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ABSTRACT

Plasmonic excitations in graphene nanostructures provide a particularly effective means to enhance light-matter interactions at THz
frequencies. Here, we investigate the use of graphene nanoribbons for narrowband THz light emission based on the excitation of plasmonic
oscillations under current injection and their resonant decay into free-space radiation. A detailed theoretical model of the underlying
plasmon-enhanced thermal emission mechanism is presented, whose predictions are in good agreement with the recent experimental
demonstration of this phenomenon. This model highlights the key role played by the nanostructure absorption efficiency to maximize the
output radiation at the plasmonic resonance frequency. Based on this idea, we explore the integration of graphene nanoribbons with nearby
metallic antennas in an open cavity configuration in order to promote critical coupling to free-space radiation and correspondingly enhance
the absorption (and, therefore, radiation) efficiency by up to two orders of magnitude. The simulation results indicate that this approach is
promising for the development of novel THz sources with technologically relevant emission characteristics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0027159

1. INTRODUCTION

Plasmonic excitations in graphene films and nanostructures
offer several desirable features for fundamental studies and device
applications, including a particularly strong sub-wavelength con-
finement, relatively large propagation lengths, and dynamic tuna-

More recently, narrowband THz light emission from graphene
nanoribbons has also been reported based on the generation of hot
carriers under current injection and their subsequent energy relaxa-
tion through the excitation of GPPs.”* Free-space THz radiation is
then emitted by the resulting collective oscillations of the graphene
electron gas in the nanoribbons. A similar radiation mechanism

bility through the application of a gate voltage.'™ In addition, these
resonances typically occur at mid-infrared and terahertz wave-
lengths that are not immediately accessible with more traditional
plasmonic systems based on noble metals. The ability to cover the
THz spectral region is particularly interesting from a technological
standpoint,” because THz optoelectronics still suffer from the lack
of practical devices that can meet existing application needs (e.g.,
for THz spectroscopy, imaging, and sensing). Following extensive
studies of their basic physical properties,* initial device applica-
tions of graphene plasmon polaritons (GPPs) at THz frequencies
have already been demonstrated, including photodetectors' ™"
and optical modulators.'”*’ Plasmon-enhanced interband light
emission under conditions of population inversion has also been
proposed for the development of graphene THz lasers.”' ™

was originally investigated in early work with traditional semicon-
ductor heterojunctions such as Si/SiO, and GaAs/AlGaAs.””™*’
Pronounced THz emission peaks were measured with these
systems coupled to a diffraction grating, but only at cryogenic tem-
peratures. Graphene can generally be expected to be particularly
well suited for this device application because of several distinctive
properties. First, by virtue of its low electronic heat capacity and
weak electron-phonon coupling,”® graphene is an ideal material
system for the excitation of hot carriers. In fact, prior work has
already established its promise as a stable and efficient thermal
emitter at mid-infrared”>”" and visible’' wavelengths. Second, the
particularly strong confinement of GPPs in the supporting electron
gas is favorable to enhance all sorts of light-matter interactions,
including plasmon generation via hot-carrier decay.’” Finally, the
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relatively low damping rates of GPPs are advantageous to produce
proportionally narrow plasmonic emission spectra even under
ambient conditions, especially in high-mobility samples.”
Nevertheless, in the initial report of Ref. 24, plasmonic THz
light emission from graphene could only be detected up to a
maximum substrate temperature Ty, of about 200K, with very
low wall-plug efficiency on the order of a few 107%. In this work,
we present a detailed theoretical model of the underlying radiation
process, which can be described as thermal emission resonantly
enhanced by the excitation of graphene plasmons. The predictions
of this model are found to be in good agreement with the measure-
ment results of Ref. 24 and are then used to identify the key limit-
ing factors of the initial experimental devices. This analysis
highlights several possible avenues toward improved emitter perfor-
mance, including engineering the dielectric environment of the gra-
phene plasmonic oscillators in order to promote critical coupling
to external THz radiation. Following these predictions, we develop
a specific design involving graphene nanoribbons simultaneously
coupled to an optical cavity and THz antennas. Our simulation
results show that this design can enable room-temperature opera-
tion with a two-order-of-magnitude increase in wall-plug efficiency
compared to the devices of Ref. 24. Correspondingly, technologi-
cally significant THz output powers approaching the mW range
become accessible with large but realistic input electrical powers on
the order of 100 W delivered to a total graphene area of a few mm?.

