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Carrier excitation and decay processes in graphene are of broad interest since relaxation pathways that are not present in
conventional materials are enabled by a gapless Dirac electronic band structure. Here, we report that a previously unobserved
decay pathway—hot plasmon emission—results in Fermi-level-dependent mid-infrared emission in graphene. Our observations
of non-thermal contributions to Fermi-level-dependent radiation are an experimental demonstration of hot plasmon emission
arising from a photo-inverted carrier distribution in graphene achieved via ultrafast optical excitation. Our calculations indicate
that the reported plasmon emission process can be several orders of magnitude brighter than Planckian emission mechanisms
in the mid-infrared spectral range. Both the use of gold nanodisks to promote scattering and localized plasmon excitation and
polarization-dependent excitation measurements provide further evidence for bright hot plasmon emission. These findings
define an approach for future work on ultrafast and ultrabright graphene emission processes and mid-infrared light source
applications.

C

arrier relaxation in graphene is now understood to occur via
several stages and decay channels. The promptly excited carriers with a non-Fermi distribution undergo carrier–carrier
and carrier–plasmon scatterings on a 10-fs timescale, followed by
Auger recombination and optical phonon emission. The excited
carriers eventually reach a complete equilibrium with the lattice
and environment through direct or disorder-assisted acoustic phonon emission processes, which occur on a picosecond timescale.
These carrier relaxation processes in graphene on optical pumping
are depicted in Fig. 1a (refs. 1–7). Previous studies have predicted
and revealed the strong interplay of plasmons and particle–hole
excitations in graphene, which has a prominent role in reducing
the lifetime of the photoexcited charge carrier8–11. Several theoretical studies report that plasmon emission rates are at least one order
of magnitude larger than those of optical phonon emission12,13. In
particular, the study done by Hamm et al.14 shows that a substantial
portion of the photoexcited carrier energy is released via a prompt
flux of plasmon emission on a 100-fs timescale.
In this paper, we report an experimental observation of
plasmon emission directly arising from a photo-inverted carrier distribution—the theoretically predicted but experimentally overlooked decay pathway in graphene—by
measuring Fermi-level-dependent non-thermal emission contributions under ultrafast optical excitation. Our experimental
configuration is shown in Fig. 1b. The sample was illuminated
with 100-fs pulses from a Ti:sapphire laser operating at a wavelength of 850 nm while the Fermi level of graphene was externally controlled via electrostatic gating. The resulting emission
spectra were collected using a Fourier-transform infrared (FTIR)
microscope, which acquired emissions from a 50 μm2 sample
area (Methods). Laser pulses arrived periodically at the sample
approximately every 12.5 ns, while the moving mirror of the FTIR
moved on a millisecond timescale. Thus, the repetition rate of the
laser was sufficiently high that a large number of pulse-induced
radiation events were integrated in each acquired spectrum.

