques such as resonant scattering nanoscale antennae

near-wfield microscopy or micro- and nanoscale scattering arrays
havebeenpursued,albeitstillusingterahertz/far-infrared sources-*.
Recently, nonlinear optical processes, only with free-space experi-
ments, have proven especially effective in generating graphene
plasmons with efficiencies up to 10~° (refs **). However, it has been
challenging to generate, detect and control on-chip graphene plas-
mons all-optically, a key step towards planar integration and next-
generation high-density optoelectronics.

Terahertz generation has recently been revisited in a number of
studies for imaging, spectroscopy and communications®. Wide tera-
hertz tunability can provide new grounds for broadband stand-off
spectroscopy and wavelength-agile ultrahigh-bandwidth communi-
cations, but tunability in terahertz materials has been limited so far
(Supplementary Table 1). Here, we demonstrate experimentally the
charge- and gate-tunability of terahertz plasmons over an octave,
from 4.7THz to 9.4THz, bounded only by the pump amplifier
optical bandwidth. Through the surface asymmetry of dual-layer
graphene heterostructures and tight plasmon field confinement, we
leverage the intrinsically strong second-order nonlinear polariz-
ability y® for difference-frequency coherent terahertz generation.
We implement a chip-integrated counter-pumped resonant process
for frequency- and phase-matching over an octave of the full-scale
terahertz carrier frequency. Our designed heterostructure achieves
widely tunable terahertz generation via gating at the single volt level,
matching our conductivity models and numerical predictions.

Figure la shows the graphene on silicon nitride waveguide
(GSiNW) architecture studied in this work. The GSiNW has a bot-
tom atomic layer of graphene connecting the drain and source con-
tacts, a layer of alumina functioning as a thin dielectric barrier, and a
second atomic layer of top graphene connecting the gate. The silicon
nitride waveguide is 1 pm wide and 725nm in height, and the gra-
phene-Al,O,-graphene hybrid heterostructure is assembled with
direct contact to the nitride core, enabling effective light-graphene
interaction along the ~80pm waveguide overlap region. The
waveguide input-output regions are tapered for effective on/
off-chip coupling. Details of the nanofabrication are provided in
Supplementary Section 3. The graphene layers serve simultaneously
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Fig. 1| Generating and controlling terahertz plasmons in graphene heterostructures via counter-pumped all-optical nonlinear processes. a, Schematic of
the dual-layer graphene hybrid for difference frequency generation (DFG) via counter-pumped surface y*» nonlinearity. Dual-layer graphene is deposited
onto a silicon nitride waveguide core (GSINW) with an AL, O, spacer. Inset: Dirac cone structure of the DFG process. b, Top-view microscope image of

the GSINW. Bottom and top graphene layers are indicated by blue and white dashed boxes, respectively. Dark left-to-right horizontal lines are the Si;N,
waveguides (the selected waveguide is indicated by a red dashed line), orange rectangles are the source and drain contacts, and the gate contact on

the surface is bright yellow. Scale bar, 50 pm. ¢, Measured optical transmissions. Blue shaded curve: SINW without graphene layers. Red shaded curve:
GSiINW. White and black dashed curves: modelled linear transmissions. Inset: Modulated pump RF spectrum, with the 39.1MHz peak from the mode-
locked pulse train, and 100 kHz sideband harmonics from the sinusoidal modulation. d, Measured DFG-based signal enhancement in the optical spectra.
With f, scanning, DFG induces an additional 0.3 a.u. measured enhancement, as marked by ‘Alpes’. When V=0V (left), a distinct peak is observed at
1,593.2nm. When V;=-0.7 V (right), two enhanced DFG peaks are observed separately (1,593.7 nm and 1,607.2 nm), corresponding to the top- and

bottom-layer graphene plasmons, respectively.

as active electrodes, the second-order nonlinearity medium and
the nanoscale plasmon waveguides. The surface asymmetry of gra-
phene has an effective second-order nonlinear polarizability y,*
described approximately as
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where f, f, are the frequencies of the pump and signal laser,
e=—1.6X10""C is the unit charge, % is the reduced Plank’s con-
stant, y is the scattering rate of graphene, v; is the Fermi velocity,
hky=h(2m E;)"* is the Fermi momentum, and fikg, is the counter-
pumped phase-matched momentum. The detailed derivation is
shown in Supplementary Section 2. The pump and signal lasers are
launched into the GSiNW in opposite directions, as shown in Fig. 1.

The on-chip difference frequency generation (DFG) process
for terahertz plasmon generation is shown in the inset to Fig. la
and in Fig. 2a. Driven by the y.? polarizability, the energy of one
pump photon is distributed into the lower-energy signal photon
and a plasmon. In the GSiNW, the photonic modes propagate along
the Si,N, core in opposite directions while the plasmonic mode

co-propagates along the graphene interface in the same direction as
the pump. Our counter-pumped nonlinear phase matching scheme™
satisfies both energy conservation (f;, + f,=f,) and momentum con-
servation (ks, = k, + k,), where f;p, f, and f, are the plasmon, signal and
pump frequencies, respectively. fikgy, ik, and ik, are the momenta
of the plasmon, signal and pump, respectively. Based on the opti-
cal dispersion k = 2nfn/c, the phase-matching condition is achieved
when fin, - fohg = —f,n,, where n,, n, and ng, are the effective indices
of the plasmon, signal and pump, respectively. In addition, we note
that both the optical pump and signal wavelength modes propa-
gating along the graphene-Al,O;-graphene-Si,N, heterostructure
are transverse magnetic (TM) polarized. Optical TM polarization
enables strong evanescent field interactions with the graphene lay-
ers, and both being TM enables DFG plasmon generation.

The surface plasmon polariton frequency f;; is determined by the
Fermi-level-based graphene dispersion, with a plasmon frequency each
for the top and bottom graphene layers. First consider the case of zero
gate voltage. In our dual-layer graphene-Al,O,-graphene capacitor at
zero gate voltage, both the top- and bottom-layer graphene are intrinsi-
cally positively charged (p-doped; top Fermi level Ejy~bottom Fermi
level Eyy~—50meV) due to carrier trapping. With the small (30nm)
interlayer distance between the top- and bottom-layer graphene, the
plasmon modes weakly couple to form two hybrid modes—symmetric
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and antisymmetric. In the low-frequency regime, the dispersions of the
symmetric and antisymmetric modes are consequently described as

2
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Here, € is the background permittivity and d is the dielectric layer
thickness. The symmetric mode is observed in our measurements
while the antisymmetric mode is strongly damped and hence hard
to observe experimentally. Detailed numerical calculations are
shown in Supplementary Section 2.

Next we consider the case of applied gate voltages V. The Fermi
levels of the top and bottom graphene are significantly and oppo-
sitely tuned, with |E|=|Eg+Eg| and |Ey|=|Eg— Eg|, where Eg
(=h|vg|(=N)~"2) is the quasi-Fermi level determined by the gate-
injected electron density N and Fermi velocity v, This modulates
the plasmon mode dispersion—and hence DFG phase matching—
with an order-of-magnitude larger modulation than the mode-
splitting frequency change at zero voltage. The difference in the top
and bottom graphene Fermi levels (when gated) leads to different
top and bottom plasmon frequencies, and thus negligible interlayer
plasmon coupling. Figure 1b presents a top-view optical micrograph
of the nanofabricated source-drain and gate electrodes on the gra-
phene-Al,O,-graphene hybrid heterostructure. The top and bot-
tom graphene layers are denoted by white and blue dashed boxes,
respectively, the selected core waveguide is denoted by a red dashed
line, and the yellow areas show the gold contact electrodes (with the
top gate brighter than the source and drain electrodes because it is
patterned above the Al,O; dielectric).

The DFG experimental set-up consists of a mode-locked pico-
second pump pulse at a repetition rate of 39.1 MHz launched into
the GSINW from the left, with an amplified continuous-wave (c.w.)
signal counter-launched from the right, both in TM polarizations.
The detailed experimental set-up is provided in Supplementary
Section 4. Figure 1c shows an example time-domain modulated
transmission, with ~200W pump peak power and at 1,532nm.
With graphene saturable absorption, the broadband transmission
of the high-peak-power pulsed pump is ~2.1 dB higher than under
a c.w. pump of the same average power. With the modulated pump
pulses together with a counter-pumped c.w. signal, the resulting
observed transmission envelope waveform is sinusoidal with satu-
rable absorption-induced modulation. The modelled saturable
absorption transmission and modulation are also shown in the
black dashed curves of Fig. 1c.

