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ABSTRACT: Graphene is a promising materials system for
basic studies and device applications in THz optoelectronics
with several key functionalities, including photodetection and
optical modulation, already demonstrated in recent years. The
use of plasmonic excitations in this context is particularly
attractive by virtue of their dynamic gate tunability across the
far-infrared spectrum, relatively long lifetimes, and highly
subwavelength confinement. Here these favorable properties
are exploited for the generation of narrowband tunable THz
radiation from current-driven plasmonic oscillations. We
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employ arrays of graphene nanoribbons, where localized plasmonic resonances are excited by an injected electrical current
(through the generation and subsequent energy relaxation of hot carriers) and then radiate into the far field. Pronounced
emission peaks are correspondingly measured at tunable frequencies across a wide portion of the THz spectrum (4—8 THz),
controlled by design through the ribbon width and actively through the applied gate voltage. These results provide a new path
for the study of plasmonic and hot-carrier phenomena in graphene and are technologically relevant for the development of

highly miniaturized and broadly tunable THz radiation sources.
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lasmonic excitations in graphene sheets and nanostruc-

tures are of significant fundamental and applied interest
because of several distinctive and desirable properties
compared to traditional systems based on noble metals." In
general, collective oscillations of the electron (or hole) gas in
graphene can produce guided electromagnetic waves with
particularly strong subwavelength field confinement and slow
phase velocity. Unlike surface plasmons in noble metals, the
dispersion curves and resonance frequencies of these
excitations can be tuned actively through the application of a
gate voltage (as a means to control the carrier density), which
can add significant flexibility and functionality for device
applications. For typical graphene carrier densities on the order
of several 10" cm™2, plasmonic resonances at mid-infrared and
terahertz frequencies are obtained (as opposed to the visible or
near-infrared excitations of traditional metal-based systems).
As a result, the use of graphene is promising to create new
application opportunities for plasmonic science and technol-
ogy. Finally, the availability of graphene samples with record
high carrier mobility at room temperature allows for plasmonic
modes with particularly large propagation lengths and
spectrally narrow line widths. These considerations have
motivated extensive work in recent years, where graphene
plasmons have been measured using nanoprobes” or in
transmission measurements with various geometries designed
to compensate for their momentum mismatch with free-space
radiation (nanoribbons,"” nanoparticles,* '® continuous films
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near a diffraction grating,'"'> and antidot arrays'”'*'*).

Several device functionalities at both mid-infrared and THz
wavelengths have also been proposed and investigated,
including photodetectors,'>~"* li%ht emitters,'”~>" optical
modulators,””** and biosensors.*#**

In the field of THz optoelectronics, a particularly interesting
application of plasmonics is the direct conversion of the
collective charge oscillations that are intrinsic to any plasma
wave into free-space radiation. In its simplest implementation,
the underlying radiation mechanism could be described as
thermal emission resonantly enhanced by the excitation of
surface plasmons, producing significant spectral reshaping.
Importantly, this process can be driven electrically through the
injection of a current in a two-dimensional electron gas
(2DEG) to produce a hot carrier distribution, which can then
partially decay into surface plasmons. Therefore, it may form
the basis for the development of extremely miniaturized and
widely tunable THz optoelectronic oscillators, a class of
devices that is still highly underdeveloped.”® This idea has
already been investigated in early work with grating-coupled
2DEGs in traditional semiconductor heterojunctions, such as
Si/Si0, and GaAs/AlGaAs.”” ™ Pronounced tunable THz
emission peaks from thermally excited surface plasmons have
been measured in these systems under current injection at
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cryogenic temperatures and used to study hot-carrier effects
and plasmonic dispersion properties. More complex excitation
mechanisms have also been proposed* involving quasi-ballistic
carrier injection across a gated 2DEG to produce a plasma
instability, leading to the possibility of high-power coherent
emission.

