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Photonic technologies that exploit surface plasmonsin graphene can

offer groundbreaking opportunities for the development of compact and
inexpensive active photonic devices, owing to the unique combination

of tight field localization, giant optical nonlinearities and electrostatic
gating tuning. Here we take advantage of this unique combination of
properties to engineer frequency up-converted, electrically driven,
single-mode photonic sources in the 9.0-10.5 THz range, with an emission
frequency entirely tunable by design. We excite plasmons confined ina
multilayer graphene micro-ribbon grating within a distributed-feedback
terahertz quantum cascade laser that incorporates a top supercapacitor to
tune the graphene Fermi energy, demonstrating third harmonic generation.
Our monolithic, electrically driven laser works in the inaccessible
Reststrahlen band of its core llI-V semiconductor heterostructure and
shows a peak power of -9 pW, laying the foundation of a new generation of
plasmonic, nonlinear light-emitting sources.

Collective charge excitations (plasmons) in single-layer graphene
(SLG)"? present strong similarities to the electromagnetic waves
that propagate at the interface between a metal and a dielectric
(surface plasmons)®. Specifically, they are characterized by atransverse-
magnetic polarization* and by an exponentially decaying elec-
tric field amplitude in the direction orthogonal to the SLG plane’.
However, owing to the Dirac-like band profile and locked in-plane
electron motion, SLG plasmons have distinctive features that
differentiate them from metal surface plasmons®, including a tighter
field localization and reduced propagation losses***. Importantly,
the SLG plasmon charge can not only be electrostatically controlled
through doping but also by gating’®, so that the behaviour of SLG
surface plasmon-based structures can be modified in situ without
the need for structural device modifications. At terahertz (THz)
frequencies, this can be combined with the graphene’s tunable
optical properties®’, offering groundbreaking opportunities for

creating compact electrically controllable THz optical components';
reconfigurable metamaterials"'*; robust, fast (hundred picosec-
onds response times), cheap and scalable THz frequency photo-
detectors”™; and novel light sources' ™, However, at THz frequencies,
electromagnetic radiation cannot couple directly into bidimensional
plasmon excitations and so structures engineered on a subwave-
length scale are required, up to 200 times smaller than the wave-
length in vacuum"—the simplest geometry being a periodic grating
of graphene micro-ribbons®>”', In this case, the plasmon resonance
energy scales as n”* (n being the carrier density) for Dirac plasmons
in a micro-ribbon array, and as w™ (w being the ribbon width). The
combination of electrical and optical tuning thereby allows the
properties of the graphene plasmons to be tailored.

Plasmonic effects can be used to confine THz fields to a sub-
wavelength volume, exploiting the high degree of spatial confine-
ment of graphene plasmons. They can also be used for efficient
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Fig. 1| Device concept. a-c, Schematic perspective view of the hybrid plasmonic
QCL design (a), featuring a surface-emitting, 2nd-order DFB grating fabricated
within the top contact of a double-metal waveguide resonator, with emission
centred at -3.3 THz (Lpp; = 25.5 um). The ground (GND) is the bottom part of

the QCL double-metal waveguide. The gate voltage is applied on the top.

b, Anoverlapping plasmonic MLG/Au ribbon array (pink dashed regioninb,
Lpjasmonic = 5.1 tm) enhances the intracavity field of the fundamental lasing mode
ofthe DFB cavity. The cross-sectional view of the design (c) illustrates the layer
sequence. A30-nm-thick dielectric layer of HfO, between the top contact and
the plasmonic/DFB metal contact (purple region in ) allows tuning of the Fermi
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energy E;, through the field effect, and hence active control of the MLG optical
conductivity, and the resulting field coupling and confinement. The dashed box
inbmarks the top view of the section shown in c. d-f, Electric field distribution of
the graphene-integrated QCL cavity simulated using a 3D eigenfrequency study
in COMSOL Multiphysics for the standard surface-emitting DFB (that is without
plasmonic grating) at the fundamental eigenmode at 3.226 THz (d) and including
the plasmonic/DFB grating at 3.220 THz (e f). Panel f shows amagnified area

of the plasmonic grating, highlighting the field enhancement in the graphene
ribbons at the fundamental TM,, mode. a.u., arbitrary units.

up-conversionin graphene—also known as harmonic generation (HG).
Indeed, the giant SLG nonlinearities (Y ~10° m?V?)??, observed in
the far-infrared, governed by graphene’sintraband carrier dynamics®,
combined withtheinherent ultrafast (picoseconds) carrier dynamics,
have enabled high HG at THz frequencies using only moderate fields
and at room temperature®.