As noted in Fig. 1a, we search for plasmon generation experi-
mentally by monitoring the signal intensity as a function of the
swept c.w. signal frequency, with the pulsed pump laser switched
on. With the presence of the plasmon in the DFG phase-match-
ing process, the signal intensity will rise as shown in Fig. 1d, left
(Alppg). In this case, the pump laser is fixed at 1,532nm
(195.82THz) and the c.w. signal laser is swept from 1,570nm
to 1,610 nm (191.08 THz to 186.34 THz) at a scanning rate of
Inmms™. To directly detect this DFG plasmon signal over noise,
we implemented a 100 kHz modulation on the mode-locked pico-
second laser, with lock-in filtering, amplification and balanced
detection. In Fig. 1d, left, the measurements were carried out at
V;=0V. The plasmon is detected when the signal photon is at
1,593.2nm (188.4THz) in this case—this corresponds to a plas-
mon frequency fg, of 7.5 THz. The pump on-off intensity contrast
ratio is measured to be ~1.7a.u. (with the pump off lock-in sig-
nal referenced to zero), which arises from the residual saturable
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absorption modulation as mentioned above With the presence
of the DFG plasmon, an additional 0.3 a.u. peak intensity contrast
(AIpgg) is observed. In Fig. 1d, right, when V;=—0.7V we observe
two enhanced peaks at 1,593.7nm (188.2THz) and 1,607.2nm
(186.7 THz). This corresponds to a top and bottom graphene plas-
mon frequency at ~7.6 THz and 9.2 THz, respectively.

With the gate voltage applied, the Fermi level is tuned from E;
to E;' and f, changes to f,'. Correspondingly, the enhanced sig-
nal f, shifts to f=f,—fs’. We measure the correlation of E; with
V, through Ig,-V,; measurements, as shown in Fig. 2b. Here, I, is
the source-drain current and Ry, is the source-drain resistance.
In our chip, when tuning V; up to +4V, I, changes from 1.29p
A to 1.47pA; correspondingly, Ry, is in the range of 6.9-7.8kQ.
(At V=0, E;y=Ey=—-50meV due to intrinsic doping.) When
close to the Dirac point (Vp,,.=0.25V), graphene has the high-
est sheet resistance. Accordingly, |Eg| is estimated to be tuned in
the range 0 to ~270meV. When Vj; approaches 0.25V (-0.25V),
E; of the bottom (top) graphene reaches close to the Dirac point
(Supplementary Section 4.4). Furthermore we note that, when E;
changes, the effective second-order nonlinear susceptibility y.;* of
the graphene also changes, as shown in equation (1). Consequently,
the plasmon intensity (Iy;) and signal intensity enhancement
(AIyg) would also be gate-tuned.

With the gate tunability of E;, we observe tuning of the gra-
phene terahertz plasmon signal, as shown in Fig. 2c. In the top
panel of Fig. 2c, when Vj increases from —0.7V to —0.3V, the
DFG enhanced signal peak of the bottom layer (4,;,) blueshifts
from 1,607.2 to 1,601.3 nm, with intensity increasing from 0.28
to 0.37a.u (at V;=-0.4V), then decreasing back to ~0.32 (at
V;=-0.3V). Simultaneously Ay, and the intensity of the top
layer decreases significantly. In the bottom panel of Fig. 2¢, as we
further increase Vi from —0.2'V to 0.2V, the signal peak generated
by the bottom-layer graphene plasmons blueshifts from 1,598.6
to 1,578.1nm, with intensity decreasing from 0.35 to 0.09a.u.
However, the signal peak generated by the top-layer graphene
plasmons begins to reappear from —0.05V and then redshifts to
1,601.6nm with intensity increasing to 0.11a.u. In Fig. 2c¢, the
measured Al of bottom (top) layer graphene is 0.37a.u. at
Ver—0.4V (0.11a.u. at V3=0.4V). The Al,y; of the top layer
graphene is approximately three times weaker than the Al of
the bottom layer, because the top-layer graphene is farther from
the waveguide core, where the evanescent field overlapping of the
pump and signal are weaker.

Figure 2d analyses the observed gate tuning of the terahertz gra-
phene plasmons. Blue circles and red diamonds are measured results
and solid curves are theoretical fittings. With the bottom- and top-
layer graphene having the same carrier densities (for example,
Mgearon O the bottom layer equals 7, on the top layer), they have
symmetrical curves. Limited by the L-band amplifier spectral win-
dow and the +0.04 a.u. noise, plasmons with f;, higher than 9.4 THz
or lower than 4.7 THz are difficult to determine rigorously. We note
that our demonstrated plasmon tuning range from 4.7 to 9.4 THz
already spans over an octave, the full scale of the carrier plasmon
frequency. Based on the measured results, Fig. 2d also provides the
tunable effective index ng, and the tunable plasmon wavelength Ag,
by making use of the dispersion relationship ng, = (f,1, + fn)/(f, - f.)
and Agp = ¢/ (fphigp) = c/(f,n, + f;n,). Here f, is fixed at 195.8 THz. For
the bottom-layer graphene when V;; approaches V.., 115, increases
from ~69 to 116; correspondingly, A, changes in the range 460-
466 nm during gate voltage modulation. The top-layer graphene has
a symmetrical ng-V; measured dependence. This result supports
that a lower Fermi level (closer to the Dirac point) could bring bet-
ter plasmonic confinement.

To further understand gate-tunable plasmon generation, we
investigated its phase-matching conditions (Fig. 3). To generate
the terahertz graphene plasmons, the phase-matching conditions
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Fig. 2 | Observation and gate tunability of the DFG graphene plasmons. a, Nonlinear process of the DFG. Under different tuning of graphene E, both

the intensity and frequency of the plasmons could be tuned, which corresponds to a nonlinear enhancement on the signal intensity in the 1,570-1,610 nm
wavelengths (L band). b, Top: Measured s~V correlation and sheet resistance of the GSINW (blue dots) under a fixed V¢, of 10 mV. Bottom: Derived
Fermi level of the bottom-layer graphene (blue) and top-layer graphene (red), based on the measured Is,-V correlation. €, Measured spectra of Alys. The
V mapping step is 50 mV, with the bottom- and top-layer graphene DFG peaks marked by blue and red arrows, respectively. d, Gate-tunable parameters
of the DFG plasmons. From top to bottom: observed frequency fs;, intensity Alpgg, effective index ng, and wavelength A, as a function of gate voltage V.

In d, solid curves are theoretical fittings, the band limitation of our L-band erbium-doped fibre amplifier (EDFA) (1,570-1,610 nm) is marked by the yellow
region and the background noise up to approximately +0.04 a.u. is marked by a grey area and error bars.

of the counter-pumped DFG and dispersion of the plasmonic
modes must be satisfied simultaneously. By using random phase
approximation (RPA), we map the graphene plasmon dispersion
at V;=0V in Fig. 3a,b; here, both the top- and bottom-layer gra-
phene have the same |Eg|. The photon-electron interaction loss Lgp
is normalized. In the regime where the graphene f;, is much lower
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than the Landau damping, the dispersion of graphene plasmons
ke (fsp) behaves approximately as a quadratic function (kg o fip?).
In the fo,—kgp band-structure map, the phase-matching condition of
the DFG could be written as (c/2m)kgp = —fopn, +£,(11,+1,), shown
as grey solid lines (near-vertical lines) in Fig. 3a,b. Here, 1, and n,
are the effective indices of the pump and signal. Hence, in Fig. 3a,b,
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Fig. 3 | Counter-pumped phase-matching conditions. a, Counter-pumped phase-matching condition meets the graphene plasmonic dispersion, for

V=0 V. Green dashed curve: calculated dispersion of each graphene atomic layer. Blue solid curve and yellow dotted curve: symmetric and antisymmetric
mode dispersions, respectively, when interlayer plasmonic coupling is taken into consideration. Top-down grey solid line: DFG phase-matching condition.
Blue circles and green triangles: measured data points from Fig. 2 and Supplementary Fig. 5.3, respectively. b, Zoom-in of a. Grey solid lines: phase-
matching cases on tuning 4, from 1,532 nm to 1,552 nm, with fs, from 7.5 THz to 7.4 THz. ¢,d, Under V;=-0.7V and 0.2V, respectively, dispersions of the
bottom-layer graphene (blue dashed curves) and the top-layer graphene (red dashed curves) are tuned. Measured DFG frequencies on the bottom and
top graphene layers are marked as blue circles and red diamonds, respectively. Note that the change in polarity of V swaps the bottom- and top-layer

dispersion curves. In all panels, intensity is normalized.

plasmons are generated only at the intersections of the graphene
dispersion curves and the DFG phase-matching lines.