The use of graphene in this general context is once again
attractive because of its exceptional transport properties,
allowing for ultrahigh carrier mobility and therefore reduced
plasmonic damping. As a result, particularly narrow plasmonic
emission spectra can be expected even under purely thermal
excitation conditions.” Graphene is also an ideal materials
system for the excitation of hot carriers, by virtue of its very
low electronic heat capacity and weak electron—phonon
coupling.”” In this respect it should be noted that prior work
has already highlighted the promise of graphene as a stable and
efficient thermal emitter at mid-infrared®” and even visible**
wavelengths, including a report of plasmon-assisted mid-
infrared radiation from an unbiased sample on a heater block.”!
Similarly, the strong confinement of graphene plasmons in the
supporting 2DEG is favorable to enhance light—matter
interactions, including plasmon generation via hot-carrier
decay. In fact, it has been suggested that the latter process
can become remarkably efficient and lead to unusual effects
(such as the generation of shockwaves) as a result of the
unique combination of slow plasmonic phase velocities and
high carrier speeds in graphene.”

The development of an experimental platform for the
investigation of plasmonic THz light emission from graphene
would therefore be of interest for fundamental studies of
nonequilibrium carrier dynamics and light—matter interaction
at the nanoscale, as well as technological advances in
optoelectronics. However, despite extensive work on graphene
for THz device applications in the past several
years,' > 7192039751 the measurement of resonant gate-tunable
THz light emission from graphene surface plasmons has not
been reported yet. To address this goal, here we employ the
localized plasmon modes of graphene nanoribbons, involving
collective oscillations of the 2DEG in the
perpendicular to the ribbon axis, at a resonance frequency
determined by the ribbon width and graphene charge
density."”” Compared to other geometries used to couple
free-space radiation to graphene plasmons, nanoribbons are
readily compatible with current injection while, at the same
time, confining the plasmonic oscillations within localized
surface areas, which is favorable to avoid potentially
detrimental effects arising from charge-density variations in
large-area samples.'” In our experiments, the nanoribbons are
driven with an electrical current, producing a significant
increase in the 2DEG temperature over the sample substrate,
and sharp emission peaks are correspondingly measured at
gate-tunable THz frequencies, in good agreement with
theoretical predictions. These spectra could be recorded up
to a maximum substrate temperature of about 190 K (partly
limited by the lock-in detection scheme used in our
measurements), with the electron gas heated up to about
room temperature. A simple model of the underlying radiation
process is also presented, suggesting that substantial margins of
improvement exist with further advances in sample quality and
device geometry.

direction
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B RESULTS AND DISCUSSION

A schematic illustration of the device structures employed in
this work and a scanning electron microscopy (SEM) image of
an experimental sample are shown in Figure 1a and in the inset
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Figure 1. Graphene-nanoribbon THz light emitters. (a) Schematic
device structure. (b) Electrical characteristics of an experimental
sample (device EMT1). Symbols: resistivity measured as a function of
gate voltage Vg at 300 K. The top horizontal axis shows the
corresponding carrier density. Solid line: numerical fit to the hole side
of the experimental data based on the model discussed in ref 52, from
which a hole mobility of 1130 cm?/(V s) is inferred. Inset: top-view
SEM image of the same device, showing several neighboring
nanoribbons (darker horizontal stripes) connected to one another
by perpendicular bridge sections. The scale bar is 3 ym.

of Figure 1b, respectively. In the following, we present data
measured with two devices, labeled EMT1 and EMT2,
consisting of nanoribbons with 530 and 810 nm widths,
respectively, arranged in an array with approximately 50% duty
cycle. Both devices are based on large-area films of commercial
graphene grown by chemical vapor deposition (CVD) on
copper foil, transferred onto oxidized Si substrates with a
poly(methyl methacrylate) (PMMA) transfer polymer. A
square section of approximately 190 um side length is defined
in the graphene sheets and shaped into the desired nanoribbon
pattern by electron-beam lithography and reactive ion etching,
followed by fabrication of the metal contacts (see Methods for
more details). The nanoribbons run across each device
between the source and drain electrodes (horizontally in the
inset of Figure 1b) and are connected to one another by small
perpendicular “bridge” sections (having 0.9 ym width and 6
pum pitch in sample EMT1, 1.4 pm width and 9 ym pitch in
sample EMT2). The purpose of the bridges is to ensure that
the presence of even a single crack in a ribbon does not
compromise the current flow across the entire ribbon,®” so
that the largest possible fraction of the graphene active area can
participate in the radiation process. The electrical character-
istics (resistivity vs gate voltage Vg) of device EMT1 at 300 K
are shown by the symbols in Figure 1b, together with a
numerical fit™> applied to the hole side of the experimental data
(solid line). The hole mobility extrapolated from this fit
(approximately 1130 cm?/(V s)) is on par with typical values
measured with CVD graphene deposited on SiO, using
PMMA,> suggesting good overall quality of the patterned
nanoribbons.