Il. PLASMON-ENHANCED GRAPHENE THERMAL
EMISSION MODEL

The basic device geometry used for the initial demonstration
of plasmonic THz light emission from graphene™ consists of mul-
tiple graphene nanoribbons connected between the source and
drain contacts in a back-gated field-effect-transistor (FET) configu-
ration [Fig. 1(a)]. The graphene active material was grown by
chemical vapor deposition (CVD) on a Cu film and then

(a) Graphene
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transferred on the Si/SiO, FET substrate with a poly(methyl meth-
acrylate) (PMMA) support polymer. For practical convenience, per-
pendicular “bridge” sections [not shown in Fig. 1(a)] were also
introduced in the patterned graphene samples to connect neighbor-
ing nanoribbons to one another, so as to minimize the impact of
material defects and cracks on the current flow through the entire
device. Graphene nanoribbons in general support localized plas-
monic resonances associated with plasma waves bouncing back and
forth between the ribbon edges. The resulting resonance frequencies
vpl are determined by the phase condition requiring constructive
interference after each roundtrip and can be tuned by varying the
nanoribbon width w and the graphene charge density N according
to a simple approximate analytical formula, vploch/ */w'2. These
localized plasmonic excitations have been studied extensively in
recent years in several transmission spectroscopy measurements at
both mid-infrared”"”> and THz"'* wavelengths.

A representative THz emission spectrum measured with this
graphene nanoribbon device geometry is shown in Fig. 1(b).”* The
specific sample used in these measurements consists of
530-nm-wide nanoribbons arranged in a 150 x 200-um? array with
1-um pitch, held at a substrate temperature Ty, of 80K with a
carrier density N of 5.4 x 10> cm ™2, and driven with an input elec-
trical power Pj,=IpsVps of 0.2 W (here Ipg and Vpg are the
applied source-drain current and voltage, respectively). The trace
plotted in Fig. 1(b) is normalized to the emission spectrum of the
same sample gated at charge neutrality under otherwise identical
conditions, so as to fully highlight the plasmonic contribution. A
sharp peak with a quality factor of about 4 is observed at a center
frequency of 7.9 THz, in excellent agreement with predictions
based on the above-mentioned analytical expression for v, as well
as numerical simulations based on the finite difference time
domain (FDTD) method.”* The output power density per unit fre-
quency per unit graphene-sample area Ap,,, quantified on the ver-
tical axis of Fig. 1(b) was estimated by comparing the measured
strength of the plasmonic radiation peak with the graybody

» ©
1 1

Power Density [uW/THz/cm?]
w

o
|

N
—_
N

8
Frequency [THZz]

FIG. 1. Graphene nanoribbon THz light emitters. (a) Schematic device structure of the samples of Ref. 24. (b) Measured radiation spectrum Ap,(v) of a sample with

530-nm-wide ribbons and 1.0-um center-to-center spacing at a carrier density N=5.4 x 10'2 cm

temperature is 80 K and the input electrical power is 0.2 W.

~2, normalized to the spectrum at the charge neutrality point. The base
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emission background of the same device.”* Based on this estimate,
we obtain a wall-plug efficiency AP,,/P;, of 1.7 x 1078, where
AP, is the total plasmonic output power integrated over all fre-
quencies and across the entire device area.

The radiation process of Fig. 1(b) involves current injection in
the nanoribbons to heat up the graphene electron gas, leading to an
increased population of GPPs and therefore enhanced thermal emis-
sion at the nanoribbon plasmonic resonance frequency. This process
can be described using a general theoretical model for thermal emis-
sion from a collection of resonant nanoparticles.% In this model,
consistent with Kirchhoff's law of thermal radiation, the spectral
radiance S,y (v, T) (output power per unit frequency per unit sample
area per unit solid angle) is given by Planck’s formula for blackbody
emission Spp(V, T):(2hv3/c2)/[exp(hv/kBT) — 1] multiplied by the
nanoparticle absorption efficiency. Importantly, while this result is
derived under the assumption of thermodynamic equilibrium, it can
also be applied under a broad range of nonequilibrium conditions.™
The absorption efficiency n(v) is defined as the ratio between absorp-
tion cross section and physical surface area, and can be well above
one at frequencies near a nanoparticle absorption resonance. For the
devices under study, it can be written as 1, (v) = 04,(V)Stot/Sgr» Where
Sg: is the graphene surface area, Sy is the total device area (including
both graphene nanoribbons and the empty spaces in between), and
opi(v) is the fraction of incident optical power that is absorbed by
the plasmonic oscillations.