At V=0V, the Fermi levels of the top and bottom graphene
layers are nearly the same. As a result, fg, of both the top and bot-
tom graphene layers are essentially the same, at ~7.5THz in the
experiment, as the measured blue dots show in Fig. 3b. This is
~0.3THz higher than the numerical calculation (green dashed
curve), which did not consider the weak interlayer plasmon cou-
pling between the bottom and top graphene layers. When this
interlayer plasmon coupling is taken into account in the numerical
calculations, the green dashed curve moves up to the blue solid
line in Fig. 3a,b. This is the symmetric mode of the dual-layer
graphene (the antisymmetric mode has strong damping and is
thus hard to observe). There is a good match between the mea-
sured blue dots and the numerically calculated blue solid line.
Detailed theoretical discussions are provided in Supplementary
Section 2.4. For comparison and verification we also measured fg,
at V=0V in another GSiNW sample with a 60nm AlLO; layer,
which then has negligible interlayer coupling. This is shown as
green triangles in Fig. 3b, which match the green dashed curve
well. Details of the 60 nm Al,O, dielectric device are also shown in
Supplementary Fig. 5.3.

Moreover, to verify that f;, matches the plasmonic dispersion
curve, we changed f, to vary the DFG phase-matching points, as
illustrated in the zoomed-in Fig. 3b. By tuning 4, from 1,532nm to
1,542nm (195.8 THz to 194.6 THz), we observe that the enhanced
signal peak location A, changes from 1,593.2nm to 1,603.0nm
(188.3THz to 187.2THz). Hence, f;, decreases from 7.5THz to
7.4THz, and the trace follows the graphene plasmonic dispersion
well. The measured spectra and 1,—4, correlation is described in
Supplementary Section 5.4. When we tune the gate voltage, the
dispersion curves of the bottom- and top-layer graphene move
independently. As a result, the generated plasmons on the bottom
and top atomic layers have different f, supporting the results of
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Fig. 2. For instance, Fig. 3c,d, shows the scenarios of V;=—-0.7V
and V;=0.2V. Here, f, is fixed at 195.8 THz, and blue circles and red
diamonds show the measured results for the bottom- and top-layer
graphene, respectively (notice the change in polarity of V; swaps the
bottom and top fqs).

We next examine the intensity of the DFG plasmons (Ig). In the
DFG process, Iy, is proportional to the intensity of the pulsed pump
I, and the intensity of the c.w. signal I, as

@),2

[ et ) 1ol
SP— 2
Lép

(4)

Detailed theoretical derivations are shown in Supplementary
Section 2.3. In the experiment, I, could be directly estimated from
the measured AL, Applying the Manley-Rowe relation, that is,
the conservation of photon numbers, we can rewrite this relation-
ship as

Js

Ip=Alppg——"— 5
fp __fSP ( )
By fixing the signal intensity at 1.4 W and f, at 195.8 THz, we
illustrate the spectra of Al in Fig. 4a,b. In Fig. 4a, V;=0V, and in
Fig. 4b, V;=—0.7 V. For either the bottom- or top-layer graphene,
Al increases linearly when I is increased from 0 to 32mW. The
insets of Fig. 4a,b summarize the Alps/Al, correlations, with a
slope on the order of 10°a.u.mW~". Considering the optical loss
and amplifications, we estimate the plasmons generated on-chip are
on the order of single nanowatts.
We also examine the conversion efficiency of the second-order
nonlinearity-based plasmon generation in Fig. 4c,d. Here, we
define the conversion efficiency n=1I/II, From equation (1), by
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Fig. 4 | Conversion efficiency. a, Under V;=0V, the measured spectra of the 1,593.2 nm enhanced peak are plotted. The peak intensity increases linearly
from O to 0.3a.u., with /, rising from O to 32 mW. b, Under V;=—-0.7V, the measured spectra of the enhanced peaks located at 1,593.7 nm (bottom layer)
and 1,607.4nm (top layer) are plotted. Peak intensities also increase linearly. Insets in a and b show the measured /,-Aly correlations. ¢, Calculated y.?®
(red curve) and 1/L, (blue curve) during gate tuning. With increasing E;, graphene offers a lower y.? but higher 1/L,. d, Overall conversion efficiency

n of the DFG graphene plasmon, proportional to y.?/Ls. 1 increases first, and then gradually decreases when |E| is higher than 0.13eV. Black circles:
measured results, with a peak value of ~0.6 x107%. Error bars are standard error arising from the intensity noise in the measurement. e, Lifetime (z¢;) and
Q factor of the generated plasmons, according to the measured Al linewidth.

normalizing the pump power, 17 = (y.4?/L). For f,=f.>> fo, 1 could
be approximately written as
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where m, is the electron rest mass, y is the scattering rate, # is
the reduced Planks constant and v; is the Fermi velocity at
~10°ms™.. In the GSINW, y,? and 1/Lg, are of opposite trend:
when E;=0eV, graphene has the largest y.?; however, its carrier
density is minimal and Lg,— o0, and the graphene plasmon is com-
pletely damped. When E; is high, due to the high carrier density, Ly,
could be low, but y,? approaches 0. As a balanced trade-off, with
increasing Fermi level, # rises first and then drops gradually when
E;> 130 meV. This means, by selecting a proper |Vg— V. |2 0.5V
to ensure E.~130meV, we can find a highest & 6X10°W~".
Under a tuned Ej, 7 of the bottom and top graphene layers can
indeed be degenerate.

In this Letter, by using counter-pumped y® DFG, we demonstrate
terahertz plasmon generation and control in chip-scale integrated
graphene. With a dual-layer graphene heterostructure, our counter-
pumped configuration enables phase and frequency matching, with
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robust DFG signal detection through lock-in and balanced detection.
The coherent DFG excitation is gate-tunable for both graphene layers,
with symmetric-antisymmetric frequency crossing between the two
layers and with tunability from 4.7 to 9.4THz, a tunability over an
octave. Under positive and negative gate voltages, we observe the plas-
mon dispersion frequencies exchange between the top and bottom
graphene layers, with a linewidth quality factor that increases slightly
with fg, up to ~60. The optimal planar terahertz plasmon generation
efficiency approaches 10~ when the Fermi level is 0.13 eV, drawing
from a trade-off with larger y*® but larger plasmon loss from phonon
coupling (Lgp) with smaller E;. These observations on chip-scale gra-
phene terahertz plasmon generation and control open a new archi-
tectural platform for widely tunable terahertz sources, gate-tunable
metasurfaces and two-dimensional atomic crystal optoelectronics.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/541566-017-0054-7.

Received: 18 May 2017; Accepted: 24 October 2017;
Published online: 11 December 2017
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Methods

Plasmon generation via counter-pumped surface y® nonlinearity. Detailed
theoretical analysis is provided in Supplementary Section 2, which describes
dispersion of the silicon nitride waveguides, phase-matching conditions on the
GSiNWs, graphene index modulation, the DFG process, nonlinear conversion
efficiency and dual-layer graphene plasmonic coupling.

