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Abstract 

Graphene is an ideal material for integrated nonlinear optics thanks to its strong light-matter 

interaction and large nonlinear optical susceptibility. Graphene has been used in optical modulators, 

saturable absorbers, nonlinear frequency converters, and broadband light emitters. For the latter 

application, a key requirement is the ability to control and engineer the emission wavelength and 

bandwidth, as well as the electronic temperature of graphene. Here, we demonstrate that the emission 

wavelength of graphene’s broadband hot carrier photoluminescence can be tuned by integration on 

photonic cavities, while thermal management can be achieved by out-of-plane heat transfer to 

hexagonal boron nitride. Our results pave the way to graphene-based ultrafast broadband light 

emitters with tunable emission. 
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1. Introduction 

 The opto-electronic properties of graphene [1] are ideal for a variety of applications [2], such 

as optical modulators [3-5], saturable absorbers [6], plasmonic devices [7,8], and various types of 

broadband detectors [9], working from the THz [10] to the visible(VIS)/infrared(IR) spectral range 

[11-13]. Despite being atomically thin, single-layer graphene (SLG) absorbs 2.3% per layer in the 

VIS (400-750 nm)[14] and near-IR (NIR, 1000-2400 nm)[15], and has a large nonlinear optical 

response (e.g. third order nonlinear susceptibility χ(3) ~ 10-19 - 10-16 m2V-2 in the VIS and NIR 

depending on excitation photon energy and doping [16, 17]), paving the way to new applications such 

as gate-tunable frequency converters [16 - 18] and broadband light-emitters [19 - 27]. 

In intrinsic SLG, due to the absence of a gap and the linear dispersion of conduction and valence 

bands around the Dirac points, the massless Dirac Fermions have a spectrally flat optical response 

[14, 15, 28]. In principle, the gapless nature of SLG along with the ultrafast charge carrier 

recombination are expected to inhibit radiative recombination processes [19], while black-body 

radiation can still occur due to intra-band radiative transitions, Fig. 1a. Nevertheless, broadband light 

emission from excited charge carriers, referred to as hot carrier photoluminescence (HotPL), can be 

achieved in SLG via radiative recombination of hot electrons (HEs) [19,20] characterized by a non-

equilibrium thermal distribution [16,17,30]. Following ultrafast-light absorption in SLG by vertical 

transitions within the Dirac cones, electrons are brought in a non-equilibrium thermal distribution 

(see Fig. 1b), which thermalizes via electron-electron scattering in a very short time (<20 fs) [31] into 

a hot Fermi Dirac (FD) distribution (i.e. a non-equilibrium thermal distribution) with electron 

temperature, Te, that can reach 2000-3000 K [16, 17, 19, 31] (see Fig. 1 c). The HEs then thermalize 

with the lattice on a ps timescale [31,32], via emission of optical and acoustic phonons [31,32,33]. 

Due to the short lifetime of HEs in SLG [31, 32], thermal emission via HotPL has the advantage of 

allowing ultra-fast modulation, in principle up to frequencies of tens of GHz, comparable to the 

inverse of the HE lifetime[26]. 



4 
 

Here, we investigate the nonlinear light emission of SLG, following NIR excitation with 150 fs 

pulses at 1554 nm (0.8 eV), showing emission wavelength and bandwidth tuning of the HotPL 

modulated by both photonic cavity effects and Te engineering, Fig. 1d-f. To this aim, we compare 

samples produced by micromechanical cleavage (MC) of bulk crystals [34], both pristine (MC-SLG) 