Based on this model, the plasmonic emission spectrum and
output power can be computed as follows. First, FDTD simulations
are carried out to calculate the graphene plasmonic absorption
op(v) for an input plane wave of variable polar and azimuthal
angles of incidence (0 and &, respectively) and different states of
polarization (e.g., s and p). Next, the output power density per unit
frequency per unit sample area po,(v, T) is obtained by integrating
the resulting spectral radiance over all angles, i.e.,

21 T
Pouc(V> T) = sm/sng d¢J d6'sin (o (v, T))Spu(v» T), (1)

0 0

where the brackets () indicate averaging over two orthogonal inci-
dent polarizations. With this formulation, the wall-plug efficiency
AP,/Piy can finally be expressed as

APout/l:'in = Jdv[pout(v> Tel) - pout(vr Tbase)]/pim (2)

where p;, = Pi,/S, is the input electrical power density, Tyqe is the
sample temperature for Py, =0, and T, is the elevated temperature
of the graphene electron gas under bias. With p;, given, the latter
parameter can be evaluated using the heat-transfer model of
Refs. 37-39, where “supercollisions” involving disorder-assisted
acoustic-phonon scattering are identified as the dominant cooling
mechanism for hot carriers in graphene. In this model,
pin = A[T3 — T;,,], where A is the supercollision coupling constant
(proportional to carrier density N*7). Furthermore, the lattice tem-
perature under bias is computed as Ty, = Tpaee + (fg_ox + tox/Kox)
Pin» Where rg_ox =4 x 10 Km?/W is the interface thermal resist-
ance between graphene and the SiO, gate oxide,”’ tox =300 nm is
the oxide thickness, and «ox=13W/m/K is the thermal

ARTICLE scitation.org/journalljap

conductivity of SiO,. This expression for Ty, neglects the lateral
spreading of the heat flow in the supporting materials and the con-
tribution from the Si substrate. Nevertheless, its predictions are in
very good agreement with more detailed calculations and measure-
ments of the lattice temperature in the same graphene FET device
structure.*’

The results of this analysis for the experimental device of
Fig. 1(b) are summarized in Fig. 2. Figure 2(a) shows the calculated
absorption spectrum o(v) of this device illuminated at normal inci-
dence with light polarized parallel (y) and perpendicular (x) to the
nanoribbons. In these FDTD simulations, the sample quality is
quantified by the carrier scattering lifetime 7 used in the graphene
conductivity model or, equivalently, by the carrier mobility
u = qvit/Eg, where vp~1x10®cm/s and Ep are the graphene
Fermi velocity and Fermi energy, respectively. The spectra plotted
in Fig. 2(a) were computed for u=2000 cm®/V s, which is appro-
priate for typical CVD graphene samples deposited on SiO, using
PMMA."" The shapes of these spectra reflect the well-established
polarization properties of GPPs in nanoribbons,”'******> where
only the perpendicular component of the incident electric field can
experience resonance absorption by coupling to the fundamental
plasmonic oscillations. In contrast, a weaker absorption coefficient
decreasing monotonically with increasing frequency is observed for
the parallel field component, indicative of free-carrier absorption. As
a result, in the nanoribbon geometry, the polarization averaging
expressed by the brackets in Eq. (1) is equivalent to multiplication of
the x-polarized absorption by a factor of 1/2. It follows from
Fig. 2(a) that the polarization-averaged peak absorption {oy(vp1))
of the device under study at normal incidence is ~0.025, correspond-
ing to a rather small absorption efficiency (N,i(Vp1)) = (0pI(Vp1))Seor/
Sgr = 0.047.

In Fig. 2(b), the polarization-averaged peak absorption
efficiency (np(vp1)) is plotted as a function of the polar angle of
incidence 6 on the x-z and y-z planes [relative to the system of
coordinates defined in Fig. 2(a)]. A monotonic decrease in absorp-
tion with increasing illumination angle is observed on both planes,
mostly arising from the corresponding increase in the projected
area of the incident wave on the sample plane as well as polariza-
tion effects. The full angular dependence of (ny(v,)) on both 6
and ¢ is displayed in Fig. 2(c). For computational convenience, this
color map was calculated with a reciprocity-based method,
whereby an electric dipole source at vy, is positioned on a nanorib-
bon and its far-field radiation pattern is computed in the air above.
By reciprocity,”” this pattern is proportional to the local field inten-
sity (and therefore the absorption) produced at the dipole location
by an incident plane wave as a function of illumination angles. The
proportionality factor between the calculated radiation pattern and
the absorption efficiency (ni(vp1)) is then determined by compar-
ing the horizontal and vertical line cuts of Fig. 2(c) with the traces
of Fig. 2(b). Similar results for the angular dependence of (ni(v))
were obtained at all other frequencies v across the plasmonic
absorption spectrum.