Nanofabrication of the graphene-based semiconductor chip. The top oxide
cladding of the silicon nitride waveguide core was chemically etched with a wet
buffered oxide etch to increase the evanescent field coupling to the graphene.
After etching, the distance between the core and the top surface was less than

20 nm, ensuring a good light-graphene interaction. Monolayer graphene was then
grown by chemical vapour deposition (CVD) and transferred onto the chip using
a conventional wet transfer technique, followed by patterning by photolithography
and oxygen plasma etching. This graphene layer is regarded as the bottom-layer
graphene with dimensions of 100 um X 40 um. After graphene transfer, a Ti/

Au (20/50 nm) pad was deposited using electron-beam evaporation to serve as
source—drain electrode. Using the source and drain, the resistance of the bottom-
layer graphene could be measured. Subsequently, a thin 40 nm layer of Al,O, was
deposited using atomic layer deposition, providing sufficient capacitance for the
graphene based semiconductor chip. Another graphene layer deposited on top

of the AL,O; insulator was linked to the gate electrode. The fabrication process

NATURE PHOTONICS | www.nature.com/naturephotonics

for the graphene-based semiconductor chip is shown in Supplementary Fig. 3.1.
Characterization of the nanofabrication is shown in Supplementary Section 3.2.

Experimental arrangement. To enable detection of the DFG plasmon signal, four
experimental techniques were implemented: (1) both the pump and the signal

were TM polarized, maximizing the graphene-light interaction; (2) a mode-locked
picosecond pulsed laser served as the pump, allowing the maximum effective energy
density in the GSINW to reach 50 mJ cm?, ensuring that the DFG process was fully
excited; (3) the c.w. signal was amplified to have a maximum power of 1.6 W, which can
effectively pre-saturate the graphene layers, further increasing the surface ¥ efficiency,
decreasing the loss and reducing the effect of a high-peak-power pulse-induced

optical modulation; (4) balanced photodetection (BPD; New Focus 2017) and lock-in
amplification (Stanford Research Systems 830) were implemented so that the original
d.c. background of the signal was suppressed, with the balanced signal further filtered
and integrated (up to 100 ps) in a lock-in amplifier, amplifying the selected signal
dramatically (up to 60 dB) and suppressing white noise effectively. The bandwidth of
our BPD and lock-in amplifier was on the scale of hundreds of kilohertz, so we used a
100kHz sinusoidal waveform to modulate the pump pulses in a slow envelope. Details
of the experimental architecture are shown in Supplementary Section 4.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding authors upon
reasonable request.
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S1. Comparison of THz sources

Motivated by graphene’s unique tunability, long-lived collective excitation and its extreme light
confinement, we find an attractive potential of graphene plasmons to realize tunable THz sources [S1].
Table S1 compares some typical THz sources (0.1~50 THz) reported previously [S2-S11]. The unique
advantage of the THz plasmon generation in graphene heterostructures is its wide tunability,
approximately 10 times higher than the state-of-art tunable QCLs and undulators.

Table S1 | Comparison of the THz optical sources

Output frequency

Tunability

Potential

Type (TH2) (TH2) Tuning frequency via to be fast Ref.
Conventional QCLs 20 n/a [S2-S3]
DFG based on crystals 14 ~4.7 (4.7t09.4THz)  changing seed frequency No [S4]
Frequer_lcy comb based on 161 n/a [s5]
microresonator
Frequency comb + QCL 25 n/a [S6]
QCL + DFG 34 ~074 (3T3H7 22) 03446 uning temperature No [S7]
QCL + gratings 384 ~060 (315_;"_?27) to 38.67 tuning temperature No [S8]
~ modulating static bias
QCL + DBR + DFB 3.8 ~0.6 (3.4t04 THz) (temperature) No [S9]
Cherenkov DFG 3 ~3.6 (171053 TH2) mta“”ggt:‘aeti‘r’]g”“t'on No [510]
. . changing the diameter of
Helical undulator 0.1,02,04 not continuous - No [S11]
nanowire
Graphene plasmonic 7 ~4.7 (4.710 9.4 THz) tuning gate voltage Yes This work

heterostructure

limited by EDFA

Table S2 compares graphene plasmon

generation, observation and control in this work with the

S-2



state-of-literature techniques [S12-S20]. Figure S1 maps the performances of the state-of-art gate tunable
graphene plasmons reported recently. Figure Sla shows, by using ultrathin Al,O3 dielectric barrier
between dual layer graphene, we achieve an octave tunability, for the first time. Under single volt gating,
Fermi level of the graphene atomic layers in our GSiINW can be modulated across the Dirac point. Figure
S1b shows, the efficiency of gate tunability in this work is near 1 order higher than the published
state-of-art works. Figure 1¢ maps that this work is unique using ‘C+L’ optical sources, which is cheap
and widely applied in optical systems. Figure 1d highlights that compared to other graphene plasmon
generations based optical nonlinearities, the on-chip waveguide design with ~ 1 pm® mode field area
enables this work without OPA or femtosecond pump, we apply a ps pulsed pump with 40 mW maximum
average power (200 W peak power), the on-chip peak power density can reach 10 GW/cm?, which is = 1
order higher than previous reports based on out-of-plane implement. The GSINW design enables the

nonlinear process higher efficiency.

Table S2 | Comparison of the graphene plasmon generation and control.

Excitation

Gate

Device design Sehorme Wavelengih Observation method tunability Ref.
Monolayer graphene Out-of-plane Mid-infrared (9.7 to 11.2 um) s-SNOM Yes [S12-513]
sample pump
Monolayer graphene S .
encapsulated with h-BN Out-of-plane Mid-infrared (ultrafast; ~ s-SNOM Yes [S14]
200fs) probe — infrared pump
sample
Monolayer graphene Out-of-plane Mid-infrared (10.2 to 11.1 um) 5-SNOM Yes [S16]
nano-antenna sample illumination
Monolayer graphene vy Mid-infrared (10 to 12) um )
nanoresonator sample Out-of-plane pump s-SNOM No [S18]
Monolayer graphene Out-of-plane . Mid-infrared optical .
nano-island sample SHG/THG Mid-infrared source spectroscopy Potential [517]
Out-of-plane All-visible wavelength
Monolayer graphene sample DEG 1-kHz 100-fs mJ pump-probe mJ pump-probe No [S20]
Monol_ayer graphene Out-of-plane Fourier transform infrared Fourier transform Yes [S15]
nanoribbon sample broadband source spectroscopy
Monol_ayer graphene Out-of-plane Broadband infrared source Fourier transform No [S19]
nanoribbon sample spectroscopy
Dual-layer heterogeneous In-plane r y
graphene; integrated with counter-pumped él Ibr;(ra]zr) ngwd r%lélese(?_ %l;rr?g) o ,?il(lzar;esare::r::(rg:;d Yes this work
on-chip waveguides DFG P P P Py
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Figure S1 | Comparison on the gate-tunable THz plasmons. a, Comparison of gate-tuning efficiency
[dfs/fsp/dV] for different studies. b, Comparison map of fsp with Vg for different studies. ¢, Zoom-in of
our fsp versus Vg for the top and bottom graphene layers. d, Comparison map of [dfsy/fs;] versus source
frequency across a number of studies.