In this device geometry, each nanoribbon section between
consecutive bridges act as a Fabry—Perot cavity for plasma
waves along the direction perpendicular to the ribbon axis (the
« direction of Figure 1a). The plasmonic resonance frequencies
®, are then determined by the phase condition requiring
constructive interference upon each roundtrip within the
cavity,"” that is, 2Re[3(®,) Jw + 2¢, = 2nx, where B(w) is the
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frequency-dependent complex wavenumber of plasmon polar-
itons in graphene, w is the ribbon width, ¢, is the reflection
phase for plasma waves at each ribbon edge, and n is an
integer. An analytical expression for the dispersion relation
p(@) can be derived using a simple Drude model for the
graphene dynamic conductivity in the nonretarded regime (/8
< w/c).>* Using this expression, we obtain

[Py
" JThe e, +€,) W

(1)

where vy & 1 X 10°® cm/s is the Fermi velocity, N is the carrier
density, and €,; and €,, are the relative permittivities of the
surrounding materials (the Si/SiO, substrate and the air
above). According to eq 1, the nanoribbon plasmonic
resonances can be tuned geometrically by varying the ribbon
width w and actively by controlling the carrier density N
through the back-gate voltage in the field-effect-transistor
geometry of Figure la. Specifically, N is determined by the
capacitor relation gN = €eoxIV; — Venpl/tox, where €ox and
tox are the permittivity and thickness of the SiO, gate
dielectric, respectively, Vg is the voltage difference between the
back gate and the graphene channel, and Viyp is the gate
voltage at charge neutrality. The resulting ability to tune the
plasmonic absorption or emission frequency dynamically with
an electrical signal is particularly attractive for device
applications.

For both samples, EMT1 and EMT2, with carrier densities
of several 10! cm™2, eq 1 predicts resonance frequencies in the
THz spectral region. In general, the measurement of radiation
at these frequencies is complicated by the presence of a strong
thermal background from the surrounding environment, which
can severely obscure the signal of interest, particularly in the
case of small devices such as the samples under study. As a
result, we employ a lock-in detection scheme where the current
injected into the nanoribbons is modulated at a low frequency
(200 Hz) and a lock-in amplifier is used to isolate the detected
signal varying at the same frequency from the thermal
background. In these measurements, the samples are mounted
on the coldfinger of a continuous-flow cryostat, and their
emission is detected with a liquid-He-cooled Si bolometer in a
Fourier transform infrared (FTIR) spectrometer operated in
step-scan mode. The measured traces therefore correspond to
the difference between the nanoribbon emission spectra with
and without the injected current, without any contribution
from the surrounding environment. In passing, we note that
the very low modulation frequency used in this work is limited
by the bandwidth of the bolometer (400 Hz). In fact, high-
speed modulation capabilities can be expected from the same
devices, because the underlying radiation process involves
ultrafast carrier relaxation dynamics.