Here we exploit the tight field localization and the giant optical
nonlinearitiesofgraphene plasmonstoengineerfrequencyup-converted
electrically pumped photonic sources across the 6.0-12.5 THz
(24-50 pum wavelength) range. This overcomes the current lack of a
spectrally narrowband solid-state-based technology that can access
the whole 6.5-12.0 THz frequency range.

Results and discussion

Device engineering

For ourbenchmark device, we engineer a surface-emitting distributed-
feedback (DFB)* double-metal®® quantum cascade laser (QCL)—
a semiconductor heterostructure laser relying on intersubband
transitions” *—toinclude asuperimposed multilayer graphene (MLG)
plasmonicgrating (agrapheneribbon array) and a top capacitor (acting
as a gate electrode) (Fig. 1a—c). The DFB resonator is designed with
aslit periodicity tuned to match the centre of the gain bandwidth
(3.25-3.35 THz) of the selected QCL active region®***; the DFB
grating is intended to govern the desired photonic momentum
and the frequency of the mode propagating along the longitudinal
direction of the resonator bar. The intracavity integrated plasmonic
ribbon grating then provides the field enhancement needed for HG,
while the top capacitor enables efficient tuning of the graphene
Fermi level by electrostatic gating. The result is a double-grating
resonator integrated into the top contact of a THz QCL incorporat-
ing asecond-order DFB grating™, for the optimal control of the mode
within the laser optical band, overlapping a plasmonic grating, which

induces a strong local electric field enhancement needed to drive
frequency up-conversion.

We first numerically simulate the resonator to identify the
optimal double-grating design. The double-metal waveguide QCL was
modelled using COMSOL Multiphysics, with a finite element method
solver (Supplementary Section1). The plasmonic/DFB design was opti-
mized by initially conducting a parametric study onthe double-grating
resonator unit cell (Supplementary Section 1). This was followed by
three-dimensional (3D) simulations of the complete laser structure
(Fig.1a-c), whichincludes top Crside absorbers to suppress the lateral
cavity modes™. Initially, we compared two structures: (i) a standard
MLG-coated DFB structure (without the plasmonic grating; Fig.1d) and
(ii) the combined plasmonic/DFB grating device of Fig. 1a—c (Fig. 1e).

The 3D model of the MLG-coated DFB structure shows a fun-
damental eigenmode at frequency vy = 3.226 THz (quality factor
Qo = 71) (Fig.1d), demonstrating that the integration of the MLG in the
slits neither affects the resonator modes nor prevents laser action. The
plasmonic grating is integrated into the top contact of the DFB reso-
nator (Fig. 1a-c). To mitigate the induced increase in the total losses,
we only patterned the MLG ribbon array towards the edges of the top
contactregion, thatis, leaving the central region untouched (Fig. 1b).
The MLG plasmonic grating leads to an eigenmode at v, = 3.220 THz
(Fig.1e,f), withafield distribution resembling that of the fundamental
mode, aside from a slightly different field lobe distribution along the
y axis. Importantly, we observe a substantial optical coupling inside
the plasmonicslits between the intracavity field and the MLG (Fig. If).
The Q value of the fundamental eigenmode v, Qy, = 29, is lower than
that of the MLG-coated DFB, as aconsequence of theincreased optical
losses introduced by the plasmonic slits. However, the electric field
amplitude in the MLG is amplified, on average, by a factor A,,. = 2.5.
This value is obtained by calculating the average electric field ampli-
tude across the entire top contact surface. Inthe central region of the
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Fig. 2| Simulation of the on-chip frequency up-conversion process.