S2. Theoretical analysis

S2.1 Dual layer graphene — optical waveguide interaction

Figures S2.1a and S2.1b show the cross-sectional views of the dual-layer graphene nitride and the
original nitride waveguide. Figure S2.1c shows the computed effective index dispersion of the TM
fundamental mode in the graphene based silicon nitride waveguide, calculated via finite-element method
with COMSOL commercial software. Here the index of silicon nitride material ranges from 1.9886 to
1.9904 (188 THz to 200 THz) [S21], the index of SiO, cladding is fixed at 1.4462, and the index of air is
1. To model the phase matching in dual-layer graphene structure, the effective graphene and pump-signal
mode indices need to be examined. For the graphene-nitride structure, the fields of the TM fundamental
mode transmitting along a conventional waveguide [S22] can be written as

rBleikzt cos (kzhzcore _ )expk ( core __ y) y > hc;)re

B, =+ B,e*zt cos(k,y — @), — heore y < hc;’re (S1)

LBgeikzt oS (kz core 4 (p) expks ( core +y) y < leore hme

ick.1B 1 koh h
( 1 1elkzt COS( 2 2core _ (p) ekal( core _y) y > [core Ncore

wWEq
ick,B, h
Ey :< ICKy zelkz COS(ka q)) core < y < Zeore Ncore (82)
WE>y 2
k_ iCZ:ZB3 eikzt cos (kzhcore + (p) expk ( core y) y < [core hcore
3
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B3 are the maximum magnetic field intensities in air, core and SiO, under the core, and ko?+k,? =
ex(w/c)?, -kP+k? = e(w/c)’, k*+k? = e(w/c)* are the propagation constants. e, e, 3 are the
permittivities of the zone 1, 2, and 3, respectively. Here €1,35=n1 3%, ¢ is the phase constant, and w=2xf is
the frequency. For the propagation mode, the propagation constant ky satisfies

kv k kv k kv k ki1 k
tan(kyhcore) = e_yei EZ Ez)(EZE_Z_E_iG_z) (S3)
tan(2¢) = (22 - 2222 L 20y (S4)

€y € €1 €3

Because graphene is of considerable index ng and conductivity oy, it can dramatically modify the
boundary conditions. Referring the electromagnetic boundary conditions on the dual layer graphene layer

€1Ey — €E;, = pg, By — B; = 04k, (S5)

Here pg> 0 and g4> 0 are the surface charge and conductivity of the layer. For z — <o, the simulated
E-field distributions for the GSINW are shown in Figure S2.1d. Light interacts with graphene layers via
the evanescent field. Here graphene-Al,Os-graphene layer is of 0.4 nm + 30 nm + 0.4 nm thickness.

| Fixed hy,, 725 nm

a b c ) :
T Weore Aoxide 1 G 5 -
= = AO; % o
2 SN, I Peore 2 SiN, 3 o
i : g
Sio, 3 Sio, i
T s .-
Si substrate Si substrate £ " ]
Weore (um) FE= L f(TH)
d

Weore=1.0 UM hiege=0.725 um Were=13 um  h,=0.725 um Weore=2 MM h:=0.725 pm
With DLG With DLG WithDLG

a1~

Figure S2.1 | Mode distributions. a, Cross-section of the original silicon nitride waveguide without
graphene coverage. b, Cross-section of the silicon nitride waveguide with graphene-Al,Oz-graphene
coverage. ¢, Effective index dispersion of the fundamental TM mode in the silicon nitride waveguide,
meshed in the waveguide width (wcore) and guided frequency (f) map. d, Simulated E-field distributions of
the fundamental TM modes in the GSINW with Weore = 1 um, 1.3 pm and 2 um. Here the graphene layers
are assumed with a |Eg| = 0.1 eV. DLG: dual-layer graphene.
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S2.2 Phase matching in the DFG based plasmon generation

In the DFG based plasmon generation, energy converts from a pump photon (f, in C band) to a signal
photon (fs in C band) and a plasmon (fsp in THz band). During this process, momentum is conserved.
Thus we write the energy matching and phase matching condition as

hfy + hfsp = hfy ks + ksp = ky (S6)

Here h is the Planck constant, ks, ks, and k, are the wavevectors of the signal, plasmon and pump. In
optics, k = 2n/4 = 2znex/CT = 2nfnes/C, Where nes IS the effective index and c is the light speed in vacuum.
With the counter-propagation pump-signal geometry, we rewrite Eq. (S6) to be

fsns — fsplisp = —fpn
U g 50

Here ny, ns, and nsp are the effective indexes of the pump light, signal light, and the plasmon respectively.
To satisfy the phase matching, fp, fs and nsp should be selected and adjusted carefully:

fs _ Msp—Tp
== ,MNep >N S8
fp  nsptng SP p ( )

X104
a 2

T
&

B
zzz<=<<g
o
=3

.
o

: ——Re(e), 0.1V
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Relg), 0.4 eV
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Figure S2.2.1 | Graphene conductivity and permittivity. a, Calculated conductivity of graphene, with
Fermi level at 0.1 eV (red), 0.2 eV (yellow), and 0.4 eV (blue). b, Calculated permittivity of graphene,
with Fermi level at 0.1 eV (red), 0.2 eV (yellow), and 0.4 eV (blue). Here the solid curves show the real
parts while dashed curves show the imaginary parts.

In our measurements of the main text f, is fixed at 195.8 THz (1531.9 nm) (in Supplementary Section
S4.5, the pump wavelength is varied). The effective index n, of the silicon nitride waveguide at f, is =
1.77 (waveguide with Weore = 1.3 um and heore = 0.75 um). In our measurements, fs is scanned from 192.3
THz to 177.5 THz (1560 nm to 1690 nm); the effective index ns ranges from =~ 1.77 to 1.75. The material
index of graphene ng = ng + ing; plays the key role in this equation. One can derive ng from gy, as
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ie?(2mf—i/7) 1 e [0fale)  dfal=€) e[ fa(=e)—fale)
Ug(f»EF'T;T)=le = lr{ =, g[ e E]de—fo [(2 ot ]de (S9)

T (el 0 L o€ oe nf+i/7)~4(e/h)?
Specifically,
Og,intra = LEF' (S10)
g nh(2mf+5)
ie2Ep | [21EFI-nG2mf+
Og,inter = In i s11
g.inter 4th [2|5F|+h(271'f+%) ( )
Hence,
_ —0g,itiogy
€9 = onra (S12)
. 2 .
(ng,r + lng,i) = €gr T lEg, (S13)
—€grt /eg,rz—eg,iz —€grt /eg_rz—eg_iz
Ngr = Sqrt \Ng,i = sqrt (S14)
’ 2 ¢ 2

In above equations, Er is the Fermi level, z = 10™ s is the relaxation lifetime, T is the temperature, f4(e) =
{exp[(e-Er)/kgT]+1}" is the Fermi-Dirac distribution, 7 = 1.05x10*eV-s is the reduced Planck constant,
ks = 1.3806505x102%J/K is the Boltzmann’s constant, and € = -1.6x107°C is the unit charge. When
graphene is gated, ng is much higher than n, or ns [S23], corresponding to the fs, much smaller than f, or fs.
Figure S2.2.1a and Fig. S2.2.1b shows the calculated conductivity and the permittivity of graphene using
the Kubo formalism [S24-S26]. When ay; > 0, graphene can support surface plasmons.

When the plasmon frequency is lower than Landau damping regime, we get the momentum-frequency
(ksp-f) dispersion of graphene. With the boundary conditions, it could be approximately simplified as a
quadratic function (see also Eq. S28-529) as

kSP = Afz (815)
A= % (S16)
F
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Figure S2.2.2 | Phase matching. a, Graphene f-k dispersion, under Fermi level of 0.1 eV, 0.2 eV, 0.4 eV
and 0.8 eV. b, Calculated 1/Lgsp(k,f) of graphene with Fermi level 0.4 eV, based on RPA method. c,
1/Lsp(k,f) map describing the plasmon-phonon couplings in the GSiINW. Phonon frequencies are marked
out with the dashed lines. In b and c, the values of the transmission ~ 1/Lgsp(K,f) is normalized to be 1.

Here a is the fine structure constant, and Er is the Fermi level of graphene. With the relationship of ng and
Er, the calculated ksp-f curves of graphene with Fermi level ranging from 0.1 eV to 0.8 eV are shown in
Figure S1.2.2a. In Figure S1.2.23, the grey lines show the phonon resonance locations of the SizN4 and
SiOz. fsilica,1: 14.55 THz, fsi“ca,gz 24.18 THz, fsilica,3 = 36.87 THz, fgiN =21.89 THz, and fA|203: 22.4 THz
[S27-S33].

Furthermore, by using random phase approximation (RPA) method [S30-S33], we calculate the plasmon
coupling based loss Lsp(k,f) along the GSiNW, with consideration of the phonon couplings.