Elimination of thermal effects

Fermi-level-dependent emission spectra under pulsed laser excitation with a constant fluence of 1.12 J m−2 are shown in solid colour
lines in Fig. 2a. Graphene Fermi levels denoted in the figures of
this report are the gate-controlled Fermi levels of holes determined
under equilibrium conditions. We observe that, under pulsed laser
excitation, there is an increase in emission intensity with increasing graphene Fermi level between 4.5 μm and 8 μm, which causes a
departure of the spectral shape away from the steady-state thermal
emission spectrum at 95 °C (black dotted line in Fig. 2a). Moreover,
this excessive emission exhibits a notably opposite gate-dependent
trend from the steady-state thermal emission (shown in Fig. 2b),
and the changes in emission occur in a different spectral region.
In the case of steady-state thermal emission, Pauli blocking leads
to a decrease in emission at long wavelengths, and those changes
are observed most around 9 μm owing to a Fabry–Perot mode in
the SiNx membrane15,16 (see Supplementary Information for detailed
analysis of Fermi-level-dependent emissivities). In contrast, the
100-fs-laser-induced emission shows an increase in emission intensity between 4.5 and 8 μm with increasing graphene Fermi levels.
In our time-integrating measurement setup, all possible
mid-infrared emission processes occurring under optical excitation are collected, including the hot-electron-induced direct
photon emission process (also known as ‘ultrafast photoluminescence’ demonstrated by Lui et al.17). Fermi-level-dependent
electronic heating is explicitly taken into account in a phenomenological two-temperature model17,18. The detailed description of
the two-temperature model can be found in the Supplementary
Information. To understand how the time evolution of carrier
temperatures on ultrafast timescales may be manifested in an
observed time-averaged emission spectrum, time-dependent emission contributions from all three layers of the device (graphene,
SiNx and indium
P tin oxide (ITO)) were calculated and were added
according to
i¼layer ξi ðTi ðEF ; t ÞÞ ´ Sðλ; Ti ðEF ; t ÞÞ, where ξ is the
temperature-dependent
emissivity, EF is the graphene Fermi level and
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Fig. 1 | Carrier relaxation processes in graphene and experimental configuration. a, Carrier relaxation processes in graphene under ultrafast optical
excitation with corresponding carrier distributions. (i), Sharply peaked distribution of photoexcited carriers on optical pumping. The sample is initially
hole-doped via electrostatic gating, and the corresponding Fermi–Dirac distribution of thermalized carriers is outlined by a green solid line. (ii), Carriers
with a non-Fermi-like distribution undergoing carrier–carrier scattering on a 10-fs timescale. (iii), Carriers in a quasi-equilibrium state with two separate
Fermi–Dirac distributions within their bands with their own chemical potentials, but the same temperature. (iv), Carriers that have been thermalized under
interband processes and form a single Fermi–Dirac distribution. However, they are still hotter than the lattice. (v), Complete equilibrium between the
carriers and the lattice. b, Far-field infrared emission measurement setup. The sample consists of a graphene layer on a 1-μm-thick SiNx and a 50-nm-thick
ITO, which serves as a transparent window for back-side illumination and as a backgate for electrostatic doping of graphene. The as-prepared graphene
sample is hole-doped and exhibits a graphene Fermi level of approximately 0.22 eV when ungated (or VG = 0 V). On 100-fs pulsed optical excitation at
850 nm, the emitted mid-infrared light is collected with a Cassegrain objective and sent to a FTIR spectrometer. Figure reproduced from ref. 7.

S is the blackbody spectral radiance given by Planck’s law. We performed full-wave simulations to calculate temperature-dependent
emissivities of graphene and ITO layers (explained in detail in the
Supplementary Information). The SiNx layer exhibits negligible
absorption at the incoming laser wavelength. Thus, it is assumed
that the SiNx layer is heated via conduction only. The results were
time-averaged and are presented as dotted curves in Fig. 2b. The
Fermi-level dependence observed in the ultrafast Planckian emission between 4.5 and 8 μm is opposite to that seen in the measured
spectra under pulsed optical excitation. Thus, having control over
graphene Fermi levels via electrostatic gating generates qualitative Fermi-level-dependent trends and enables elimination of the
Planckian radiation processes.
To confirm that the observed 100-fs-laser-induced
Fermi-level-dependent emission behaviour originates from inverted
carriers in graphene, we performed emission measurements under
continuous wave laser excitation of the equivalent average laser
power (Fig. 2c). Considering a peak power of a 100-fs laser pulse,
which is approximately 1.25 × 105 times higher than the average