a,b, Cross-sectional views of the surface electric field distribution calculated
atthe fundamental mode at -3.32 THz (a) and the third harmonic frequency
of-9.96 THz (b), for the DFB/plasmonic resonator coated with three layers of
graphene, simulated by employing a surface current density numerical model to
run two-dimensional simulations with the frequency domain module of COMSOL
Multiphysics. Theright sides of aand b show the magnified views of the electric
field in the DFB slit region, respectively; the intensity of the colour mapinbisa
x300 magnification of the intensity of that in a. The length of the unit cell along
the x axis matches the periodicity of the DFB array (25.5 pm). The GaAs active
region was modelled as a constant refractive index material in the THz range
(n=3.6), with the DFB grating realized by etching anair hole of 0.7 pm depth

and 2.5 pmwidthinside the doped layer. The refractive index of HfO,, as a gate
dielectric with 30 nm thickness, was set at 4.24. An array of slits with periodicity
1/5of the DFB periodicity were incorporated into the metal and then coated with
three layers of graphene, thus realizing graphene micro-ribbons embedded in

Fermi energy (eV)

the top metal, here modelled as a perfect electric conductor. Perfectly matched
layer and perfect electric conductor boundary conditions were selected for

the top and bottomdirections along z (see Fig. 1c), respectively, while periodic
boundary conditions were set along x (see Fig. 1c). All the simulations were
performed using a single periodic excitation port, illuminating the top surface.
To mimic the intracavity field intensity driving the nonlinear response in the
plasmonicarray, the input port power was set to 300 mW, concentrated over
the area of asingle DFBslit. ¢,d, TH CE as a function of frequency for different
intracavity fields (c) and values of £; (d). Other graphene parameters were
electron mobility 1,400 cm? V' s™ and scattering time 23 fs. e, CE as a function
oftheintracavity electric field, assuming £ =200 meV. f, CE as a function of

E., assuming anintracavity field of -8.6 kV cm™, calculated using a 3rd-order
nonlinear model based on hot electron (HE) intraband absorptions (black) at
E;>200 meV, and interband multiphoton absorptions (red) at £; < 200 meV,
respectively. £ is assumed equal to 200 meV in a-c and e; the intracavity field is
assumed equal to -8.6 kV cm™inf. a.u., arbitrary units.

plasmonic grating, where the enhancement of the intracavity field
is maximum, the amplification is increased by almost 2 orders of
magnitude, A, =10

Simulation model of the frequency up-conversion process
Toevaluatetherole of theelectric field enhancement onthe HG process
occurring in the top surface grating (MLG ribbons), and to estimate
the expected HG conversion efficiency (CE), we follow the approach of
ref. 34. This method allows the third harmonic generation (THG)
efficiency to be extracted as an output parameter directly from the
simulations, by setting up the equations for the third harmonic gene-
rated field in the software module. The method assumes that the MLG
is a nonlinear surface current generator (Supplementary Section 2)
and computes the CE (Supplementary Sections 3 and 4) of the THG
process by solving the Maxwell equations at the third harmonic fre-
quency, assuming a quasi-continuous wave excitation withanaverage
300 mW input power.

The calculated surface electric field distribution at the funda-
mental mode ~3.32 THz (Fig. 2a) and at the TH frequency ~9.96 THz

(Fig.2b) for the double-grating QCL with a3-layer graphene plasmonic
ribbon grating shows that, at the TH frequency (Fig. 2b), the field dis-
tribution mimics that retrieved at the fundamental mode, with a field
intensity more than 2 orders of magnitude lower. Figure 2c,d shows
the calculated CE as a function of frequency, at different intracavity
fields and MLG Fermi energies, £, respectively. At three times the
fundamental frequency, the predicted CEis-10~* for amoderate value
of E; 200 meV. The calculated decrease in the TH peak intensities
for increasing E; (Fig. 2f) differs from previous reports® on TH CEs
in doped graphene, where the nonlinear response is stronger in
highly conductive Dirac systems®. This behaviour stems from the
different excitation dynamics provided by the quasi-continuous
wave laser, adopted in the present case.

