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ABSTRACT: Graphene does not possess a band gap, and hot
carrier relaxation in graphene is an ultrafast processs. This
leads to a very low emission efficiency of graphene. We
demonstrate bright multicolored frequency-upconverted pho-
toluminescence from graphene via three-photon absorption by
femtosecond laser injection at a communication wavelength
1.57 μm. The broadband and multiwavelength emission from
graphene is based on the model of ultrafast electron−hole pair
recombination and asymmetrical energized electron−hole
radiation recombination in graphene. Furthermore, we show
photoluminescence variation with blue light emission in the
graphene/silicon hybrid system, with 2−3 orders of emission efficiency increase. The results demonstrate hot carrier
multiplication and hot carrier scattering in graphene and could help to study the population inversion and broadband lasing of
graphene.
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Graphene is a monolayer material that exhibits unique
electrical and optical properties. For example, it has

carriers with zero effective mass and exhibits a broadband linear
absorbance of 2.3%, which is defined by the fine structure
constant,1 and electrons and holes of graphene have a
symmetrical linear energy−momentum dispersion relation-
ship.2−4 Integrating graphene to a silicon waveguide with
complementary metal−oxide semiconductor (CMOS) technol-
ogy can enhance light absorption with planar propagation. This
ability has been utilized to achieve CMOS-compatible broad-
band electroabsorption modulators5 or photodetectors.6−8 The
lack of band gap makes graphene seem difficult for light
generation. Recent studies show that graphene has third-order
nonlinear susceptibility 4−5 orders larger than that of
silicon.9,10 However, visible third-harmonic generation
(THG) and photoluminescence in graphene are still difficult
to achieve. The first reason is that graphene has no band gap
and the Fermi level of pristine graphene is zero, which makes
graphene a highly absorptive material. The second reason is
that the light−matter interaction length is very short at normal
or oblique incidence11,12 since monolayer graphene has a
thickness of only 0.34 nm. The third reason is that the
photoexcited nonequilibrium carriers relax rapidly with carrier−
carrier and carrier−phonon interactions to thermal equili-
brium.13 Even with intense optical injection, the signals of THG
and photoluminescence are very weak, and highly sensitive
photomultiplier tubes12,14 or an avalanche photodiode15 is
needed to detect the emission signals.

■ RESULTS AND DISCUSSION

To overcome these limitations, heavily n-type chemically doped
graphene (see Experimental Section) is used in our experiment,
since the absorption of graphene can be controlled by tuning
the Fermi level with electrostatic doping5 or chemical doping.10

The graphene sample is layered on a silicon waveguide in order
to enhance light−graphene interactions by coupling the
injection pulse to the silicon waveguide.5,10 With planar
injection by a compact 1.57 μm mode-locked fiber laser
(MLL), we found that the ultrafast intense photodoping greatly
changed the carrier scattering and relaxation process of
graphene. We demonstrate bright multicolored photolumines-
cence of graphene, which is different from previous
reports.14−18 The emission efficiency is several orders greater
than the previous report,16 and the emitted light with different
colors can be clearly observed by the naked eye from a
microscope.
Light emission of graphene is schematically illustrated in

Figure 1a. The graphene sample was clad on 0.26 μm thick
silicon on an insulator (SOI), where silicon waveguides are
etched with widths ranging from 0.60 to 2.0 μm to ensure the
wave propagation with wavelength to 2.4 μm. Graphene was
also clad on silicon ridge waveguides with a slot structure on 1.5
μm thick SOI to study the photoluminescence at different
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conditions (see Experimental Section). A femtosecond laser
was coupled into a silicon waveguide or the slab by a tapered
optical fiber. Emitted light was collected vertically to an optical
spectrum analyzer (OSA 1), and transmitted light was collected
horizontally to OSA 2 (Figure 1b) to record the transmission in
the waveguides. Scanning electron micrograph (SEM) views of
the graphene on the silicon waveguide are shown in Figure 1c−
f. Figure 1g shows the Raman spectrum of the chemically
doped graphene, which identifies the single layer of graphene.
By comparing our graphene sample with the reference,19 we
estimate that the doping density is 3.7 × 1013 cm−2 and Fermi
level is 0.71 eV (see Supporting Information S1).
Figure 2 shows the charge-coupled-device (CCD) camera