Using these simulation results in Eq. (1), we can finally calculate
the plasmonic emission spectrum Apout(V) = pout(V: Tel) - pout(v» Tbase)
of the device of Fig. 1(b) under the same experimental conditions (i..,
Tpae = 80K, P,y =02 W, and N=54x 102 cm™?). The supercollision
coupling constant A used to evaluate the electronic temperature under
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FIG. 2. Simulation results for bare nanoribbon devices. (a) Absorption spectrum for normally incident light with polarization parallel (blue trace) and perpendicular (red
trace) to the nanoribbons, for the device of Fig. 1(b) with mobility 1 = 2000 cm?/V's. (b), (c) Polarization-averaged peak absorption efficiency (Mpi(vpr)) Of the same device
plotted as function of polar angle of incidence 6 on the x-z and y-z planes (b), and as a function of both polar 8 and azimuthal ¢ illumination angles (c). The color map
of (c) was computed with a reciprocity-based method. (d) Output radiation spectrum Apq(v) of the same device, computed using the data of (c) in Eq. (1) with

Tpase =80 K and P, =0.2 W.

bias Ty is computed with the same material parameters described in
Ref. 24. A value of T =196 K is obtained in this case, whereas the cor-
responding lattice temperature Ty, is 83 K. The resulting emission
spectrum, plotted in Fig. 2(d), is in reasonably good agreement with
the experimental data of Fig. 1(b). Specifically, the calculation results
show a peak emission frequency vy, =8.0 THz, a spectral linewidth
dv=28THz (full width at half maximum), and a peak power
density Apgu(Vpl) = 14.5 UW/THz/cm?, whereas the measured values
are vp=7.9THz, 8v=2.0THz, and Apyu(vp) =9.1 uW/THz/cm?.
Altogether, this comparison is quite satisfactory, particularly given
the absence of freely adjustable fitting parameters in the simulations,

and therefore it substantiates the validity of the underlying theoreti-
cal model.

In order to elucidate the key limiting factors of the device
structure considered so far, in Fig. 3, we plot its normal-incidence
polarization-averaged peak absorption (o, (vp1)) and corresponding
peak absorption efficiency (n,i(vp1)) as a function of carrier mobil-
ity p (bottom axis) and carrier scattering rate 1/t (top axis). The
shape of this trace can be explained with a general argument based
on the coupled-mode theory:**** the coupling between external
radiation and the plasmonic resonance is maximum when the radi-
ative decay rate of the plasmonic oscillations I'.,4 is equal to their
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nonradiative damping rate I'y,. Away from this critical coupling
condition, the absorption decreases regardless of whether I'y,q < Ty,
(under-coupling) or I'y,q>Ty,, (over-coupling). In a 2D electron
gas, nonradiative damping of the plasmonic oscillations involves
the same scattering mechanisms that also limit the mobility (impu-
rities, defects, phonons, and other carriers). Therefore, T, can be
taken to be equal to 1/1, which is inversely proportional to . as dis-
cussed above. The radiative decay rate I';,q is instead mostly limited
by the large wavelength mismatch between the graphene surface
plasmons and free-space radiation. The simulation results of Fig. 3
indicate that in the present device structure, I',q is ~3.4 X 10257,
corresponding to an optimal mobility for critical coupling
W*~11000cm*/Vs. In the experimental sample of Fig. 1(b),
the actual mobility is significantly smaller (about 2000 cm*/V s
near 80K), and therefore its plasmonic emission is strongly
under-coupled.

These results suggest three key design guidelines to increase
the emission efficiency and correspondingly enable operation at
higher temperatures. First, optimal device structures should be
designed to operate as close as possible to critical coupling. In prin-
ciple, this goal could be achieved by employing ultrahigh-quality
graphene sheets embedded in hexagonal-BN** or partially sus-
pended,””*® where room-temperature mobilities approaching the
optimal value p* of Fig. 3 are possible. However, at present, these
samples tend to be quite small and cannot be readily scaled to the
mm” dimensions required to obtain significant output radiation
power. Alternatively, the graphene nanostructures may be com-
bined with additional photonic and/or plasmonic antennas that
can effectively “funnel” incident radiation in and out of the

Scattering Rate T',,, = 1/t [1012 s-]
190 1 p 1 0;1

T
o
o
©

-0.06

-0.03

Peak Absorption (o, (vy))

0.00 e e 0.