Atthe Dirac point, alarger CEis predicted to be achieved (Fig. 2f).
However, the very low Fermi energies (<50 meV) required to achieve
this condition are extremely difficult to realize in large-area
graphene, even with a very efficient gate tuning. A more reliable
comparison is then with the CE calculated at the Fermi level £ = 200,
that is, the value set after optimizing our simulations. We set the
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Fig. 3 | Device fabrication, electrical and optical characterization. a, Scanning
electron microscope images of a prototypical fabricated device, showing the top
DFB/plasmonic grating (yellow, false colour) and the gate oxide area (purple).
The grating comprises a plasmonic ribbon of width W, =2 pmandaribbon
spacing of 1/5 of the periodicity of the DFB array. At such aribbon width, the
plasmonic resonance of the MLG /Au ribbon grating, on the lateral edges of the
top metal, matches the DFB mode. b, Light-current density-voltage (L-/-V)
characteristics measured on a 1.5 x 0.2 mm-sized plasmonic/DFB QCL bar, when
driving the QCL in pulsed mode with a pulse width of 1 ps (duty cycle 5%) at 15 K.

¢, QCL threshold current density (left axis, black) and emission power (right
axis, red), as a function of the gate voltage. d,e, Far-field profiles measured for
astandard DFB (d) and a plasmonic/DFB (e) QCL, realized on the same active
region and with the same DFB array geometry. The far-field profiles were
measured under the same conditions of b, at adriving current corresponding

to the peak optical power, while raster scanning a pyroelectric detector placed
at~-5cm fromthe laser surface, in the plane parallel to the laser surface, and
projecting the two-dimensional signal onto a spherical surface, identified by the
azimuthal (®) and the polar (6) angles. a.u., arbitrary units.

maximum intracavity power at 0.3 W (=9 kV cm™ intracavity field)
(Fig. 2e) in our analysis, because our model loses validity at higher
powers as the electronic temperature becomes higher than the Fermi
temperature. Under the latter conditions, the smearing-out of the
carrier distribution opens a channel for interband transitions®, involv-
ing multiphoton absorption® beyond Pauli blocking, that must be
taken into account when evaluating the CE (Fig. 2f). It is worth men-
tioning that at 3v,, Reststrahlen band phonons play no role in the
TH up-conversion process, since, in our geometry, the nonlinear
effects inducing THG take place in a very confined volume (<0.1 pm?®)
around the plasmonic ribbon surface, and so they are spatially
separated by the absorbing medium (Supplementary Section 4).

Demonstration of efficient THG

Wethen fabricate a set of surface-emitting double-metal QCLs follow-
ing the device schematics in Fig. 1a-c, using a high-power THz QCL
delivering 2.5 W peak power’®?' (Supplementary Sections 5 and 6).
The DFB grating (Fig. 3a) was designed as alinear array of 2.5-pum-wide,
800-nm-deep slits in the top metal/doped layer. After patterning the
top DFB grating, using optical lithography, followed by the removal of
the doped GaAs from the slits, we cover the top cladding layer with an
~30-nm-thick layer of HfO, using atomic layer deposition. This enables
field-effect gate coupling of the MLG in the top emitting surface and the
electronic control of E.. We then used electron beam lithography to pat-
ternthe top plasmonic grating by aligning the DFB/plasmonic grating
patternwith the underlying DFB slits. The MLG transfer was performed
by a poly(methyl methacrylate) (PMMA)-assisted wet method™®, using
sequential SLG transfers (Methods and Supplementary Section 7),
placing three graphene layers on the QCL devices.

We fabricated seven devices, each demonstrating a consistent
behaviour (Supplementary Section 8). The voltage-current density—
light characteristic (Fig. 3b for one typical device) shows a maximum
peak optical power of -30 mW. The presence of the static gate electrode
coupled with the laser top contact (Fig. 3a) has only amarginalimpact
onboththe emitted optical power and laser threshold, with the latter
varying by <10 A cm™at the highest gate voltage (Fig. 3c). However, the
gate bias (V) provides an efficient tool to change the MLG E, and ena-
bles tuning of the CE, as predicted by the theoretical model (Fig. 2d,f).
The comparisonbetween the far-field intensity profile of the integrated

laser (Fig. 3e) and that of a standard surface-emitting 2nd-order DFB
QCL (Fig.3d and Supplementary Section 9) shows that, while the typi-
cal single lobe profile with -<10° divergence®* is obtained in the latter
case, the plasmonicgratinginduces two side lobes with an-15° angular
broadening. This is understood by considering the field coupling of
the two series of plasmonic slits, defined along the two edges of the
top contact. Raman spectroscopy was used to confirm the MLG qual-
ity following transfer on the QCL device*° (Supplementary Section 7).