power, the carrier generation rate is expected to be approximately
five orders of magnitude higher under pulsed laser excitation than
that under continuous wave laser excitation. Under continuous
wave laser excitation, the Fermi-level dependence occurs at longer
wavelengths (>8 μm) analogous to that seen in thermal emission
under isothermal conditions, and the spectral shape is in good
agreement with that of the measured thermal emission spectrum
at 95 °C. Therefore, the main contribution of the observed emission
under continuous wave laser excitation is thermal emission, and the
observed emission behaviour under pulsed laser excitation relies on
the fact that carriers are excited with a sufficiently high carrier generation rate to achieve inversion.
We note that the Fermi-level dependence in the observed emission between 4.5 μm and 8 μm under pulsed laser excitation arises
only from graphene. It has been previously reported that applying
a sufficiently high gate voltage of order 1 V per 1 nm to ITO can
yield a charge accumulation layer in ITO19. However, the charge
accumulation in the ITO layer is negligible in our experimental
conditions as the applied electric field is an order of magnitude
Nature Materials | www.nature.com/naturematerials
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Fig. 2 | Fermi-level-dependent emission spectra in planar graphene. a, Measured emission spectra under pulsed laser excitation with a constant fluence
of 1.12 J m−2 (solid colour lines), compared with the measured thermal emission spectrum of ungated graphene at 95 °C (dotted black line). Here, the
95 °C was the temperature at which the measured thermal emission spectrum matches well with the long-wavelength tail of the emission spectra under
optical excitation (specifically, from 8.5 µm to 12 µm). In this spectral range, the underlying SiNx substrate constitutes the dominant contribution to the
overall device emissivity; thus, the fit is used to determine the degree of laser-induced heating of the sample under a given optical excitation condition.
b, Measured Planckian emission spectra under isothermal conditions (solid colour lines) and calculated emission spectra under time-dependent
two-temperature (2T) conditions (dashed coloured lines). The isothermal spectra were obtained by multiplying the Planckian emission spectrum of a
blackbody by the measured Fermi-level-dependent absorptivity (or emissivity) of our device. c, Measured emission spectra under continuous wave (CW)
laser excitation with a constant fluence of 1.12 J m−2 (solid coloured lines), compared with the measured thermal emission spectrum of ungated graphene
at 95 °C (dashed black line). Data from ref. 7.

smaller than that required to induce an ITO accumulation layer19.
As an independent check, a control experiment was performed
with a graphene-less control sample, consisting of a 1-μm-thick
SiNx sandwiched between 50-nm-thick ITO layers, which served
as top and bottom gates. When illuminated with pulsed laser
excitation with a fluence of 1.12 J m−2, negligible Fermi-level
dependence was observed and the measured emission from the
ITO–SiNx–ITO structure is presented in the Supplementary
Information.

Non-equilibrium plasmon emission in photo-inverted
graphene

The key experimental control—Fermi-level dependence—allows
us to eliminate Planckian light-emitting mechanisms and leads us
to only possible mid-infrared light-emitting mechanism—plasmon
emission. Here, we describe the non-thermal contributions of the
observed Fermi-level-dependent emission by calculating the plasmon emission rates originating from photo-inverted graphene and
resultant plasmon emission spectra using Fermi’s golden rule.
As emission/absorption rates critically depend on the exactness of the plasmon dispersion relations20, to accurately describe
non-equilibrium plasmons, we use a theoretical formulation to
calculate exact complex frequency plasmon dispersion with an
arbitrary non-equilibrium carrier distribution20,21. The complex
graphene plasmon dispersion relation, ω(k) = ωp(k) + iγp(k), where
ωp is the plasmon energy for a given k and γp is the plasmon net generation rate20,21, is solved by setting the dielectric function, ε(ω,k), to
zero (Supplementary Information). Here, we note that the positive
and negative γp correspond to net emission and absorption, respectively, and this sign convention is opposite to that of refs. 20,21. The
Nature Materials | www.nature.com/naturematerials

dielectric function, ε(ω,k), can be expressed within the random
phase approximation as equation (1).
εðω; kÞ ¼ 1 �



e2
Π final ωp þ iγ p ; k
2ε0 εeff k

ð1Þ

where εeff ¼ 1þε2SiNx is the average dielectric function of the air–
SiNx interface,
εSiNx is the complex dielectric function of SiNx and
I
Πfinal(ω,k) is the dynamical graphene polarizability. Since the carrier–carrier scattering is typically one to two orders of magnitude
faster than the interband recombination processes5,6, it is assumed
that the system achieves a quasi-equilibrium state (equivalent
to stage iii in Fig. 1a). Before establishment of a two-component
plasma quasi-equilibrium, there are not enough emission channels
for plasmons to compete with absorption process21. Thus, it is shown
that the photoexcited carriers need to relax within their band before
they contribute to net plasmon emission process, and ‘net’ plasmon emission is a consequence of an interband relaxation process
of photoexcited carriers21. In a quasi-equilibrium state, the carriers
form a two-component plasma by having separate Fermi–Dirac distributions within their bands with their own chemical potentials,
but a shared temperature. The polarizability for the two-component
plasma system with finite temperatures is defined as the sum of
the zero-temperature quasi-equilibrium polarizability and the correction terms that account for smearing of the Fermi edge20. The
details of the plasmon dispersion calculation are discussed in the
Supplementary Information. We note that the calculations were carried out for wavelengths shorter than 8 μm, as the phonons in SiNx
strongly suppress plasmon excitation and associated plasmon emission for wavelengths above 8 μm. The main source of the observed
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Fig. 3 | Non-equilibrium graphene plasmon dispersion and spontaneous plasmon emission spectra. a, The imaginary part of plasmon complex frequency
dispersion for different gate-controlled initial graphene Fermi levels at t0, the time at which a quasi-equilibrium state with a two-component plasma
is established. b, The temporal snapshots of the imaginary part of plasmon complex frequency for a given initial graphene Fermi level of 0.34 eV as
the population inversion depletes over time. c, Fermi-level-dependent measured emission spectra (solid coloured lines) under pulsed laser excitation
compared with the calculated out-coupled spontaneous plasmon emission spectra (dashed coloured lines). Data from ref. 7.

emission at wavelengths longer than 8 μm is thermal emission due
to substrate heating.
The imaginary parts of the resultant complex frequency plasmon
dispersions, γp, as a function of wavelength are shown in Fig. 3a for
various graphene gate-controlled Fermi levels for a given laser fluence of 1.12 J m−2. The calculations suggest that there is net plasmon
emission (γp > 0) under the given experimental conditions over the
spectral range of interest at the time when a quasi-equilibrium is
established. Furthermore, the Fermi-level dependence observed
in the calculated dispersion relations suggests that plasmon emission rates increase with gate-controlled graphene Fermi levels. This
trend is consistent with the Fermi-level dependence observed in
emission under pulsed laser excitation. The increase in emission
with increased graphene Fermi levels can be intuitively understood
as a result of enlarging the phase space for the excited carriers to
relax by emitting plasmons. The time snapshots of the imaginary
parts of the calculated dispersion relations are shown in Fig. 3b for a
given graphene gate-controlled Fermi level of 0.34 eV. The spectral
range that allows net plasmon emission diminishes as the population inversion in graphene depletes over time.
According to our analysis of contributions of stimulated and
spontaneous plasmon emission processes per pulse as a function of
time, the overall time-integrated emission per pulse is dominated
by spontaneous plasmon emission (Supplementary Information).
The spontaneous emission spectra (G) are calculated by scaling the
plasmon emission rates (g) by the plasmon density of states (Dp):
G = gDp. Here, the spontaneous plasmon emission rate, g, is obtained
by using Fermi’s gold rule in conjunction with the calculated complex plasmon dispersion relation. The plasmon density of states,
ðωÞ dkðωÞ
Dp, are calculated by k2π
dω assuming that the generated plasmons emit incoherentlyI into all possible modes. The out-coupling
efficiency of plasmons in a planar graphene is found to be in the
order of 10−4 (Supplementary Information). The main sources of the
out-coupling mechanisms in a planar graphene sheet are suspected
to be rough surface, foldings and/or residues on graphene. Thus, for
a direct comparison with our experimental results, the calculated
plasmon emission spectra are time-integrated and scaled with the
out-coupling efficiencies of graphene plasmons. The out-coupled