Lsp(e f) = = {1 = 52— TloCk, £) = 2, fyn Tloke, )}

Ho(k: ]c) — _ﬁzf fd(fs)i;fd(fsk) dkF(S, k)

4m? 2nfh++€s—€sk

(S17)

(S18)

Here fonj is the phonon resonances, gs = 4, fy(¢) the Fermi-Dirac distribution, €s= SVr, e = SVek, s = 1,
F(s,k) is the band overlap function of Dirac spectrum, which equals 1 for the waveguide geometry. Figure
S2.2.2b provides the simulated 1/Lsp(k,f) map of graphene for the Fermi level at 0.4 eV, without
considering the plasmon-phonon couplings. Figure S2.2.2c shows the RPA map with consideration of the
phonon couplings.

$2.3 Plasmon enhanced 2"-order nonlinearity and the THz frequency generation

Graphene is a single atomic layer with honeycomb structure, therefore, second-order nonlinear effects are
described by the second-order surface nonlinear conductivity [S34]. With light transmitting along
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graphene with a wavevector k parallel to the 2D layer plane, the second-order nonlinear polarizability ;((2)
can be large [S35]. In graphene, an effective »*® can be written as

ot et ([fle—fl) | fl)—flkp) | mhpvivh [ Flk—flks) | fle)—flks) | mhyvisvk, (519)
akz amth2f fs (|ws1—2mfp—iy = 2Wfs—wa1—iy| ws,—2mf—iy W31 —2nfp—iy = 2mfs—wa3—iy]| way—2nf—iy
iev E(kq)—E(kp)
Hab =w—;<a|0'g|b >,Vap = Vg <Cl|0'g|b >, Wap =aTb (820)

Here f(k) is the occupation number state K, ki, ki and ks satisfy ki+ k,= ks, ki+ k= ka. Here a4 is the 2D
Pauli matrix vector, <a> and <b> are the states, y is the scattering rate, and ve=Eg/(7k) is the Fermi
velocity. By approximating keT — 0, 2zf >> vk, f, =&~ f;, along the graphene, the second-order
nonlinear polarizability y;® can be simplified as

(2) _ e3 1 E Zn,/fsfp—vakp
Xefr™ = om kfr [; +arctan(———)] (S21)

Here 7ike = 7(2mcE)*? is the Fermi momentum. The simulated ye® is shown in Figure S2.3a: A higher
Er brings a lower yer @. Here f, is fixed as 1.93 THz. Hence we write the E-field intensity of the
generated plasmon as

@ (hcore)Es (hcore)
E_S‘P — Xeff Dy 2 Y 2 (822)

Lsp

Here Lsp is shown in Eq. (S15). Referring to Eq. (S1) and Eq. (S2), here E,y Esy are the E-field of the
pump and the signal respectively, with z = ct/ng, k, = 27fpneir p/C, Ks = 27fiNess/C. The real part of Eq. (S22)
can be approximately simplified as

Esp(t) = %Agp(t)cos [271%712—;]%715) t] + %Agp(t)cos [ZH(E”nZ—;fSnS) t] (S23)
Ap(OAs(O)xerr@
Asp(t) = %EXP(—%,J (S24)

Asp(t) determines the loss of the surface plasmon wave. Here Ay(t) and Ag(t) are the amplitudes of the
pump and signal respectively. In this equation, we get the frequency of the surface plasmon fsp = (fyn, +
fsns)/nse, and the frequency of heterodyne beat fz = (f,n, + fsns)/nsp. Referring to the DFG energy balance
fsp = f, - fs, the effective index of the plasmon ngp satisfies

fpnptfsns
Ngp = ——— S25
sp = 2 (525)

This equation corresponds to the Eq. (S8) perfectly. For f, and fs located in ‘C+L’ optical communications
band and with fsp =~ 8 THz, the ngp satisfying the phase matching condition could be approximately

calculated to be ~ 80. ngp is also determined by fsp and the Fermi level Eg, from Eq. (S15). Figure S2.3b
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plots the graphene dispersion ngp (fy, fs) at EF= 0.1 eV, and the DFG phase matching nsp from Eq. (S25)
together. This figure shows that the DFG based graphene plasmon generation is related to Er, f,, fs and the
waveguide structure, concisely together in one figure.

X2 tesu)
&

0.05 0.15 0.25 0.35 B L
Fermi level (eV) fe (THz) f» (THz)

Figure S2.3 | 2"-order nonlinear polarizability and effective indices of the surface plasmons. a,
Calculated curves of Xeff(z) with fsp at 5 THz (red), 6 THz (yellow), 7 THz (blue), and 8 THz (purple). b,
For Weore = 1 pm and heore = 725 nm, to satisfy the phase matching, nsp is determined by both f, and fs.

S2.4 Dual-layer graphene plasmon: coupling and gating

In Sections S2.2 and S2.3, phase matching of DFG based on monolayer graphene is analyzed, without
considering the possible plasmon coupling of the separated graphene layers in the
grphene-Al,O3-graphene system. When the distance between the two graphene layers is small enough, the
graphene-Al,Os-graphene could be regarded as a topological insulator-like system in which plasmonic
mode coupling can occur [S35-S39]. We schematically show the dual-layer graphene structure in Figure
S2.4a. Here the thickness of Al,Os is taken into consideration as d. Compared to single layer graphene,
the situation in the gated graphene-Al,Os-graphene structure could be regarded as a capacitor: when
stable, the top layer graphene charges +Q, and the bottom layer graphene charges -Q. The Fermi level of
a monolayer graphene is written as [S40]

Ep = h|vp|Van (S26)
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Figure S2.4 | Graphene-Al,O3-graphene system. a, Schematic configuration. b, Correlation of gate
voltage and Fermi level. Blue circles denote the bottom layer and red diamonds denote the top layer. c,
Simulated plasmon dispersions on the top and bottom graphene layers. When Vg = 0V, the two graphene
layers have the same Er of ~ 50 meV intrinsically. d, Dispersions under different Vg, without interlayer
coupling. Solid curves denote the independent bottom layer and dashed curves denote the independent top
layer. e, Symmetric and antisymmetric modes. f, Dispersions of coupled modes, which are mode-split
from the original ones. Black curves: independent modes (solid: bottom layer; dashed: top layer). Left
panel denotes Vg = 0V and right panel denotes Vg = -1V.

We note that the initial Fermi levels of the top and the bottom layer graphene would be different (Er, Eg):
once the graphene-Al,O3-graphene capacitor formed, the top layer graphene is positively charged while
the bottom layer is negatively charged, Neiectron=nNnhole=Q/eSg=CsV/eSy. That means, the carrier densities
of the top layer (nt) graphene and the bottom layer graphene (ng) would be different. Considering CVD
graphene in air is p-doped initially, Er > Eg when Vg > 0. Assuming the top and bottom layer graphene
has the same size Sy = 80x20 um?, a capacitance C=2x10" F/cm?, and the initial Fermi levels (before
gating) Eto = Ego = - 50 meV (Nhole 0~ 2x10™/cm?), Figure S2.4b shows the resulting computed Ve-Er
correlation. Since Er determines the dispersion of graphene plasmon, Figure S2.4b predicts that two
plasmons with different fsp could be generated simultaneously and tuned differently with gate voltage in
the graphene-Al,Os-graphene system. Figure S2.4c simulates the dispersions of the dual-layer graphene,
without interlayer coupling. Figure S2.4d simulates the dispersions of top and bottom graphene surface
plasmons, with reference to the initial one, Eto = Egp=-50 meV at Vo =0 V.

However, when the interlayer coupling distance d is small enough, the two independent plasmon modes
would couple with each other to form two hybrid modes, symmetric and antisymmetric. In the low
frequency regime, the dispersions of the symmetric and antisymmetric modes are described as:

2
foym = 5= [ (Er + Ep)kgy] (S28)

21
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fasym - [¢]l/2 ks

21 Le(Ep+Ep) p (S29)
Here ¢ is the background permittivity and d is the dielectric layer thickness. In Figures S2.4e and S2.4f,
we show the calculated dispersions of fo, (Ksp) and fac(ksp), with €°/e ~7x10° THz’nm-eV™, and d = 30 nm.
Plasmon coupling further splits the dispersion curves in THz region.