To verify the occurrence of the expected third-order frequency
up-conversion process, we mounted the devicesinaFourier transform
infrared (FTIR) spectrometer under vacuum and collected spectra
in step-scan mode over long acquisition times. To isolate the third
harmonic terms at 3v, from the fundamental 2nd-order DFB lasing
mode at v, we used a high-pass thallium filter (Crystan) positioned in
front of a Si-bolometer detector. This suppresses >95% of the power
<6 THz (ref. 41), with a transmittance >50% in the 6-7 THz range, and
>70% at frequencies >8 THz (Supplementary Section 10).

Figure 4a—f plots the rapid-scan unfiltered (Fig. 4a—c) spectra,
and step-scan filtered (Fig. 4d-f) emission spectra, at different gate
voltages, measured onthree devices. Thefirst two devices of Fig. 4a,b
were fabricated with a 2nd-order DFB pitch slightly detuned in fre-
quency, withinthe 0.5-GHz-wide bandwidth of the QCL (Supplementary
Section 6). The third device (Fig. 4c) belongs to a different fabrication
batch, realized with an improved fabrication process, in which the
DFB slits have been dry etched to engineer smoother sidewalls and
aflat surface, preventing possible under-etching effects. At zero V,
the measured v, isin agreement with the DFB grating design, in which
photonsare backscattered if the condition k, = 2k; - k, is fulfilled, with
kzand k, being the wavevector of the Bragg peak and of the photonin
the waveguide, respectively. v, consistently tunes with V, red-shifting
by -15 GHz V' for the sample of Fig. 4a, and by -5 GHz V' for the sample
of Fig. 4c, as V; approaches the MLG minimum conductivity point.
Inourintegrated structures, itoccursat V;=+5V, closeto V,,, the Dirac
voltage measured on anideal MLG field-effect transistor (FET) withan
identical gate architecture (Fig. 4g). A visible mode hop is noticeable
inFig. 4b, which is the cause of the different retrieved lineshapes and
frequency shift. The observed trend is likely related to the refractive
index variations (and corresponding emission frequency variations)
owing to gain change with the pump current that can be estimated
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Fig.4|THG and CE. a-c, Stacked normalized FTIR emission spectraacquired,
while driving the QCL with a current corresponding to the peak optical power, asa
function of the gate voltage V,, for three QCLs with differing DFB grating pitches
(a-c), and fabricated with an optimized dry etching fabrication protocol (c). The
spectrawere measured in rapid-scan mode, under vacuum, using a helium-cooled
Sibolometer (IRLabs), with a spectral resolution of 0.075 cm™ The QCLinbis
initially emitting at 3.222 THz; this frequency initially red-shifts with tuning of

the graphene Fermilevel, but the QCL then mode hops at 3.228 THz before
red-shiftingup to 3.225 THz as V; increases to 4 V. At zero gate bias (;),

Vo =3.375THz (a), v, =3.221 THz (b) and v, = 3.262 THz (c). d-f, Stacked FTIR
emission spectraacquired in step-scan mode, under the same experimental
conditions as a-c with a spectral resolution of 1cm™, and filtering out the QCL
lasing modes with a Ta high-pass filter (cut-off -7 THz), for the three QCLs in a (d),
b (e) and c (f). The step-scan signal was retrieved with a lock-in amplifier (Stanford
Instruments), synchronized with an amplitude-modulated signal of 317 Hz, which
was used to modulate the pulsed bias driving the QCL. The left sides of d-fshow
the step-scan spectrameasured in the range of emission of the DFB QCL.

Ina-c, the traces are acquired at intermediate (grey) and specific gate voltages:
Vo=+4V (green),+3V (black),+2 V (blue), +1V (red) and O V (pink,aand c),

that are marked by symbols in d-f; in these samples, we assume that the minimum
conductivity pointisat V5=V, =4.5V.g, Sheet resistance modulationasa
function of the gate voltage applied to anideal, microscopic MLG graphene FET,
realized with the same gate architecture used for the top-QCL supercapacitor
(left axis, red dots) to tune £ The black curve is the fit to the experimental data.
The V; dependence of E; (blue line, right axis) is extracted from £ = hvgy/Tin (Vg)
.h, Expanded view of the third harmonic signal measured at V;=+3 V on the laser
of a, highlighting an S/N ratio of about 20 (black curve), and at V;=+4 Von the
optimized laser of ¢, highlighting an S/N ratio of about 60 (green curve).