Fermi-level-dependent spontaneous plasmon emission spectra
are shown in Fig. 3c and show good agreement with the measured
emission under pulsed laser excitation.
To further demonstrate that the observed Fermi-level-dependent
emission under ultrafast optical pumping is plasmonic in nature,
Fermi-level-dependent and polarization-dependent emission
measurements were performed on periodic arrays of graphene
nanoribbons, which have been previously shown to support strong
plasmonic resonances in mid-infrared15,16,22–25 and allow efficient
coupling to mid-infrared radiation12,26–28. Graphene nanoribbons,
whose width and pitch are 35 nm and 100 nm, respectively, were
fabricated on equivalent substrates (that is, 1-µm-thick SiNx and
50-nm-thick ITO), as shown in Fig. 4a. As standing-wave-like localized plasmonic modes are excited across the width of the graphene
nanoribbons, the resonant conditions are determined by the width of
the nanoribbons
and
ﬃﬃﬃﬃﬃthe graphene Fermi level through the relationpﬃﬃﬃﬃﬃ p
ship ωp / EF = W , where W is the graphene nanoribbon width.
For a Ifixed nanoribbon width of 35 nm, the plasmonic resonant
behaviour is demonstrated by the measured Fermi-level-dependent
changes in absorption as shown in Fig. 4b. The electromagnetic calculations presented in Fig. 4c confirm the plasmonic origin of the
observed resonant features in the absorption measurements. The
plasmonic resonant features are shown with various representative
carrier temperatures as the Drude weight of graphene, which represents the oscillator strength of free carriers, is also a function of
carrier temperature29,30.
The Fermi-level-dependent differences in emission between the
undoped (that is, the Fermi level at the charge neutral point (CNP))
and doped graphene nanoresonators under pulsed laser excitation
are shown as solid lines in Fig. 4d. They display apparent resonant
features that show strong correlation with the plasmonic absorption features. Under continuous wave laser excitation, which creates thermal carrier distributions, no resonant peaks were observed
as shown in the dotted lines in Fig. 4d. Such observations suggest
that the origin of plasmons that contribute to light emission under
pulsed laser excitation is distinctly different from that of thermal
plasmons reported in ref. 27. Additional experimental evidence
for the plasmonic nature of the observed emission is provided via
Nature Materials | www.nature.com/naturematerials
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Fig. 4 | Fermi-level-dependent emission spectra from graphene nanoribbon arrays. a, Scanning electron microscopy image of 35 nm graphene
nanoribbon arrays. Scale bar, 1 μm. b, Measured Fermi-level-dependent changes in absorption at room temperature. c, Calculated Fermi-level-dependent
changes in absorption with varying carrier temperatures in graphene. d, Measured gate-dependent changes in emission with respect to emission at CNP
under pulsed (solid lines) and continuous wave (dotted lines) laser excitations. e,f, Measured polarization-dependent changes in emission with respect to
emission at CNP under pulsed laser excitation at various graphene Fermi levels.The green arrows in e and f represent different polarization directions. AU,
arbitrary units; Δ, change in.

the polarization-dependent measurements shown in Fig. 4e,f. The
data clearly indicate Fermi-level-dependent emission only for
transverse-magnetic polarization. As the polarization of the probing
radiation is rotated from 90° to 0° relative to the graphene nanoribbon axis, the gate-dependent plasmonic resonance feature vanishes.

Enhancing far-field radiation of bright plasmons

Spontaneous plasmon emission originating from photo-inverted
graphene is a bright emission process. As shown in Fig. 5a, the calculated cumulative spectral flux of spontaneously emitted plasmons
per pulse is several orders of magnitude higher than that of photons emitted by a blackbody at several representative temperatures
of 500 K, 1,000 K and 2,000 K. This calculation carries an implication that the plasmonic decay process can provide a new form
of light-emitting mechanism that can potentially be a very bright
source, which is especially hard to achieve in the mid-infrared
spectral region. In the experimental setup that integrates emission
throughout the 12.5 ns period, the plasmon emission contribution
occurring on the order of 100s fs is extremely small compared to
that of thermal radiation. Even with an extreme ratio of duration
of plasmon emission and pulse period combined with a limited
out-coupling efficiency of plasmons in a planar graphene, we were
able to capture Fermi-level-dependent plasmon emission due to the
brightness of plasmon emission process.
Here, we demonstrate that the far-field out-coupling efficiency
of spontaneously generated graphene plasmons can be greatly
enhanced by placing engineered nanostructures on graphene surface. As shown in Fig. 5b,c, gold nanodisks (NDs) that are either
resonant or non-resonant with the laser excitation wavelength were
fabricated on planar graphene. These gold NDs are designed to
serve as artificial scattering centres to facilitate out-coupling of plasmons as well as to locally enhance light–matter interactions through
plasmonic resonance in the case of the resonant NDs. The surface
coverage of the NDs was deliberately capped at approximately 1%
Nature Materials | www.nature.com/naturematerials