image of visible light emission through a microscope when
femtosecond pulses at a communication wavelength of 1.57 μm
are incident and coupled into the graphene/silicon slab (see the
Experimental Section for parameters of the femtosecond laser).
The images (Figure 2) and emission spectra (Figure 3a−c)
show that the emissions are broadband. For a continuous light
wave injection with an input power of 1 W, no emission can be
detected (Figure 3c, dark yellow dot−dashed line), while for a

femtosecond laser injection (the energy is estimated as 10 pJ
with a duration of 130 fs) there is no emission for the silicon
waveguide if there is no graphene on it (Figure 3b, dark yellow
dot−dashed line) (see Supporting Information S3 for the
details of silicon photoluminescence). From Figure 2d, we can
find that the emission comes from the area where graphene
exists. It should be noticed that there is a nanoparticle on the
surface of the waveguide at the right side, and no light emission
is observed there. Thus, we can show that the emission is from
the graphene and not from the silicon or the scattering
introduced by the graphene or particle on the waveguide. Since
the output power of the femtosecond laser cannot be changed,
we use different waveguides and coupling efficiencies (see the
Experimental Section) to observe the emission dependence on
the input power. With the increase of injection energy, there
are always three emission peaks, at about 545, 680, and 900 nm,
respectively. At the same time, the intensities of the two peaks
at the short wavelengths increase and the positions of the
emission peaks almost do not change (Figure 3a−c). In order
to distinguish the emission with nonlinear processes, such as
four-wave mixing and stimulated Raman scattering, we

Figure 1. Photoluminescence emission from graphene. (a) Three-dimensional schematic of the sample: monolayer graphene is on top of a silicon
slab and waveguide. Ultrafast pulses are coupled into the structure. (b) Schematic of experimental measurement setup. SEM image of (c) top view
and (d) cross section view of a graphene/silicon strip waveguide. The thickness of the silicon layer is 0.26 μm. SEM image of the (e) top view and (f)
cross section of a graphene/silicon ridge waveguide. The thickness of the silicon layer is 1.5 μm, and the etched thickness is 0.4 μm. (g) Raman
spectra of the graphene sample on silicon.
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measured the transmission spectra from the slab and waveguide
(Figure 3d). No Stokes waves, anti-Stokes waves, or four-wave
mixing was detected by OSA 2 in the range 1.2 to 2.4 μm.
Therefore, we can conclude that the yellow and red light
generation is not a nonlinear optical process but photo-
luminescence of the recombination of optically exited carriers.
Since the silicon layer has a higher refraction index than the

insulator layer, it forms a Fabry−Perot cavity. The photo-
luminescence emissions thus have interference effects and
oscillations. This can be proved since there are two kinds of
silicon substrates with different thicknesses, 0.26 and 1.5 μm,
respectively, and the numerical simulations of different
substrates (Figure 3a−c) agree well with the measured data
in these two cases (see detail in Supporting Information S2).
One-photon absorption, although prohibited due to the Paul

blockade, exists because of defects of graphene. However, the

emission spectra are obviously different from the thermal
emission spectrum of graphene16 caused by one-photon
absorption. It is also different from doped graphene with
sharp emission peaks at the Fermi level.17 Although three-
photon absorption is a higher order nonlinear process, it is not
always weaker than two-photon absorption (e.g., Zheng’
work20). The sharp increase of the emission from about 510
nm, the first emission peak at about 545 nm, and the second
emission peak at 680 nm (Figure 3a−c) show that the
photoluminescence is caused by three-photon absorption (a
five-order nonlinear process) rather than two-photon absorp-
tion (a three-order nonlinear process), because two-photon
absorption (at about 785 nm) cannot induce photolumines-
cence emission at such short wavelengths.
The mechanism of the photoluminescence can be illustrated

in Figure 4. After the three-photon absorption, photoexcited
electrons and holes with the same momentum appear
simultaneously in the conduction and valence band (Figure
4a). The hot carrier relaxation of graphene has a short lifetime
(∼170 fs) and longer lifetime (>1 ps) measured by other
groups.13,21 Increase of the ratio of the recombination rate to
the hot carrier relaxation rate can lead to the increase of
emission efficiency22 and enable effective radiative recombina-
tion during hot carrier relaxation to thermal equilibrium
(Figure 4b).
The recombination or spontaneous emission rate Rsp

21 can be
written as23 (see details in Supporting Information S4)
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where γ is the recombination coefficient and Γ is the scattering
coefficient.
During hot carrier relaxation and recombination, nph(E2) and

pph(E1) decrease with the decrease of E21, which means that
relaxation and recombination deplete hot carriers. As nph(E2)
and pph(E1) decrease sharply, Rsp

21(E21) decreases. Thus, there
should be one emission peak below the three-photon
absorption energy level (peak A in Figure 3a−c), and the
emission power decreases quickly as the wavelength increases.