i, Comparison between the calculated CE (Calc, black line) and the CEs retrieved
experimentally (Exp, red dots) across a set of seven devices, the last one
(intracavity power 0.17 W) belonging to the new batch, each having different
intracavity powers, displayed as a function of the corresponding intracavity
power (Supplementary Section 8). Data are presented as mean values + standard
error of the mean (s.e.m.) bar, calculated following the relative error method,
namely considering the s.e.m. of the signal amplitude of the third harmonic
signal, as extracted from the interferogram trace, according to the method
illustrated in Supplementary Section 8, and assigning a corresponding linearly
proportional value to the CE error bar. a.u., arbitrary units.

via the linewidth enhancement factor*>. The pump current is indeed
affected by the conductivity of the material layer in the ribbon
apertures'®,

In all three cases (Fig. 4d-f), a well-defined peak emerges above
thenoiselevel at 3v,=10.1 THz (Fig.4d), 9.66 THz (Fig.4e) and 9.78 THz
(Fig. 4f), with a signal-to-noise ratio ranging from S/N=5to S/N = 60
(Fig. 4h) for V2 V=2 Vto Vi = Vp,. These peaks correspond to the
expected THG process in the MLG plasmonic grating. At V;<V, -2V,
the THG peak is still visible but consistently decreases in amplitude
and then disappears below the noise level. The same behaviour was
confirmedinmost of the devices tested (Supplementary Section 8),and
was unequivocally ascribed to the MLG since any possible frequency
up-conversion process, activated by nonlinearities inthe AR or in the
HfO,dielectriclayer, was excluded (Supplementary Sections 12and 14).

Experimental tuning of the CE
To corroborate our observations, we measured the gate
modulation on an ideal FET, fabricated by using the same

dielectric layer grown on doped GaAs, with a microscopic
(10 x 10 pum?) MLG channel. The resistivity (red dots, Fig. 4g)

-1
is then fit with R(VG)=yenT0t(VG)_1=[ue,/nf)+n2(vc)]
-1
2
= [pe\/nf) + (%G) Vg — VD)zj

From the fit, we extract a mobility £ = 1,400 cm?V's™, a capaci-
tance Gy~ 215 nF cm?, aresidual carrier density n, = 3.28 x10? cm™
and V, =4.4 V. The maximum sheet resistance, retrieved close to the
charge neutrality point, was -1.4 kQ sq?, indicating a non-negligible
background doping, which is not modulated by the gate voltage.
The E: dependence of V; is extracted from E; = hvpy/min (V) . We
assume that the gate voltage range probed on the QCLs roughly
corresponds to E; ranging from 50 meV to amaximum A£; =300 meV
(Fig. 4g). This assumption is explained as follows. In the large-
area (1.2 x 0.12 mm?) MLG FET embedded in the QCL, it is difficult to
reach the charge neutrality point (V;,) owing to an inhomogeneous
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E; over the sample surface, which prevents carrier depletion at a
single gate voltage. The more likely scenario is the achievement of a
minimum conductivity point at V; corresponding to a low E; that
we assume to be ~50 meV, as also confirmed by Raman spectroscopy
(Supplementary Section 7).

Through the optimized fabrication procedure used for the
device of Fig. 4¢,f, we could noticeably improve the S/N ratio at
the third harmonic frequency, as can be seen from Fig. 4h, showing a
direct comparison between the mostintense peak retrievedin Fig. 4d
(black trace in Fig. 4h) and the best normalized peak collected in the
optimized emitter (green curve in Fig. 4h). It is worth mentioning
that while a visible peak at the third harmonic frequency is retrieved,
the spectrain the frequency range around 6.5 THz, where a possible
peak owingto second harmonic emission should appear, are noticeably
flat (Supplementary Section 13).

We then estimated the experimental THG CE, by considering the
amplitude ratio between the intensities of the frequency up-converted
andincident (intracavity) light beams. The intensity of the THG signal
isretrieved directly from the interferogram that encodes the signal
measured by the lock-in amplifier during the step-scan acquisition,
andwitha Tafilter in place that removes any optical signal below 4 THz
(cut-off frequency 7 THz; Supplementary Section 10). The incident
(intracavity) light is extracted from the interferogram collected with-
out the filter, and then normalized accounting for the device internal
quantum efficiency (60%)*, assuming ~-50% light absorption through
the MLG***. The procedure is discussed in detail in Supplementary
Section 11and follows the procedures described in ref. 41.