and 2% for the resonant and non-resonant NDs, respectively, to
suppress changes in the thermal emission characteristics and to
selectively enhance plasmon emission effects. In addition, these
gold NDs were randomly and sparsely distributed over graphene
surface to eliminate in-plane interactions between the adjacent gold
NDs. The details on the characteristics and the effects of the gold
NDs are presented in the Supplementary Information.
Figure 5d shows the measured emission spectra under pulsed
laser excitation from planar and ND-decorated graphene samples. At long wavelengths (>8 µm), the observed emission spectra
match well with the measured thermal emission profiles, with the
ND-decorated samples reaching apparent higher temperatures than
the planar graphene sample. This suggests that the gold NDs act as
local heating source due to their absorption at 850 nm. However,
in addition to those heating effects, the resonant and non-resonant
NDs cause a large Fermi-level-dependent deviation from the thermal emission profiles between 4.5 µm and 8 µm. Figure 5e shows the
spectra of ND-decorated graphene samples under pulsed laser excitation for a given gate-controlled graphene Fermi level of 0.34 eV
after the corresponding thermal emission background is subtracted.
The samples with resonant and non-resonant NDs notably improve
far-field emission relative to their corresponding thermal backgrounds than the planar graphene sample. While localized heating
near the NDs could lead to a non-uniform temperature across the
sample, the large Fermi-level dependence at shorter wavelengths
(<8 µm) in the presence of NDs suggests that their dominant effect
is to more efficiently generate and/or to out-couple hot-carrier generated graphene plasmons and amplify the Fermi-level dependence.
Furthermore, the large Fermi-level-dependent emission seen
between 4.5 µm and 8 µm is bigger with resonant NDs than with
non-resonant NDs. The strong near-field enhancement created
by resonant NDs affects both population inversion and plasmon
emission rates. The resonant NDs enhance absorption in graphene
locally, creating more excited carriers in the vicinity of the NDs and
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Fig. 5 | Enhancing radiation efficiency of bright hot plasmon emission with gold NDs on graphene. a, Spectral flux of cumulative spontaneous plasmon
emission assuming unity out-coupling efficiency at various laser fluences for a given graphene Fermi level of 0.34 eV compared with the spectral flux of
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Fermi-level-dependent emission spectra from planar and ND-decorated graphene samples under pulsed laser excitation with a constant laser fluence
of 0.75 J m−2 (coloured solid lines). In the resonant ND data, the dotted lines for 0.24 eV and 0.34 eV correspond to the original measurements, and
the solid lines are fitted to compensate the offset, which appeared due to experimental imperfections. The black dotted lines correspond to measured
thermal emission spectra from the ungated device for given temperatures of 70 °C, 115 °C and 150 °C. e, Emission contributions that deviate from
the corresponding thermal emission background under pulsed laser excitation with a constant laser fluence of 0.75 J m−2 from planar graphene and
ND-decorated graphene samples at a given gate-controlled graphene Fermi level of 0.34 eV. Data from ref. 7.

locally enhancing carrier inversion12. The localized plasmon excitations are also more likely to scatter out more efficiently as they are
excited near a ND. It also has been previously reported that resonantly excited NDs can inject carriers into graphene31,32, effectively
changing the doping level of graphene. While this process is difficult to quantitatively assess under our conditions, any hot-carrier
doping process is expected to contribute to increased plasmon
emission. Fermi-level pinning for graphene in contact with a metal
can locally change the effective chemical potential33, which could
result in more plasmons emitted near the NDs.
Using a conservatively estimated out-coupling efficiency of 10%
for a graphene surface decorated with resonant nanostructures, the
average radiated optical power from out-coupled plasmon emission using a feasible device structure is estimated to be approximately 61 μW for a given pump fluence of 1.12 J m−2 with pulse
repetition frequency of 80 MHz and a typical graphene device area
of 50 μm2 (Supplementary Information). Commercially available
mid-infrared LEDs34 emit about a few μW for a mm2-scale emission
area for wavelengths longer than 5 μm. The graphene device can
be easily scaled up to the mm2-scale emission area, and it will easily outperform existing mid-infrared LEDs and thermal emission
sources at thousands of Kelvins by orders of magnitude. The conversion efficiency of plasmon emission for a given pump power can

be further improved by using carefully tailored resonant nanophotonic structures, such as plasmonic antennas, with which perfect
absorption in graphene has been experimentally demonstrated22. In
particular, the extreme compactness of our plasmon emission infrared source is particularly advantageous for on-chip applications,
or other applications where alternatives to the currently available
bulky, inefficient and expensive sources are desired.