It should be noted that Rr ∝ (|⇀E |2/ω21
2 )·ρr(ℏω21), and f 2

n and f1
p

∝ 1/ω21, where
⇀E is the electrical field and ρr is the DOS of

electron−hole pairs. Thus, from eq 1, it can be deduced that
Rsp
21 increases with the decrease of ω21. This is especially helpful

for terahertz radiation in a pristine graphene, since at the
terahertz range, Rsp

21 is much higher than that at visible and
infrared frequencies. In theoretical simulations, we assumed
that hot electrons are centered at the energy level of about 1.18
eV and hot holes at the energy level of about −1.18 eV with
Gaussian-like shapes in energy space after three-photon
absorption, and the theoretical emission spectra can be

Figure 2. Photoluminescence emission imaged by a CCD camera. (a)
Femtosecond pulse is coupled to the graphene/silicon slab, with weak
microscope lamp illumination on a fiber tip and the sample surface.
(b) Magnified image of the emission area without microscope lamp
illumination. (c) Pulse is coupled to a silicon waveguide fully covered
with graphene and (d) partially covered with graphene. Bottom in (d)
is the SEM image of the silicon waveguide with only one part covered
with graphene.
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obtained from the equations discussed above. From the
calculation (see Supporting Information S4), we can always
find that the emission decreases quickly following the emission
peaks, since the radiation recombination depletes the hot
carriers quickly. Another emission peak is near the Fermi level
(peak C in Figure 3a−c). This is because the radiation
recombination rate increases with the great increase of the
electron density near the Fermi level.
During hot carrier relaxation to thermal equilibrium, there is

a huge amount of phonon emission followed by carrier-phonon
scattering. The existence of a huge amount of phonons in
graphene during the ultrafast relaxation process would cause an

uncertainty in electronic structure in the (ω,
⇀k ) space,24 which

means that the states are not located at (|⇀k |,hvF|
⇀k |) rigorously.

The DOS ρ of electrons or holes cannot be considered as a

function of energy ρ(ℏω) or momentum ρ(ℏ|⇀k |) any more.24

It is a function of both energy and momentum, ρ(ℏω,ℏ⇀k ).

Thus, electron−hole pairs with the same
⇀k could have

asymmetric energies, i.e., electrons at the Fermi level EF and
holes at the energy level ETPA = −(3/2)ℏω0 (Figure 4c).
Hence, in the ultrafast process, photons can emit from radiative
recombination of asymmetrically energized electron−hole pairs
(AEEHP). This causes another peak (peak B) in the emission
spectra (Figure 3a−c). It should be noticed that this process is
different from the phonon-assisted hot luminescence of silicon

discussed in the literature.22 The recombination here is a direct
recombination, without participation of phonons. The coupling
between phonons and electrons or holes only helps to expand
the electronic structure of graphene. That is to say, the
electronic structure of graphene changes first, and efficient
electron−hole recombination happens after the electronic
structure change.
As shown in Figure 3, peak A increases with the increase of

excitation power. This is consistent with the image shown in
Figure 2b. In Figure 2b, the femtosecond laser is coupled to the
graphene/silicon slab, and thus the excited light is not confined
by the waveguide and decreases with propagation. The spatially
distributed color image from Figure 2b corresponds to the
change from peak A (Figure 3c) to peak B (Figure 3a). Peak C
is not revealed clearly in Figure 2b because the CCD camera
has a low response at the near-infrared range.
After photon excitation, carrier multiplication is an

interesting effect that may happen in graphene in the ultrafast
process.25,26 Carrier multiplication including impact ionization
and Auger heating, which are both Auger processes,23 may play
an important role in the relaxation of photoexcited carriers in
graphene. Carrier multiplication has been predicted in some
studies with pristine graphene without consideration of
radiative recombination,21 and it is believed that carrier
multiplication plays a key role in hot carrier relaxation from
the experiment. However, in direct measurements,27 evidence