Theintracavity power of each device (horizontal axis Fig. 4i) was
quantified by considering the actual optical output power, measured
with a calibrated Thomas Keating thermal detector placed in front
of the cryostat window (Fig. 3b), and then normalized by the internal
quantum efficiency (60%) and MLG absorption losses (50%). For the
entireset of fabricated samples, the CE values range from-1t0 5.4 x 107
(Fig.4i), matching our simulations. Assuming those values, we obtain
amaximum third harmonic peak power, thatis, at 9-10 THz, of 9.0 pyW
(average power of 450 nW).

We also validated this estimate of the emitted power at the
third harmonic, following the procedure that we used in a previous
work (Fig. 4b in ref. 41) for the QCL shown in Fig. 4a. In this case, we
isolated the up-converted signal, positioning an 7 THz high-pass Ta
filter along the optical path in front of the window of a Ge bolometer
(QMCQ), and detected directly the signal emitted by the integrated
laser with a lock-in amplifier, referenced to the same signal used to
amplitude-modulate the QCL, driven at a current corresponding to
the peak power. Considering the detector responsivity (3.5 kV W),
thelock-in signal gave an optical power output at the third harmonic of
210 nW average power (4.1 uW peak power), slightly larger but compa-
rable with the number retrieved from the procedure described above.

Conclusion

The demonstration of frequency up-conversion, using electrically
controllable graphene plasmons integrated into a semiconductor
heterostructure laser, opens up abreadth of new device possibilities,
including the tailored design of solid-state sources for the, normally
inaccessible, 6.5-12.0 THz frequency range. Far-infrared spectroscopy
of alarge number of rotational and roto-vibrational transitions of
light molecules and free radicals can be easily measured with the
achieved 400 nW of average power levels, as already shown at lower
frequencies (3 THz) with only 100 nW of optical power*®. Further
exemplar applications include the studies of complex liquids, such
as water in the far-intrared range, where strong absorptions are
present, or mapping the intricacies of protein function in amino
acids such as dipeptides and tripeptides, in a frequency range in
which they show resonances”. Such applications have not been exten-
sively investigated so far owing to the lack of appropriate sources,

but would offer new insights into low-frequency intermolecular
motions. This could provide vital information on, for example, the
complex interaction of water molecules with atmospheric gases*®,
their role in meso-structures (proteins and charge groups) of bio-
logical organisms*, and enable fast detection of complex amino
acids®®. The developed sources could also be exploited in detector-
less near-field scattering-type scanning near-field optical micros-
copy systems for quantum nanoscopy applications in the unexplored
24-50 pm range where many plasmonic, phononic and magnetic
phenomena of contemporary interest occur®. Indeed, by using
re-injection of the up-converted light back into the QCL cavity,
through the plasmonic grating, the QCL itself can be used as a trans-
ducer to reconstruct the near-field maps at multiple frequencies,
including the high up-converted THz frequencies.

Technological strategies toincrease the output power are likely to
lead to wider uptake of the technology. These include (i) engineering
the DFB resonator to comprise hybrid dielectric/metal side absorb-
ers to suppress undesired lateral higher-order modes®; (ii) more
advanced and refined cavity designs that can substantially enhance
the CE, for example, adopting plasmonic designs that offer better field
enhancement than simple ribbon geometries®’; and (iii) designing a
plasmonic lattice decoupled from the top surface of the laser device,
or engineering a resonant cavity at a quarter wavelength thickness
to increase further the local electric field density. The latter would
lead to minimal changes in the optical losses but resultin at least a
one order-of-magnitude increase in extraction efficiencies. Those
improvements can potentially also open up opportunities for the
quantum control of condensed matter systems and their application
in quantum computing architectures®**,

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41565-025-02005-z.
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Methods