1k 10k 100k 1M
Mobility [cm?/V/s]

Peak Abs Efficiency (n,(vp))

o
o

FIG. 3. Mobility dependence of plasmonic absorption in bare nanoribbon
devices. The left axis shows the polarization-averaged peak absorption of the
device of Fig. 2 under normal-incidence illumination, plotted as a function of
mobility (bottom axis) and plasmonic nonradiative damping rate (top axis). The
right axis shows the corresponding absorption efficiency.
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GPPs,'”" in order to increase their radiative decay rate T',q and
thus lower the optimal mobility u*. Second, the graphene dielectric
environment can be engineered to increase the peak plasmonic
absorption at critical coupling (o* ~0.046 in Fig. 3) toward its
maximum possible value of 100%. Aside from the polarization
properties described above, a* here is limited by the presence of
both transmission and reflection channels for the incident light, in
addition to absorption, so that perfect absorption may be achieved
by suppressing these alternative processes.”””" Finally, according to
Eq. (1), the output radiation power can be further increased by
maximizing the geometrical ratio Sy, /Sy for fixed absorption
{0p1(Vp1))s i€, by scaling the sample area occupied by each nanorib-
bon to match its absorption cross section.

lll. CRITICALLY COUPLED GRAPHENE PLASMONIC
OSCILLATORS

Figure 4 shows a general device geometry designed following
the guidelines just presented, where each graphene nanoribbon is
surrounded symmetrically by two THz antennas consisting of par-
allel Au rectangular patches. These metallic antennas support reso-
nant modes at free-space wavelengths A proportional to their lateral
dimension L, with a moderate degree of spatial confinement
ML ~10"" (as opposed to A/w~ 100 for the graphene nanorib-
bons). Therefore, they can effectively mediate the wavelength mis-
match limiting the GPP radiative decay rate,"” without at the same
time adding any significant absorption losses by virtue of the small
penetration depth of THz light in metals. For fixed lateral dimen-
sions w and L, the coupling between each nanoribbon and its

IFIII‘I

graphene

wn

:TE

Au

FIG. 4. Schematic device structure designed to maximize the plasmonic radia-
tion output by promoting critical coupling and perfect absorption. The graphene
nanoribbons are distributed in a periodic array on the top surface of an open
vertical cavity, each surrounded by two equally spaced THz patch antennas.
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neighboring antennas is controlled by their separation s, whereas
the geometrical ratio Sy /S, can be optimized by selecting the
array period P. Additionally, an open vertical cavity configuration
is also employed in the device of Fig. 4, consisting of a Au back
mirror, a low-doped Si layer of thickness 4 (which can also serve as
the back conductor of the gate capacitor), and a thin SiO, gate
dielectric. Under external illumination, the back mirror can block
the transmission of the incident light and at the same time suppress
reflection through interference (with the proper choice of
graphene-mirror separation), and therefore maximize the absorp-
tion.”””" A similar vertical cavity configuration was originally
developed in the context of radio-wave engineering, where it is
referred to as the Salisbury screen.”

Design optimization for the device structure of Fig. 4 involves
several geometrical parameters, which collectively determine the
absorption efficiency. In the work presented below, we have fixed
the Au-antenna and SiO,-gate-dielectric thicknesses to 100 nm and
300 nm, respectively, and varied the remaining parameters in order
to maximize the plasmonic emission near 8 THz (for a direct com-
parison with the reference device of Figs. 1-3). Representative
design simulation results are plotted in Figs. 5 and 6. Figure 5(a)
shows the resonance frequency of minimum reflection for the
coupled Au-antenna/vertical-cavity system (without the graphene
nanoribbons) under x-polarized normal-incidence illumination, for
different values of the Si thickness h and antenna width L. The
antennas in these simulations are arranged periodically on the SiO,
surface with a fixed edge-to-edge separation of 600 nm. In this con-
figuration, reflection is partially suppressed via destructive interfer-
ence between the waves reflected at the top and bottom surfaces of
the vertical cavity (ie., at any frequency where the total roundtrip
phase shift through the cavity is «), combined with absorption inside
the device (mostly in the SiO, layer as discussed below). As shown
in Fig. 5(a), the resulting resonance frequency decreases with increas-
ing h and L, due to the resulting variations in the propagation phase
through the Si layer and in the scattering phase of the Au antennas,
respectively. Based on these results, we select h=15um and
L=3.32um, which produces a pronounced reflection dip at the
target operation frequency of 8 THz [inset of Fig. 5(a)].