Representative results are shown by the red trace in Figure
2a, measured from the device EMT1 gated with a voltage
between the gate and source contacts Vgg = Viyp — 75 V
(where Veyp = —20 V in this case) at a substrate base
temperature T}, of 80 K. A pronounced peak near 7.9 THz,
attributed to the nanoribbon plasmonic oscillations, is
observed over the broader thermal emission from the same
active material (the 2DEG greybody radiation reshaped by the
spectral transfer function of the measurement setup). In order
to more clearly highlight the plasmonic contribution, in Figure
2a, we also plot the emission spectrum measured with the same
sample at the same cryostat temperature, but gated at charge
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Figure 2. Graphene-nanoribbon THz emission spectra. (a) Measured
radiation spectrum of the device EMT1 for Vg = Voyp — 75 V (red
trace) and Vg = Vinp (black trace). Both traces were obtained at a
base temperate T}, of 80 K and with an input electrical power P;, of
0.2 W. (b) Difference between the two spectra of (a), showing the
plasmonic contribution to the measured light. Inset: normalized
plasmonic emission peak of the same device under similar conditions,
measured through a polarization filter with its transmission axis
perpendicular (red trace) and parallel (green trace) to the long axis of
the nanoribbons.

neutrality, that is, for Vgg = Vnp (black trace). Because the
device resistance R increases with decreasing carrier density, in
the latter measurement we also increase the voltage Vpg
between the drain and source contacts (from +21 to +36 V)
s0 as to produce the same electrical power P, = (Vig)/R (0.2
W) fed into the device. At charge neutrality, there are not
enough carriers present in the graphene channel to allow for
any significant thermal excitation (and subsequent radiative
decay) of plasmonic oscillations. Correspondingly, the
resonance feature near 7.9 THz essentially disappears from
the emission spectrum, and only the broader greybody
contribution is observed. The difference between these red
and black traces, consisting of a sharp peak with a quality factor
of about 4 (Figure 2b), therefore, provides a direct measure of
the plasmonic contribution to the device output radiation.

All normalized emission spectra presented below are
similarly obtained by subtracting off the spectra measured
under otherwise identical conditions at charge neutrality. In
this normalization procedure, the charge-neutrality spectra are
sometimes rescaled by a constant factor (generally between 1
and 1.1) to produce a flatter baseline. This small correction,
described in more detail in the Supporting Information, is
justified by the expected variations in greybody output power
with carrier density, even for constant P, due to the
corresponding changes in both emissivity and temperature
increment. Polarization-resolved measurements also indicate
that the resulting normalized emission peaks are predom-
inantly polarized along the direction perpendicular to the
ribbons (the x direction of Figure 1a), as illustrated in the inset
of Figure 2b. This behavior is consistent with plasmonic
emission, which, in the present samples, can be described as
originating from a line of electric-dipole sources oscillating
perpendicular to the ribbon axis. The residual signal measured
with the orthogonal polarization (green trace in Figure 2b) is
attributed to the detection of light radiated over a finite range
of angles from the sample surface normal, where the dipole-
emission polarization direction can be rotated with respect to
the dipole moment. The excitation of plasmonic modes with
wavevector at a finite angle with respect to the x axis may also
contribute to this residual signal.

The measured devices also exhibit the geometrical and
electrostatic tunability described above. To illustrate, Figure 3a
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Figure 3. Spectral tunability of plasmonic emission from graphene nanoribbons. (a, b) Normalized emission peaks measured with the devices
EMT1 (a) and EMT2 (b) for Ty, = 80 K, P, = 0.2 W, and different values of Vg (with the corresponding hole-density values listed in the
legend). (c) Symbols: peak emission frequencies of the spectra measured with EMT1 (squares) and EMT2 (circles) vs carrier density. The vertical
bars indicate the spectral range where the emission signal is above 90% of the peak value. Solid lines: numerical fits to the expression for the
fundamental plasmonic resonance frequency of eq 1, with the reflection phase ¢, used as the only fitting parameter. Dashed lines: resonance
frequencies computed by FDTD simulations for the nanoribbon widths of both devices (w = 530 and 810 nm).
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Figure 4. Temperature and input-power dependence of plasmonic emission from graphene nanoribbons. (a) Normalized plasmonic emission peaks
measured with the device EMT1 at different base temperatures for P;, = 0.3 W. (b) Normalized emission peaks of the same device at T}, = 80 K

for different values of the input electrical power. (c, d) Plasmonic output power AP,; and electronic temperature increment AT = T, —

Thase (near

the source contact) vs base temperature (c) and vs input power (d). In all these measurements, the applied gate voltage is nominally Vg = Viyp —