S2.5 Considerations of DFG versus FWM

Graphene also has large 5, which offers third-order optical nonlinearity, e.g. four wave mixing (FWM)
[S41]. One might wonder if the enhancement of the signal is plausible from FWM instead of DFG
[S42-S45]. Here analysis is shown theoretically to exclude the influence of FWM, in our pump-signal
counter-launched configuration. In a typical degenerate FWM process, the photon energy transfers from
pump to signal and idler, with energy and momentum matching. When the propagation directions of the
pump and the signal are opposite, once FWM occurs we have

2f, = f; + f; (S30)
2k, = —kg + k; (S31)

Here f,, fs and f; are the frequencies of the pump, signal and idler, 7k,, 7ks and 7k; are the momentums of
the pump, signal and idler, k=2xrfnes/c, respectively. The dispersion could be written as

2f(Merfi — Neprp) = fs(Mefri + Negrs) (S32)

Here neri, Nerp and Nesrs are the effective mode indexes. To satisfy this equation when the frequency
difference of f, and fs is smaller than 5 THz, ne; would have to be ~ 3 times larger than nNesp OF Nefrs.
However, for the FWM-generated mode, its neg; cannot be larger than the index of the waveguide core.
Hence FWM cannot occur in our counter-launched pump-signal configuration in this case.

S3. Fabricating the gated dual-layer-graphene - nitride wavequide for THz plasmons

S3.1 Fabrication process flow

Figure S3.1 shows the fabrication process steps of graphene on the silicon nitride waveguides (GSINWSs).
As shown in step 1, the chips are fabricated at the Institute of Microelectronics Singapore, with the silicon
nitride waveguide buried in SiO, cladding. There are 4 straight waveguides in every chip with a width of
1 um, and length of ~ 3 mm. The undercladding oxide is 3 um thick, the height of the waveguide core is
725 nm, and the top oxide cladding is 2.5 um. The chip is chemically etched by using wet buffered oxide
etching (BOE) method in step 2 (plasma-based dry etching is also available). After etching, the distance
between the core and the top oxide surface is less than 20 nm, ensuring the strong light-graphene
interaction. In step 3, a chemical vapor deposition (CVD) grown monolayer graphene is transferred onto
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the chip using wet transfer, followed by photolithography patterning and oxygen plasma etching. This
graphene layer serves as the bottom layer graphene with a size of 100 umx 40 pum. Next, the Ti/Au (20/50
nm) contact pad is deposited using electron beam evaporation, working as source-drain electrodes. By
using the source and drain, resistance of the bottom layer graphene could be measured. In step 5, a thin 30
nm layer of Al,O3 in deposited using atomic layer deposition (ALD), providing sufficient capacitance for
the graphene based semiconductor chip. Finally, as shown in step 6, on the top of the Al,Oj3 insulator,
another graphene layer is transferred, aligned and linked with the gate.

Step 1: Step 2: Step 3:
- L€ PR
SisN, ) SizNg ; SizNy
Si0, Sio, SiOo,
Si substrate Si substrate Si substrate
Step 4: Step 5: Step 6:
Gate
.............................. G
Sowma ________J Drain  Source o ALOs w.Drain  Source T ALO;......... Rrain
G SioN, SisN, G SisN,
Sio, Sio, Sio,
Si substrate Si substrate Si substrate

Figure S3.1 | Nanofabrication process of the dual-layer-graphene nitride plasmon structure. The
graphene layers are transferred onto the nitride waveguide along with the source-drain-gate electrodes
and the Al,Og3 dielectric barrier layer deposition.

S3.2 Tuning the graphene — nitride DFG-plasmon interactions in the dual-layer graphene
structures

Figure S3.2a (left) illustrates a top-view optical micrograph of the etched silicon nitride waveguides
(SINWSs). The edge of the etched and the non-etched areas is clear. To reduce the scattering and coupling
loss of the etched waveguides, the inverse taper couplers at the input and output facets are carefully
protected by photoresist. Figure S3.2a (right) shows the after-etch oxide thickness at random locations,
with an uncertainty of £ 10 nm. The oxide thickness refers the distance between the top surface and the
bottom Si substrate of a chip. The thickness data is measured by using an optical interferometer at 480 nm
wavelength, with the SiO, refractive index fixed at 1.4594. Inset is the SEM image focused on the etched
edge.

In the experiment, two etching methods were applied: dry etching (via oxygen plasma) and wet etching
(via hydrofluoric acid). Figure S3.2b compares the losses of the devices with the same etched depth ~ 2.5
um, for different process conditions. It shows that we can get etched chips of acceptable loss (less than 4
dB), via either dry etching or wet etching, but the coupler protection is necessary. Figure S3.2¢ shows the
masks for the graphene-Al,O3-graphene structure fabrication. Patterns marked by I, Il, 11, IV are for
lithography operations of the bottom layer graphene, bottom layer Au electrodes, top layer graphene, and
top gate respectively. Figure S3.2d illustrates the resulting graphene Raman spectrum, before and after
transfer onto the chip. Pumped with a 514 nm laser and after transfer, the graphene defect D peak is
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negligible, the G peak width is ~ 6 cm™, and the 2D peak width is ~ 14. Intensity ratio of G to 2D is ~
0.75. The Raman spectra are comparable to that of monolayer and dual-layer CVD graphene measured
during our fabrication.
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Figure S3.2 | Chip processing for dual-layer graphene interaction. a, (Left) Optical micrograph of the
processed chip, with arrayed input-output straight waveguides and inverse couplers. Brighter area is
etch-controlled down to 100 nm for the graphene-nitride interaction. Scale bar: 100 um. (Right) Etched
thickness. b, Average oxide thickness after etching, remaining <50 nm oxide upon the core . ¢, Designed
masks for the source-drain-gate implementation. Scale bar: 150 um. d, Normalized graphene Raman
spectra, before and after GSINW transfer and electrodes processing. Blue curve: single layer CVD
graphene; red curve, the GSINW.

S4. Experimental architecture

S4.1 Experimental setup

Figure S3.1 illustrates the experimental setup. A mode-locked pump pulse is launched into the GSINW
from the left, while an amplified continuous-wave (CW) signal is counter-launched from the right, both in
TM polarizations. In the DFG process, the energy of the converted signal photon arises from the pump
photon less the plasmon energy - the generation of the plasmons could thus be observed by monitoring
the transmitted signal intensity on the left output. To directly detect the DFG plasmon signal over the
noise, we implement a 100 kHz modulation of the mode-locked 39.1 MHz pump laser with lock-in
filtering and amplification, along with balanced detection. To enable the detection of DFG plasmon signal,
the launched light beams are TM polarized. A high power mode-locked laser is applied the pump and a
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pre-amplified CW tunable laser is applied as the signal. Balanced photodetection (BPD) and lock-in
amplification are implemented to extract the small plasmon signal from white noise exactly and clearly.

o 90%
Pulsed laser 90% ¥ Tunable laser

GSINW

Amplifier

Splitter

100 kHz

Lens Lens . .
— Optical fiber

— Electrical cable

“— Lockin BPD | e £ Free space beam

7y
[’L
e

Attenuator

Figure S4.1 | Experimental setup. Measurement setup: A mode-locked picosecond laser serves as the ~
400 pJ pump (fo= 195.8 THz, 2.2 ps pulse duration, 39.1 MHz repetition rate, and 200 W peak power),
which is slowly modulated at 100 kHz sinusoidally for single phase lock-in detection. A broadband
tunable CW laser serves as the signal frequency fs, amplified in the 1570 nm to 1610 nm band up to 1.6 W.
The plasmon signal is detected in a balanced photodetector, with lock-in detection.

S4.2 Pulsed pump and its modulation

Here we use a nonlinear process to detect the in-plane graphene plasmons. To enhance the DFG nonlinear
signal detection, a mode-locked picosecond fiber laser serves as the pump, which is pre-filtered and
modulated. The spectral and temporal profile of the near-transform-limited pump launched onto the chip
is illustrated in Figure S4.2. The spectrum is centered at 1531.8 nm (195.8 THz) with an ~ 0.7 nm
linewidth (Figure S4.2a). Figure S4.2b shows the temporal profile with 2.2 ps full-width half-maximum,
measured by frequency-resolved optical gating (FROG), with a maximum average power of 16.1 dBm
(40.7 mW) at 1531.9 nm and a quasi-linear increase (Figure S4.2c). Figure S4.2d shows the modulated
pulsed pump, with the slow 100 kHz envelope and the embedded 39.1 MHz pulses inside. Figure S4.2e
shows the corresponding electronic spectrum.