Figure 3. Photoluminescence and transmission spectra of graphene. (a) Photoluminescence spectra collected from graphene that is embedded in a
slot-like silicon ridge waveguide (black line) (the structure is shown in Figure 1e and f) and directly from the silicon ridge waveguide (without
graphene on it) (dark yellow dot−dashed line). The blue dashed line is the simulated graphene emission spectrum, while the red dotted line is the
simulated emission spectrum with SOI cladding. The integration time is 50 s. (b) Photoluminescence of graphene on a silicon waveguide (black line)
(the structure is shown in Figure 1c and d) and pure silicon waveguide without graphene on it (dark yellow dot−dashed line). The integration time
is 10 s. (c) Photoluminescence of graphene on a silicon waveguide (the structure is shown in Figure 1c and d) with an increased injection power
(black line). Emission for a continuous wave injection (dark yellow dot−dashed line). In theoretical simulations, the injection power shown in (b) is
2 times and in (c) is 4 times greater than that shown in (a). (d) Measured injection (purple line) and transmission spectrum (black) from the
graphene/silicon waveguide (the structure is shown in Figure 1c and d). Length of the graphene/silicon waveguide is about 0.1 mm.
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of carrier multiplication cannot be found. Another study still
shows that strong Auger scattering can affect the Landau levels
in graphene.28 It should be difficult to use intrinsic graphene to
observe linear carrier scattering in the visible range. Because in
intrinsic graphene the energy of electrons in thermal
equilibrium is below the Dirac point, it is difficult to use hot
carriers to collide these electrons to the energy level
corresponding to visible frequency.
Since the graphene used in this paper is n-doped graphene

and the Fermi level is above zero, we use the photo-
luminescence spectra during the ultrafast process to study hot
carrier multiplication and hot carrier scattering in graphene.
Hot carrier multiplication is seldom studied,29 and the concept
is different from carrier multiplication (see Supporting
Information S5 for a detailed description). However, they
both reveal the linear carrier collision mechanism in graphene.
From the emission spectra (Figure 3a−c), we cannot find the
existence of hot carrier multiplication and scattering. This,
however, does not mean that these effects never exist in

graphene. They can be considered as a weak perturbation of the
electron density in this case, as shown in Figure 4c, and thus
have little effect on the emission spectra. This is consistent with
theoretical predictions (see Supporting Information S4),
because in the theoretical simulations the density of photo-
excited hot electrons is assumed to be lower compared to the
density of electrons in the thermal equilibrium state below the
Fermi energy level. Thus, we think that decreasing the sizes of
the graphene to micrometer-scale would reduce the numbers of
electrons and increase the density ratio between hot carrier
multiplication induced high energy electrons and electrons at
the thermal equilibrium state. This is because electrons in
micrometer-size graphene at high energy states cannot
exchange energies and momentum with other electrons outside
this micrometer area in real space. Also, in energy space, the
decrease of graphene size would reduce the states of graphene.
Electrons in the valence band would be pumped efficiently to
the conduction band via three-photon absorption, sharing their
energy and momentum with the electrons below the Fermi
level, pumping these electrons to higher levels, and leaving
holes far below the Fermi energy in the conduction band.
However, electrons at the energy ℏω0/2 in the conduction
band can be collided to higher energy states, but holes cannot
be left here, since electrons at the energy level −(ℏω0/2) would
be pumped to the energy level ℏω0/2 via absorbing one photon
with the energy ℏω0, and there should be a peak in the electron
density distribution at the energy level around ℏω0/2 (Figure
4d).
We achieved microsized graphene by simply using the fiber

tip to break the graphene/silicon sample boundary. Graphene
was then broken into microsized pieces at the SOI boundary. If
the graphene/silicon pieces are still on the SOI slab, there is no
photoluminescence of silicon since there are not enough
surface states, but the graphene emission spectra (Figure 5, blue
line) change compared with the spectra shown in Figure 3. The

Figure 4. Ultrafast nonequilibrium radiation recombination process in
graphene. (a) The Fermi level EF is higher than ℏω0/2 and lower than
3ℏω0/2. Graphene is transparent for the injected photons with energy
ℏω0 but absorptive for the photons with energy 3ℏω0. Photoexcited
electrons are populated at energy 3ℏω0/2 after femtosecond pulse
excitation. (b) Electron−hole recombination during their energy
exchange with phonons to thermal equilibrium. Holes in the valence
band would be consumed out near −EF with the sharp increase of
electron density at EF. (c) AEEHP radiative recombination, hot carrier
multiplication (blue dashed circle), and hot carrier scattering (red
dashed circle) in graphene. During the ultrafast nonthermal
equilibrium process, the sudden increase of phonon densities induces