60 V.

and b show a selection of normalized emission spectra
measured with EMT1 and EMT2, respectively, at different
gate voltages Vg for Ty, = 80 K and P, = 0.2 W. An obvious
blue shift in the frequency of peak emission with increasing
carrier density is observed with both devices. Furthermore, for
the same carrier density, the narrower-nanoribbon device,
EMT1, consistently emits at higher frequencies. These
observations are summarized in Figure 3¢, where the symbols
show the measured emission frequencies as a function of hole
density N (computed with the gate capacitor relation from the
applied voltage Vi), with the vertical bars indicating the
spectral range where the emission signal is above 90% of the
peak value. The solid lines are numerical fits to eq 1 for the
frequency of the fundamental plasmonic resonance (i.e., for n =
1), with the reflection phase ¢, used as the only fitting
parameter for both traces. Finally, the dashed lines indicate the
plasmonic resonance frequencies of the same nanoribbons
computed with the finite difference time domain (FDTD)
method, without any free parameters. Both fitting procedure
and numerical simulations (described in more detail in the
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Supporting Information) produce results in good agreement
with the experimental data. This observation confirms the
plasmonic origin of the measured emission peaks and
highlights the validity of the simple model of eq 1.
Furthermore, it suggests that the value of ¢, extrapolated
from the numerical fit (0.67) is also approximately valid for
nanoribbons with ideal straight edges (as modeled in our
FDTD simulations), despite the expected presence of
structural imperfections and possibly chemical contamination
in the experimental samples.

A more quantitative description of the observed radiation
mechanism, including an estimate of the output power,
requires knowledge of the 2DEG temperature increment AT
produced by the injected current. This quantity can be
evaluated using the heat-transfer model of refs 55—57, where
“supercollisions” involving disorder-assisted acoustic-phonon
scattering are identified as the dominant cooling mechanism
for hot carriers in graphene at temperatures above a
characteristic cryogenic value (the Bloch-Griineisen limit®’).
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In this regime, which generally applies to our samples, a steady-
state solution of the heat-transfer rate equation gives
_ 3
pin - A[TEI -

Tl )

where p;, is the input electrical power density per unit area, Ty
and Ty, are the electronic and lattice temperatures,
respectively, and A is the supercollision coupling constant
(proportional to the carrier density N and inversely propor-
tional to the disorder-limited mean free path>”). Importantly,
all variables in eq 2 must be computed as a function of position
y along the nanoribbons because of the spatial variations in
electrostatic potential produced by the large source-drain
voltages, Vi, used in our measurements (up to about 50 V).
The lattice temperature generally remains quite close to the
base temperature Ty,. (controlled by the cryostat) due to
efficient heat dissipation in the Si substrate, and it can be
calculated from the relevant thermal resistance. More details
about this whole analysis are presented in the Supporting
Information.

Given the 2DEG temperature under bias T,(y), the
greybody contribution to the output power can then be
evaluated using Planck’s law, modified to include the
experimental value of 1.6% for the emissivity of unpatterned
graphene™ and integrated over the entire length of the
nanoribbons. As discussed above, the nanoribbon output
spectra measured at charge neutrality predominantly consist of
this greybody contribution. When the device is gated away
from charge neutrality, a large increase in detected signal is
observed at the plasmonic resonance frequency. Given
knowledge of the greybody radiation output, this observed
increase can then be used to estimate the optical power AP, of
the plasmonic peak. For example, in Figure 2a, the detected
signal at the plasmonic resonance frequency increases by a
factor of 1.9 in going from charge neutrality (black trace) to
Vgs = Vone — 75 V (red trace). The value of AP,
correspondingly obtained from this analysis is 3.4 nW (see
Supporting Information), equivalent to an output power
density per unit device-active-area of about 20 yW/cm” In
passing we note that the fraction of plasmonic emission power
detected by the bolometer under the same conditions APglet =
NAP, can be estimated by integrating the spectrum of Figure
2b across the entire peak line width, which gives a value of
about 0.2 nW. These two power estimates are consistent with
one another if we assume a collection and transmission
efficiency of our measurement setup 7 (from the sample to the
bolometer) of about 6%, which is quite reasonable.