S-15



fo—\
[o.7nm

1530 1531 1532 1533

v
& AW o 9w~

[+

Power (dBm)
]

-10 ¢

{
Laser Power (dBm)
o B

-45 - .
1480 1500 1520 1540 1560
Wavelength (nm) Pump current {maA)

d 100 kHz modulation

1] N e,
10 0 30 40 - 50

Voltage (mV)
o
Intensity (dBm)

2 ps / 39 MHz pulses, high power

-

9 95 10 105 11 14 145 15 155 16
Time (ps) Frequency (MHz)

Figure S4.2 | Pump filtering and modulating. a, Spectra of the ps pulsed pump, with 0.7 nm spectral
linewidth. b, Pulsewidth of the pulsed pump, measured by using FROG. ¢, Measured averaged power of
the ps pulsed pump. d, Temporal profile of the pump, modulated by a 100 kHz sinusoidal signal for
lock-in amplification, with the embedded 39.1 MHz pulses inside. e, Corresponding electronic spectrum
of the modulated pump, 39.1 MHz peaks with 100 kHz harmonics are clear.

S4.3 CW signal light balanced detection and locked-in amplification

Figure S4.3a illustrates the setup to detect the weak DFG (with a 100 kHz modulation) from a strong
background signal (CW) schematically. A CW tunable laser with intensity A is divided to be two paths.
One passes the GSINW while the other one serves as a reference. Then the DFG enhanced path with a
100 kHz gain is balanced by the reference, eliminating the CW component A. The dynamic intensity of
the balanced signal has both gain and noise components. To extract the gain from noise, we use a lock-in
amplifier at 100 kHz clock. Here, N; » 3 denote the noises and a, b, ¢ are the attenuation and amplification
factors. Correspondingly Figure S4.3b compares the measured intensities of CW signal (the DC
component), the noise, the newly generated signal (from the DFG process, with 100 kHz oscillation), and
the SNR before the balanced photodetector (BPD) (P1), after the BPD (P2), and after the lock-in
amplifier (P3). We demonstrate that the BPD is predominantly used for DC balancing while the lock-in
amplifier is applied to lock and amplify the 100 kHz gain. Figures S4.3c and S4.3d show the gating of the
chip-scale GSiNWSs with the micro-probes. Vg is tuned up to £ 4 V with 10 mV accuracy. Figure S4.3e
illustrates the measured hysteresis loop of the GSINW with Vgp at 10 mV. When Vg = 0.25 V, the bottom
layer graphene approaches the Dirac point.
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Figure S4.3 | Signal balanced detection and locked-in amplification. a, Schematic of the CW signal
processing. Lk-In: lock-in amplification. b, Comparisons: DC component (original CW light), noise
component, 100 kHz gain, and the resulting SNR. Here P1,2,3 corresponds to the tap-out points in a. c
and d, Gating the graphene-based semiconductor chip. e, Hysteresis loop of the GSINW with Vg from -4
to 4V (red) and 4 to -4 V (grey).

S5. Additional and supporting measurements
S5.1 Transmission of the GSINW

Figure S5.1a shows the chip-scale 1500 to 1600 nm normalized transmitted spectrum, before and after
covering with the graphene-Al,Oz-graphene hybrid layer. The transmission of the nitride waveguide
before etching is normalized as 0 dBm, and the launched power is = 1 mW (significantly lower than the
graphene saturated threshold). The initial 3.4 dB insertion loss is from the wet-etch chip processing;
graphene coverage subsequently brings additional loss due to its monolayer broadband optical absorption.
The loss of the shorter wavelengths is lower (red curve), perhaps due to the better mode field confinement.
The graphene induced loss is =~ 7.3 dB at 1500 nm (0.09 dB/um), ~ 8.3 dB at 1550 nm (0.1 dB/um), and ~
9.5 dB at 1600 nm (0.12 dB/um). Figure S5.1b tables the pump-signal polarization combinations — only
when both the pump and signal are of TM polarization can DFG and the resulting THz plasmons be
excited.
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Figure S5.1 | Transmission and polarization combinations. a, Continuous-wave signal transmission:
silicon nitride waveguide (SiNW) without graphene layers (blue curve), and the GSINW (red curve). b,
When pump and signal varies their polarizations, only TM-TM can generate the DFG-based plasmon in
graphene.

S5.2 Pre-saturation of the GSiINW by using CW signal

Figure S5.2a plots the transmission versus the launched power, over four GSINW samples. Red dots are
the measurements with theoretically fitted blue curve and the noise width is denoted by the grey region.
Clear saturable absorption of the GSINW starts from ~ 100 mW (20 MW/cm?) and the GSINW is almost
fully saturated when the launched power is above 1 W (0.2 GW/cm?). The saturable absorption induced

transmission increase is ~ 63%. Enabled by the saturable absorption [S46], the high power pulsed pump
can modulate the low power CW signal.
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Figure S5.2 | Saturable absorption induced modulation. a, Saturable absorption of the GSINW. b,
Modulated signal. ¢, Modulation enhanced 100 kHz signal, amplified by the lock-in amplifier, when the
CW signal is 1 W (grey), 1.2 W (blue) and 1.4 W (red).

Figure S5.2b shows the modulated CW signal measured after the balanced photodetector. The launched
CW signal and pump powers are 1 mW and 32 mW respectively. The modulated CW is of the same
temporal profile and the same repetition rate of the pulsed pump. Hence, the lock-in amplifier cannot
filter off the modulation induced signal enhancement. That means, after the lock-in amplifier, the
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background of the enhanced signal spectrum is not 0. For pristine graphene, the modulation can be three
orders of magnitude larger than the DFG based enhancement. When the modulation is too large, it might
saturate the detector, rendering the DFG enhanced peak undetectable. To suppress this modulation, we
use high power CW signal to pre-saturate the graphene layers. Figure S5.2¢ shows the lock-in amplified
signals, by using the CW laser with 1.2 W, 1.4 W, and 1.6 W powers.

S5.3 DFG enhanced signal of a GSINW with 60 nm thick Al,O3

The Al,O3 layer thickness not only determines the Vg-Isp curve of the graphene-Al,O3z-graphene
transistor, but also influences the plasmon coupling. Figure S5.3 shows the DFG enhanced signal at Vg =
0 V, when thickness of the Al,O3 is 60 nm. Compared to the GSINW with 30 nm thick Al,O3 (blue curve,
peak location 1593.7 nm, fsp = 7.4 THz), the GSINW with 60 nm thick Al,O3 (red curve) has a peak
location at 1589.9 nm (fsp = 7.1 THz). We regard that there is little plasmon coupling in a 60 nm
graphene-Al,Os-graphene system.

14

i 30 nm Al,0;
0.6

: 60 nm Al,0; r h
0.2 ;

OFF

Intensity (a.u.)

-0.2

1570 1580 1590 1600 1610
Wavelength (nm)

Figure S5.3 | Enhanced spectra. a, Grey: pump off; Blue: GSINW with 30 nm Al,O3; Red: GSINW with
60 nm Al,Os. Inset: Optical micrograph of the GSiINW with 60 nm Al,Os.

S5.4 Measurement of the plasmons with pump frequency tuning
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Figure S5.4 | Tuning the pump frequency. a, Spectra of the enhanced signal, when 1, is tuned from
1532 nm to 1542 nm. b, Measured 7,-4s correlation, with the fsp slightly shifted from 7.5 to 7.4 THz due
from dispersion matching. When 4, is 1532 nm, fsp is 7.5 THz; when 4, is 1542 nm, fsp is 7.4 THz.
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When 7, is tuned from 1532 nm to 1542 nm (195.8 THz to 194.6 THz), the enhanced signal peak As is
shifted from 1593.2 nm to 1603 nm (188.3 THz to 187.2 THz) as shown in Figures S5.4a and S5.4b.
During this process, fsp decreases from 7.5 THz to 7.4 THz. The trace of the fsp follows the graphene
plasmonic dispersion well, as described in the main text.
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