Conclusion

In conclusion, our experimental results indicate that
quasi-equilibrium ‘hot’ carrier distributions in graphene on ultrafast optical excitation support bright mid-infrared plasmonic excitation. The Fermi-level dependence provides the strongest evidence
for optically induced plasmon emission as it rules out all of the
other infrared light-emitting mechanisms. We also show that the
brightness of plasmon emission process can be greatly enhanced
by engineering graphene surface with nanostructures, whose surface coverages were intentionally kept low to suppress enhancement of thermal effects. These findings for plasmon emission
in photo-inverted graphene open a new path for exploration of
mid-infrared emission processes, and this mechanism can potentially be exploited for both far-field and near-field applications for
strong optical field generation.
Nature Materials | www.nature.com/naturematerials
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Methods

Devices. The sample consists of a monolayer graphene layer grown by chemical
vapour deposition on a 1-μm-thick SiNx and a 50-nm-thick ITO, which serves
as a backgate. A 50-nm-thick ITO film was deposited on the bottom side of a
1-μm-thick SiNx membrane (Norcada, NX10500F) by radio frequency sputtering
with the flow rate of Ar+O2 of 0.4 standard cm3 min−1 at a pressure of 3 mTorr at
a power of 48 W. Monolayer graphene grown by chemical vapour deposition was
transferred onto the top side of the SiNx membrane. The gold NDs were fabricated
by patterning onto a polymethyl methacrylate resist on top of the graphene layer by
100 keV electron beam lithography and evaporating a 2-nm Ti followed by a 80-nm
Au. The gold NDs that are resonant and non-resonant with the incoming laser light
at the wavelength of 850 nm were fabricated with diameters of 170 nm and 285 nm,
respectively. The NDs are randomly distributed to prohibit in-plane resonances
originating from perfect periodicity. Over a 150 μm2 area, 10,000 NDs were
fabricated, covering approximately 1% and 2.8% of the graphene surface for the
resonant and non-resonant NDs, respectively. In addition, the NDs are separated
by at least 800 nm in centre-to-centre distance to suppress plasmonic interactions
between the adjacent gold NDs. Therefore, each gold ND can be considered as
an isolated single gold ND. Graphene nanoribbons with a width of 35 nm were
patterned on a graphene surface using 100-keV electron beam lithography,
followed by reactive ion etching with O2.
FTIR emission measurements. The sample was illuminated with sub-100-fs
pulses from a Ti:Sapphire laser operating at 850 nm with a repetition rate of
80 MHz. The laser was focused onto the graphene surface from the back-side.
The emitted infrared light was collected with a 15× Cassegrain objective of a
FTIR microscope and was sent to a FTIR spectroscometer before being focused
on a liquid nitrogen-cooled HgCdTe detector. The spot size of the laser was large
enough to ensure uniform illumination over the collection area of 50 × 50 μm2
enclosed by an aperture. For thermal emission measurements, the device was
placed on a temperature-controlled stage consisting of a 100-mm-thick sapphire
on a 2-mm-thick copper on a heated silver block that can vary in temperature. The
stage temperature was monitored via a thermocouple mounted in the silver block.
All of the emission measurements were done under dry air purge. A black soot
sample was used as an emissivity reference, and the collected emission spectra were
calibrated assuming unity emissivity for the black soot reference at all wavelengths.
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For polarization-dependent measurements, a wire grid polarizer was placed in the
collimated beam path.

Data availability

All measurement data are deposited in the Materials Cloud (https://doi.
org/10.24435/materialscloud:sa-by), and other calculation data can be reproduced
by the methods described in the Supplementary Information.
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