The analysis just described can be used to evaluate how the
plasmonic emission process depends on the substrate base
temperature Ty, and total input electrical power P, = Vps*/R.
Figure 4 shows several normalized emission spectra of the
device EMT1, measured at different temperatures for P, = 0.3
W in panel (a), and for different input powers at Ty, = 80 K
in panel (b). The corresponding increments in 2DEG
temperature over the substrate AT = T, — Tp,. (at the
source side of the nanoribbons) and in plasmonic output
power AP, are plotted versus T, in Figure 4c and versus P,
in Figure 4d. Similar results are obtained with the device
EMT?2 (see Supporting Information). A monotonic decrease in
AP, with increasing base temperature is observed in Figure
4a,c, and the plasmonic emission peak is no longer resolvable
above a maximum T,,. of about 190 K (with the 2DEG
correspondingly heated up to about room temperature). This
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behavior is partly related to the lock-in detection scheme used
in our experiments, where only the increase in output power
(AP,)) produced by the current-driven temperature increment
(AT‘S is measured. As shown in Figure 4c, AT decreases with
increasing T, which automatically causes a decrease in AP,
(even if the plasmonic emission efficiency remains constant§.
At the same time, Figure 4b,d shows that APPI initially
increases and eventually decreases with increasing P, with the
latter trend suggesting that the radiation efficiency is actually
also degraded at sufficiently high temperatures. This behavior
can be attributed to an increase in the nonradiative damping
rate of the plasmonic oscillations and/or a decrease in the
plasmonic excitation rate by the injected hot carriers, due to
phonon-related interactions. It should also be noted that the
charge-neutrality voltage Vp was found to become somewhat
unstable with increasing T, as indicated by the variations in
peak emission frequency observed in Figure 4a, which further
complicates the high-temperature measurements.

Finally, in order to further understand the current limitations
and prospects for improvement of the devices under study, we
present a simple model adapted from coupled mode theory>®
to describe their radiation efficiency. In this model, the time
evolution of the energy lal* stored in the fundamental
plasmonic resonance of the nanoribbons is governed by the
rate equation

a= _(iwl + 1—l'acl/z‘ + I_;bs/z)a + \/Fex in (3)

where @, is the resonance frequency of eq 1, I',,g and I, are,
respectively, the radiative and nonradiative (ohmic-absorption)
damping rates of the plasmonic oscillations, and I, is the rate
at which these oscillations are excited by the input electrical
power P;. In this framework, the plasmonic radiation output
power is simply P, = [,.qlal*, which can be computed as a
function of frequency @ from the steady-state solution of eq 3
as follows
%l _ l—‘re\cll—‘exc

B, (0 - o)’ + (Thq + Ty /4

(4)

Importantly, the plasmonic oscillations in our devices are
excited through the current-driven generation and subsequent
energy relaxation of hot carriers, which occurs through the
same scattering mechanisms that are also responsible for the
plasmonic nonradiative decay (involving impurities, defects,
phonons, geometrical boundaries, and other carriers). There-
fore, the excitation rate I',. can be expected to increase with
increasing absorption rate Iy, and vice versa. If this
relationship can be assumed to be linear, the peak output
power at resonance (w = w,) becomes proportional to
Il e/ (Trag + Tape)? which is maximum for I,y = T, This
result (analogous to the critical-coupling condition for optically
excited cavity resonances) provides a key design guideline for
the further development of these plasmonic THz emitters.