the electron−hole occupation broadening in (ω,
⇀k ) space, and thus

direct electron−hole recombination occurs with electron−hole pairs at
asymmetric energy levels. In the hot carrier multiplication process, the
net effect is that one hot electron above the Fermi level exchanges its
energy and momentum with another electron below the Fermi level
and leads to an increase in the number of hot electrons above the
Fermi level. In the hot carrier scattering process, two hot electrons
above the Fermi level exchange their energy and momentum, and the
number of hot electrons above the Fermi level do not change. (d)
Electron−hole pair recombination process with intense laser
excitation. AEEHP radiative recombination, hot carrier multiplication,
and hot carrier scattering play key roles for broadband radiation and
radiation frequency blue shift.

Figure 5. Photoluminescence radiant power variation of a graphene/
silicon micropiece. The integration time is 20 s (blue, red, and purple
lines) and 5 s (black line), respectively. Emission peaks at 523 nm are
THG in silicon. Inset is blue light emission capatured by the CCD
camera, and the small green spot in the inset is the THG emission
area.
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main difference is the increase of the emission power following
peak A (at about 540 nm) and the decrease of the emission
power ratio near the Fermi level (at about 870 nm). This
demonstrates the hot carrier multiplication in graphene so that
more electrons are populated following peak A and indicates
that the hot carrier multiplication induced electron density is
comparable with the density near and below the Fermi level. By
increasing the coupling efficiency, the hot carrier multiplication
process becomes more and more obvious from the spectra
(Figure 5, red line).
If the graphene/silicon piece is off the SOI slab, photo-

luminescence of graphene can be exited (Figure 5, purple and
black lines). The emission is not from a silicon nanocrystal,
since the silicon photoluminescence has different emission
spectra (see Supporting Information S3 for silicon photo-
luminescence spectra). If we move the sample to a few
micrometers away, the emission spectra are similar (see
Supporting Information S6). Comparing the two spectra
(Figure 5, red and purple lines), it can be deduced that the
emission is from graphene. After increasing coupling efficiency,
the emission peak shifts from 680 nm to 600 nm and an
emission peak appears at around 789 nm (see Supporting
Information S6). We think that the peak is not from second-
harmonic generation (SHG) since the SHG peak should be
located at 785 nm with a narrow band. The emergence of the
emission peak should be from AEEHP radiative recombination
of electrons at the energy level ℏω0/2 and holes at −(3ℏω0/2),
as predicted from Figure 4d. The peak at about 789 nm proves
that no phonon participates in the recombination since with
participation of phonons the wavelength change should be
much greater than 4 nm. The change of emission peak from
680 nm to 600 nm proves the hot carrier multiplication effect in
graphene as more electrons were populated above the Fermi
energy. Another proof of the hot carrier multiplication effect is
the increase of photon emission with energy less than 2EF,
which means that the number of holes above −EF is increased
and shows the slow variation of the number of electrons around
EF. The emission area (Figure 5, black line) is less than 10% of
the whole graphene (Figure 2); thus we estimate that emission
efficiency has been increased by 2−3 orders compared with the
emission spectra shown in Figure 3, and the emission efficiency
is greater than 5 × 10−5 (Supporting Information S7).
Hot carrier scattering also becomes obvious together with

hot carrier multiplication. One hot electron in the graphene can
transfer its energy to another hot electron which is at a high
energy level above the Fermi level, and the latter is collided to
an even higher energy level (Figure 4c). This could cause the
blue shift of the emission spectrum with the latter hot
electron−hole recombination. The effect of these recombina-
tion processes can be enhanced with the increase of hot
electron density, and the schematic is shown in Figure 4d. Blue
light emission can be directly observed from the inset image
and emission spectrum shown in Figure 5 (black line).
However, the blue shift stops at a wavelength shorter than
about 410 nm in this case, as with the increase of energy, the
energy-momentum dispersion of graphene deviates more and
more from a linear relationship and the hot carrier scattering
effect becomes more and more difficult.
For a broken graphene, as shown in Figure 2d, or a bent

graphene with large curved angles, there are boundary states at
the graphene boundaries. These boundary states can be
considered as defect states and would greatly affect the
photoluminescence. However, the mechanism is not clear

now, and the boundary effect on the photoluminescence needs
further study.
In conclusion, we investigate the properties of photoexcited