Next, we introduce the graphene nanoribbons near the Au
patch antennas and evaluate their plasmonic absorption spectra for
different values of the graphene Fermi energy Er and mobility p.
Initially, we consider a variation of the device geometry of Fig. 4
where a single antenna is located symmetrically between consecu-
tive nanoribbons [inset of Fig. 5(b)], with 400-nm ribbon width w
and 100-nm ribbon/antenna separation s. Figure 5(b) shows the
resulting plasmonic absorption o, under x-polarized normal-
incidence illumination, plotted as a function of frequency v and
Fermi energy Ep for y = 2000 cm*/V s. The shape of this color map
reflects the coupling between the nanoribbon fundamental plas-
monic excitation, whose frequency increases with the square root
of Ep”'?**3% (red dashed curve), and the antenna resonance
which is independent of Er (orange dashed line). To further eluci-
date the absorption properties of this device, in Fig. 5(c), we plot
the different contributions to its absorption spectrum for constant
Er=0.23 eV. As shown by these simulation results, the main com-
peting absorption mechanism limiting the peak value of oy, (v) is
provided by the SiO, gate dielectric, which incidentally is also
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responsible for an absorption peak near 14 THz associated with a
SiO, surface-phonon resonance.'” At the same time, free-carrier
absorption in the Si film is found to be quite small in the spectral
region of interest, even though the Si doping level used in these
simulations (1 x 10'® cm™) is already large enough for back-gating
purposes.”

In any case, the key conclusion that emerges from Fig. 5(c) is
that the device under study can provide near-complete absorption
(for x-polarized, normally incident light) at the GPP resonance fre-
quency vy, despite its relatively low graphene mobility of
2000 cm?/V's. In fact, this value essentially coincides with the
optimal mobility p* for critical coupling of the same device, as
shown in Fig. 5(d) where the polarization-averaged peak absorption
(opi(vp1)) and corresponding peak absorption efficiency (ni(vp1))
are plotted as a function of pu and 1/1. As a result of the combined
action of the vertical cavity and THz antennas, we find that the GPP
radiative decay rate I',4 is increased from 3.4 x 102 57! in the “bare”
nanoribbons of Fig. 3 to nearly 20 x 10'*s™" in the present device,
leading to a proportional decrease in p* to about 2000 cm?/V s.
Importantly, this value of mobility is readily accessible even at room
temperature with large-area CVD-grown graphene transferred on
Si/SiO, substrates.”' Therefore, maximum plasmonic absorption can
be achieved with this device configuration without the need for
ultrahigh-mobility graphene, only limited by the nanoribbon polari-
zation properties and the above-mentioned competing processes in
the SiO, gate dielectric. Furthermore, the absorption efficiency
(Mpi(vp1)) at p=2000 cm?/Vs is as large as 3.8 (vs 0.047 for the refer-
ence device of Figs. 1-3) and remains well above unity for mobilities
as small as a few 100 cm®/Vs. As a result, significantly stronger
plasmon-enhanced thermal emission can be expected from the
present device, even under ambient conditions at room temperature.

The absorption efficiency can be further enhanced by increas-
ing the center-to-center inter-nanoribbon separation P in order to
optimize the geometrical ratio Sy,/Sg. To this end, we introduce
two separate antennas between neighboring nanoribbons (as in
Fig. 4) with fixed separation s =100 nm between each ribbon and
its surrounding antennas, so as to preserve their strong coupling
responsible for the large decrease in p* just discussed. Figure 6(a)
shows the normal-incidence absorption /dv(onpl(v)) and absorption
efficiency /dv(npl(v)) integrated over all frequencies and plotted as
a function of the inter-nanoribbon separation P. All other geomet-
rical parameters used in these simulations are the same as in
Fig. 5(d), with p=2000cm?/Vs and Egp=0.27 €V (corresponding
to a carrier density N =54 x 102 cm™2, as in the reference device
of Figs. 1-3). As expected, the absorption decreases monotonically
with increasing P, due to the corresponding decrease in the fraction
of incident power intercepted by the nanoribbons. At the same
time, however, the absorption efficiency initially increases with P,
indicating that the absorption cross section of each nanoribbon
along the x direction is initially larger than the separation between
consecutive ribbons. Based on these simulation results, we can
maximize the absorption (and therefore the radiation) efficiency by
setting P = 20 um, which is approximately half the free-space wave-
length at the peak emission frequency of 8 THz.