In our present samples, the absorption rate I'y, can be
expected to be significantly larger than the radiative term I',q4,
due to the moderate mobility of CVD graphene on SiO,, as
well as the long radiative lifetime of graphene plasmons in
general (related to their particularly large wavevector mismatch
with free-space radiation). In fact, prior transmission spectros-
copy measurements with similar graphene nanoribbons®~’
show peak plasmonic absorption values on the order of only a
few %, indicating that the ratio I',,4/I ", is similarly small. As a
result, the plasmonic-emission power spectral density of the
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present samples is limited to values of the same order of
magnitude as the graphene thermal background (e.g., see
Figure 2a). The ratio I',4/T'y and, therefore, the output
power of eq 4 can be increased by engineering the nanoribbon
photonic environment to enhance I',4 for example, using
cavity effects or additional metallic nanoantennas, along the
same lines that are currently being pursued for the
demonstration of perfect absorption in graphene.””*” Alter-
natively, ultrahigh-mobility samples could be employed to
decrease the nonradiative damping rate I'y. In fact, room-
temperature plasmonic resonances with particularly narrow
line widths and large propagation lengths have already been
measured in graphene sheets embedded within highly inert
hexagonal BN layers®” or quasi-freestanding.”’ These struc-
tures are therefore particularly promising for the development
of plasmonic THz light emitters operating at room base
temperature. The radiation efficiency of eq 4 could also be
improved by increasing the ratio I',,./I'y,, for example, with
more complex graphene channel geometries designed to
optimize the temperature spatial profile under bias. Addition-
ally, we note that ultrahigh-mobility graphene samg)les also
allow for ballistic transport across the entire device,”” except
for the contribution of carrier—carrier scattering at high carrier
density. This transport regime is the key requirement for the
Dyakonov-Shur plasma instability,” where resonant plasma
waves are amplified as they propagate along the 2DEG. In the
presence of a suitable antenna geometry (such as the
nanoribbons under study), coherent high-power THz emission
could therefore be obtained.

B CONCLUSIONS

In summary, we have demonstrated current-driven THz
radiation from plasmonic resonances in graphene nanoribbons.
These nanostructures provide an ideal materials platform to
investigate the complex interaction between plasmons and hot
carriers in the low-energy (THz) regime, including the impact
of high-mobility and possibly ballistic transport conditions. In
passing, it should be noted that the reverse process, where hot
carriers are created through the energy relaxation of optically
excited plasmonic resonances, is also of significant fundamental
interest, with important potential applications including
photovoltaics and photocatalysis.”> With further advances in
sample quality and device geometry, the graphene structures
presented in this work are also technologically relevant with
respect to a key outstanding challenge in solid-state
optoelectronics, the development of practical sources of THz
radiation. Distinctive features in this respect include very small
dimensions, compatibility with a wide range of substrates
(including Si-based microelectronics), broadband active
tunability of the emission frequency, and the possibility of
high-speed modulation.

B METHODS

Device Fabrication. The experimental samples are based
on commercial graphene grown by CVD on copper foil. Large-
area films of this graphene material are transferred onto low-p-
doped oxidized Si substrates using a layer of PMMA, which is
then removed with an acetone bath, followed by a dry anneal
process. Prior to the transfer step, the back surface of the Si
substrate is coated with the gate contact, consisting of a bilayer
of S nm Cr and 60 nm Au. Optical and SEM microscopy are
used to identify a sufficiently large section of the transferred
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graphene film having minimal defect density, which is then
shaped into the desired nanoribbon pattern by electron-beam
lithography and reactive ion etching. Next, the source and
drain contacts are fabricated using electron-beam lithography,
electron-beam deposition of the electrode materials (again
comprising S nm of Cr and 60 nm of Au), and liftoff. The
completed devices are then soldered on a sapphire substrate on
a copper block, with the source, drain, and gate contacts wire-
bonded to Au-coated ceramic plates and, finally, mounted on
the coldfinger of a continuous-flow liquid-He cryostat.

Radiation Measurements. The devices under study are
doped electrostatically with a constant gate voltage Vg and
biased with a square-wave voltage signal Vi at a frequency of
200 Hz between the source and drain contacts, with the
injected current Ipg monitored using a home-built current
probe. The radiation output is transmitted through a vacuum-
sealed FTIR spectrometer operated in step-scan mode, and
finally detected with a liquid-He-cooled Si bolometer and a
lock-in amplifier synchronized with the bias voltage. The
spectral resolution used in the measurements is typically 32
cm ™" (0.96 THz). The power spectral density of the detected
light is computed from the voltage measured by the lock-in
amplifier, given the nominal responsivity (5500 V/W) and
preamplifier gain (200 V/V) of the bolometer.
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