carriers in the monolayer graphene/silicon hybrid system at
room temperature and demonstrate the ultrafast light emission
mechanism. Photoluminescence measurement is a powerful
and convenient method that can be used to study graphene.
The photoluminescence spectra can also be used to study
electronic properties of graphene, such as detecting the Fermi
level (Figure 3) other than from Raman spectra.19,30 It should
be noted that there is no resonant structures in our samples,
which means that the radiation efficiency may be greatly
enhanced with optical confinement (i.e., high quality factor
cavities). The AEEHP radiative recombination provides a new
way of nonlinear frequency generation without nonlinear
frequency conversion such as optical parametric oscillations.
The results show that ultrafast photoluminescence could be a
very efficient way for light emission of materials without a band
gap, and with the increase of emission efficiency, hot carrier
multiplication and hot carrier scattering effects would play
important roles in the recombination and relaxation. Thus, we
can expect broadband supercontinuous stimulated emission of
graphene in both the visible and infrared region in the future.

■ EXPERIMENTAL SECTION
Silicon waveguides were fabricated from a 0.26 μm thick silicon
on a 2.0 μm thick insulator wafer. The width of the waveguides
varies from about 0.6 to 2.0 μm to ensure the support of wave
propagation with a wavelength ranging from 1.2 to 2.4 μm. The
waveguides were fabricated by e-beam lithography (Crestec
CABL 4000) with C4-type poly(methyl methacrylate)
(PMMA) on SOI. After development, the structure was
transformed to silicon by reactive ion etching (RIE) using a
CHF3/SF6 gas mixture. Then the wafer is split into a
rectangular shape and also triangular shapes to obtain
waveguides with different lengths. Thus, we can study the
photoluminescence and transmission spectra with different
propagation loss, and the incident angle between the fiber tip
and the slab edge (triangular shape) would filter the noise from
the slab, since femtosecond pulses in the slab and waveguide
propagate with different directions. Single-layer highly n-doped
graphene with centimeter scale was grown on copper foils by
CVD with injection of NH3 gas (XFNano Materials Tech.).
PMMA is then spin-casted onto the graphene, and copper is
removed by solution. It was transferred to water and then was
transferred to the silicon waveguide surface, and finally the
PMMA layer was dissolved.
Silicon ridge waveguides were fabricated from a 1.5 μm thick

silicon on a 1.0 μm thick insulator wafer, in order to observe
the weak pumped photoluminescence of graphene and
demonstrate the Fabry−Perot interference effect from the
silicon substrate. The width of the waveguides is 1.5 μm, and
the etched thickness is 0.40 μm. After transfer of graphene, no
photoluminescence could be detected by OSA 1 (Figure 3a,
dark yellow dot−dashed line), since the electrical field on the
graphene surface is very weak. We thus fabricated slot-like
waveguides by depositing (Oerlikon Leybold Vacuum) 30 nm
thick SiO2 and 100 nm Si3N4 on top of the graphene to
enhance the light intensity at the graphene layer.
The samples were placed on a 5-Axis NanoBlock Device

Platform (Thorlab) under a stereomicroscope (ZEISS Stem
2000-C) and a microscope stand (ZEISS Axio ScopeA1). Our
femtosecond laser has an output power of 20 mW (10 mW at
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the fiber tip), center wavelength of 1.57 μm, pulse width of 130
fs, and repetition rate of 100 MHz (Menlo Systems C-Fiber).
The continuous laser source is a combination of a tunable laser
(Agilent 8160A) and a standard fiber amplifier (Keopsys, KPS-
STD-BT-C-33-SLM-PM). The laser was coupled to the sample
by a single mode fiber with a tapered lens (Chuxing Ltd.) with
a focal spot diameter of about 4 μm. The minimum coupling
insertion loss is estimated to be 10 dB. The incident power was
tuned by changing the coupling insertion loss between the fiber
tip and the sample.
Light emission photos were captured by a CCD camera at

the eyepiece of the microscope. Vertically emitted light from
the microarea was collected by an objective lens on top of the
sample surface and was focused to the fiber by a fiber collimator
(Supporting Information S8). It was then coupled to an OSA
with a cooled CCD array (Ideaoptics NOVA, at −20 °C). The
received signal was divided by the spectral response of the
CCD (Supporting Information S9). Transmitted light in the
wafer plane was collected by an objective lens with NA = 0.67
and then was focused to a single-mode fiber and coupled to an
OSA (Yokogawa AQ6370 and AQ6375). Raman measurements
were performed with Bruker SENTERRA.
All the emission spectra have the same power scale units in

this paper.
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