In order to evaluate the plasmonic emission spectrum and
output power of the resulting device using Egs. (1) and (2), we
finally compute (n,(v)) as a function of direction of propagation
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FIG. 5. Simulation results for a variation of the design of Fig. 4, where consecutive graphene nanoribbons are separated by a single THz patch antenna. (a) Resonance
frequency of the coupled Au-antenna/vertical-cavity system (without the graphene nanoribbons) for different values of the antenna width L and Si thickness h. Inset: reflec-
tion spectrum of the same device for h=1.5um and L = 3.32 um. (b) Graphene absorption for x-polarized normally incident light vs frequency v and Fermi energy Eg, for
the device structure shown in the inset with 400-nm-wide nanoribbons and x = 2000 cm?\V s mobility. The red and orange dashed lines show, respectively, the analytical
nanoribbon GPP dispersion and the antenna resonance frequency. (c) Absorption spectrum of the device of (b) for Er = 0.23 eV, showing the individual contributions of the
graphene nanoribbons, the SiO, supporting layer, the Au antennas and back mirror, and the doped Si film. (d) Polarization-averaged peak absorption of the device of (c)
under normal-incidence illumination, plotted as a function of mobility (bottom axis) and plasmonic nonradiative damping rate (top axis). The right axis shows the corre-

sponding absorption efficiency.

of the incident light. Representative results for different frequencies
v are shown in Figs. 6(b)-6(d), where once again the color maps of
absorption efficiency vs polar and azimuthal illumination angles
[panels (c) and (d)] were obtained with the reciprocity-based
method described above. Compared to the reference device of
Fig. 2, more complex patterns are observed in these plots, with

narrower peaks and in some instances sidelobes depending on the
frequency. This behavior originates from interference at the loca-
tion of each nanoribbon between the incident (or radiated) light
and the light that is correspondingly scattered by the neighboring
ribbons. More specifically, in the 3D simulations of Figs. 6(c)
and 6(d), we consider a small portion of the entire device with only
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five adjacent repeat units, so that the largest separation between dif-
ferent nanoribbons is 4 X 20 = 80 um. This value is smaller than the
estimated coherence length of the device plasmonic emission
(127 um in free space, as discussed below), so that the interference
effects observed in these plots are consistent with the partial spatial
coherence of the emitted light. In passing, it should be noted that
the use of periodically patterned surfaces to produce directional
and collimated thermal emission is already well established.”

The plasmonic emission spectrum  Apouc(V) = Pour(Vs
Te1) — Pout (Vs Thase) computed with Eq. (1) using the absorption
data just described is shown in Fig. 7(a) for P;,=100W and
Sgr=1mm” (importantly, the ability of graphene to withstand such
relatively large electrical power densities has already been
reported29’31’4o). The base temperature Ty, used in these

calculations is 300 K, with the corresponding lattice and electronic
temperatures under bias estimated at Ty, =327 K and T, =448 K,
respectively. A relatively sharp emission spectrum is observed in
Fig. 7(a) peaked at 8.5 THz, near the “bare” plasmonic resonance of
the nanoribbons, with a somewhat asymmetric line shape resulting
from the coupling with the modes of the adjacent Au antennas.
The emission linewidth &v is 2.1 THz, corresponding to a coher-
ence length I. = (4ln2/m)(c/8v)™ of 127 um as mentioned above.
The total output power AP, in Fig. 7(a) is 0.28 mW for a wall-
plug efficiency AP,./P;, of 2.8 x 107°. For comparison, using the
same procedure with the reference bare nanoribbon device of Fig. 2
under the same conditions (Tpue=300K, u=2000cm?Vs,
N=54x10"cm™> P, = 100 W, and Sgr=1 mm?), we find a much
lower output power AP, of 1.4uW. We can therefore conclude
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that the use of structures designed to enable critical coupling and
perfect absorption can increase the plasmonic radiation efficiency
by two orders of magnitude. Finally, our simulation results also
show that for fixed P;,, the output power increases with increasing
graphene area S, [Fig. 7(b)], despite the corresponding decrease in
electronic temperature T, [Fig. 7(c)]. In this respect, it should be
noted that CVD graphene can be synthesized in extremely large,
centimeter-scale films,”® although the active area of the present
devices is also limited by their large geometrical ratio Soy/Sg.