MLG preparation and integration onto the QCL chip
Thelarge-areaSLGwas synthesized onacopper substrate usingchemical
vapour deposition (CVD)*. The SLG on Cu (1 cm x 1 cm) was then coated
with a 20-nm-thick layer of polymer (A4-950K PMMA polymer) and
curedat 90 °Cfor 60 s. The graphene film from the bottom surface of
the CVD sample was then removed using oxygen plasma reactive ion
etching, and the sample immersed, floating and face-up, ina solution
of 1g of ammonium persulfate and 40 ml of deionized water to etch
the copper substrate, and remove completely the Cu sacrificial sub-
strate. Once the copper etching was complete, the PMMA-SLG film was
transferred into abeaker of deionized water and then scooped up with
asecond copper-graphene CVD sample, to form atwo-layer graphene
stack. Thissample wasleft to dry completely. The copper of the bilayer
graphene was then etched with the same technique. This process was
repeated sequentially until the desired MLG thickness was reached, in
this case three layers. The multi-stack was then transferred onto the
top of the laser chip, left to dry and finally soaked in acetone to clean
the surface and remove the PMMA.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data presented in this study are available on reasonable request
fromthe corresponding author.

Code availability
Therelevant computer codes supporting this study are available from
the authors upon reasonable request.
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» Experimental design

Please check: are the following details reported in the manuscript?
1. Threshold

Plots of device output poWer versus pump power over g fes  Emitted power VS input current of the electrically pumpud lasers
a wide range of values indicating a clear threshold L

2. Linewidth narrowing

Plots of spectral power density for the emission at pump & Yes | Figures 4 how the emission in the spectral ranges of interest collected with an FTIR
powers below, around, and above the lasing threshold, l:l No spectrometer. This techningue does not allow to estimated the lasing linewidth.
indicating a clear linewidth narrowing at threshold

Resolution of the spectrometer used to make spectral [X]¥es  caption of Fig 4 includes the details
measurements [INo

3. Coherent emission

Measurements of the coherence and/or polariza‘tion g ‘fes | Lasing reported in a quantum cascade heterisctructure. Ineherent Coherent emission
of the emission [ Ino

4. Beam spatial profile

Image and/or measurement of the spatial shapeand ~ [X{|Yes  Shown in Figures 3d,e
profile of the emission, showing a well-defined beam [ Ino

above threshold

5. Operating conditions
Description of the laser and pumping conditions g ‘fes | Allthe details are given in manuscript, figure captions and supporting information
Continuous-wave, pulsed, temperature af operation D No

Threshold values provided as dens'lty values {e_g. W eme2 g ‘fes | Included in Figure 3, and in the Supplementary Information
or | cnv2) taking into account the area of the device D No

6. Alternative explanations
Reasoning as to why alternative explanations have been  [X]Yes  Modelling and data to support frequency upconversion carafully reperted
ruled out as responsible for the emission characteristics D No
e.g. amplified spontaneous, directional scottering;

medification of fluorescence spectrum by the cavity
7. Theoretical analysis

Theoretical analysis that ensures that the experimental @ Yes  Detailed modelling in the manuscript and Supporting Information file
values measured are realistic and reasonable [ INo
e.g. laser threshold, linewidth, cavity gain-loss, efficiency

8. Statistics
g ‘fes  Supperting Information sections dedicated to the statistical analysis of the various
Number of devices fabricated and tested l:l Mo devices tested and the number is propertly reported.
Statistical analyg]; of the device performanoe and & Yes A statisti_cal analysis of the main figures of merit is reportad in the Supporting
lifetime (time to failure) [ Ino Information

The presented devices are extremelvery stable. Hence the inherent device lifetime
[wears) is much longer than a set of repeated experimental campaigns

» Further reading

We also suggest that authors read the following literature, which describes the important principles and signatures of laser emission
and discusses some of the common mistakes that can occur during laser characterization.

. Samuel .D.W., Namdas, E.B. & Turnbull, G.A. How to recognize lasing. Nat. Photon. 3, 546-549 (2009).

. Siegmann, A.E. Lasers. {University Science Books, 1950)

. Swelto, O. Principles of Lasers. 5th edn. (Springer 2010)

Blood, P. Quantum Confined Laser Devices: Optical Gain and Recombination in Semiconductors. (Oxford Univ. Press, 2015)

. Koxlov, V.G. et al. Laser action in organic semiconductor waveguide and double-heterostructure devices. Nature 389, 362-364 (1997).
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