IV. CONCLUSION

We have presented a detailed theoretical model of
plasmon-enhanced graphene thermal emission based on the recent
demonstration of current-driven THz radiation from graphene
nanoribbons.”* The same model has then been applied to design a
more complex device structure with significantly enhanced radia-
tive efficiency. This design leverages the distinct ability of resonant
nanostructures to provide absorption cross sections much larger
than their physical area (especially under conditions of critical
coupling), combined with the ultrastrong light-matter interactions
enabled by graphene plasmonic excitations. The same general
framework could also be further expanded for additional perfor-
mance improvements. Specifically, the devices considered in the
present study are based on relatively simple plasmonic oscillators
(nanoribbons) consisting of standard CVD-grown graphene on
Si/SiO, substrates, with readily accessible carrier densities of a few
10" cm™. A larger absorption (up to twofold) could be achieved
with graphene nanostructures featuring a polarization-independent
plasmonic response, for example, circular or slightly elliptical disks
connected to one another by narrow ribbons to enable current
flow and gating.”” Plasmonic absorption in graphene can also be
enhanced by increasing the carrier density, e.g., using a thin ion-gel
top-gate architecture as in the initial measurement of THz GPPs in
nanoribbons,” where densities exceeding 15 x 102 cm™2 were

obtained. The use of double-layer graphene is similarly advanta-
geous to increase the accessible doping range.”™” In addition,
samples combining large areas with higher room-temperature
mobilities (e.g., ~10000 cm?*/V s for CVD-grown graphene trans-
ferred on h-BN®’) could also be envisioned as a way to simultane-
ously increase the peak power density and decrease the spectral
linewidth of the output light. This approach is particularly interest-
ing as a way to enable sensitive gate tuning of the radiation spectra,
which is currently limited by the resonant nature of the
Au-antenna/vertical-cavity system combined with the broader plas-
monic emission in lower-mobility samples [e.g., see Fig. 5(b)]. A
narrower spectral linewidth would also increase the spatial coher-
ence of the output light and, therefore, could be exploited to
enhance directionality of the radiation pattern.

Altogether, these results indicate that technologically signifi-
cant THz output power levels approaching the mW range can be
achieved with properly designed graphene plasmonic oscillators
under continuous-wave room-temperature operation. The required
input electrical powers (on the order of 100 W) are large but acces-
sible and compatible with the high-current-carrying capabilities of
graphene.”””""’ Tt should also be noted that current solid-state
technologies for THz light emission, most notably quantum
cascade lasers (QCLs),”" generally require cryogenic cooling, which
significantly limits their portability and integration in practical
systems. More recent solutions, including thermoelectrically cooled
THz QCLs®>®’ and intracavity difference-frequency generation in
room-temperature mid-infrared QCLs,”* are instead mostly limited
to pulsed emission with wall-plug efficiencies smaller than or com-
parable to the graphene devices described above. These devices,
therefore, appear to be promising for a wide range of practical
applications in THz imaging and spectroscopic sensing. Specific
advantages include direct compatibility with Si microelectronics,
relatively simple manufacturing (not requiring any complex hetero-
epitaxial growth), and the ability to operate across the entire THz
spectrum, including frequencies that are fundamentally inaccessible
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to III-V semiconductor materials due to reststrahlen absorption
(e.g., ~7-9 THz in As-based materials).

ACKNOWLEDGMENTS

The FDTD simulations were performed using the Shared
Computing Cluster facility at Boston University. Y.L. acknowledges
partial support from the National Science Foundation under Grant
No. ECCS-1711156.

APPENDIX: SIMULATION METHODS

All the FDTD simulations reported in this work were
performed using the Lumerical FDTD Solutions software package.
In these simulations, graphene is treated as a 2D interface with a
complex frequency-dependent conductivity based on the semi-
classical Drude model. All other relevant materials (Si, SiO,,
and Au) are described with their complex dielectric functions.
Specifically, for Si and SiO,, we used the built-in database of the
FDTD software; for Au, we used data from Ref. 65, which cover a
broad spectral range including the THz frequencies of interest in
this work. The absorption spectra are computed via 2D simula-
tions, where the device under study is illuminated with a linearly
polarized plane wave incident from the air above. Periodic boun-
dary conditions are applied to the lateral boundaries of the simula-
tion region, whereas perfectly matched layers (PMLs) are used in
the top and bottom surfaces. The individual contribution to the
total absorption from the graphene nanoribbons, or any other layer
of interest, is isolated using a built-in function of the FDTD solver.
A broadband input light pulse covering the spectral range of inter-
est is used in all simulations, except for those involving incidence
at oblique angles [as in Figs. 2(b) and 6(b)] where the use of a
single-frequency source is required. Finally, the far-field radiation
patterns are computed via 3D simulations, where the computa-
tional domain consists of five adjacent repeat units along the x
direction with sufficiently large extent (20 um) along the y direction
and PMLs on all boundaries. In these simulations, the emitted light
is provided by an electric dipole oriented along the x direction,
located on the graphene nanoribbon at the center of the simulation
region. The radiation patterns of y- and z-oriented dipole sources
were also computed but found to be negligibly small by compari-
son, consistent with the polarization properties of the plasmonic
resonances under study.
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