Figure 1. HotPL emission mechanism and tuning principles. a-c) Sketches of n-doped SLG 

conical bands in the vicinity of the Dirac points and of e (red)/h(blue) density distribution (i.e. the 

e/h distribution multiplied by the density of states), at various stages of the photoexcited HotPL 

dynamics. a) The electron density distribution intrinsic broadening for T0 > 0 K causes black-body 

emission in SLG. b) Upon ultrafast laser excitation, out-of-equilibrium charge distributions are 

formed on sub-20-fs time scales. c) At time scales comparable with our pulse duration the e 

distribution thermalizes, resulting in Te >> T0 and in two different chemical potentials for e/h. The 

increased h density in the valence band compared to the equilibrium situation (a) allows for the 

radiative recombination of hot e, leading to photoluminescence emission (HotPL). d) HotPL 

emission upon ultrafast laser excitation in SLG on SiO2 at Te = T1 >> T0. e) The same process in 

SLG on SiO2/Si substrate at the same Te = T2 = T1, but gets spectrally reshaped by cavity effects. 

f) HotPL is further tuned when SLG is encapsulated in a double layer of hBN, thanks to the cooling 

effects between hot e and hyperbolic photons in hBN,  which lead to Te = T3 < T1. 
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and encapsulated (hBN/SLG/hBN) in two ~ 10-nm-thick layers of hBN transferred on a 285-nm-

thick SiO2 layer on Si, with SLG grown by chemical vapor deposition (CVD-SLG), transferred either 

on SiO2/Si or on glass. This allows us to simultaneously investigate the effect of substrate, defects 

and Te on the SLG HotPL. The HotPL spectral emission profile is reshaped by photonic cavity effects 

induced by the substrate (see Fig. 1e), as confirmed by a model describing the SLG HotPL combining 

Finite Difference Time Domain (FDTD) simulations, accounting for the photonic response of the 

substrate, with a semiclassical expression for the emission spectrum. We also demonstrate, through 

both HotPL and third harmonic generation (THG) measurements, that the presence of hBN allows to 

further tune the HotPL emission, thanks to the cooling process occurring between the hyperbolic 

phonons in hBN and the SLG HE, Fig. 1f. Our approach can describe the incoherent emission from 

any layered material (LM) coupled to any substrate and optical environment and will be thus relevant 

for the design of photonic devices based on LMs. 

2. Results and discussion 

2.1. Fabrication and characterization of the SLG devices 

CVD-SLG is grown on Cu as described in Ref. [35]. A Cu foil (99.8% pure) is placed in a 

furnace and annealed at 1000 °C in a 20 standard cubic centimetres per minute (sccm) hydrogen flux 

at ~ 196 mTorr for 30mins. The growth is initiated by adding a 5 sccm CH4 for 30 min. SLG is then 

transferred on 200-µm-thick SiO2 coverslips or 285-nm-thick SiO2 on Si by polymer-assisted Cu wet 

etching [36], using  polymethyl methacrylate (PMMA). Flakes of hBN and SLG are also prepared by 

MC [34] of bulk graphite (NGS Naturgraphit) and hBN using adhesive tape. hBN crystals are grown 

under high pressure and high temperature conditions, as in Ref. [37]. SLG and hBN flakes are 

identified prior to transfer by a combination of optical microscopy [38] and Raman spectroscopy [39-

42]. We use ~ 10-nm-thick hBN flakes as they provide sufficient screening from charge impurities in 

the underlying substrate [43,44]. The Raman spectra of all samples, measured with a Renishaw 

Raman inVia spectrometer equipped with a 50x objective at 514 nm, are reported in Fig. 2. The 
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orange curve shows the Raman spectrum of SLG on Cu before transfer, after subtraction of the PL 

from Cu [45]. The spectrum shows a single sharp Lorentzian 2D peak with full width at half maximum 

FWHM(2D)~33 cm-1 and peak position Pos(2D)~ 2710 cm-1, which is a fingerprint of SLG [40]. The 

D peak is negligible. In hBN/SLG/hBN, the hBN E2g Raman peak is a combination of those from 

both top and bottom hBN. This yields a single peak with position Pos(E2g)~1367cm−1 and 

FWHM(E2g)~9.8cm-1, as expected for bulk hBN[39, 41]. Table 1 summarizes the Raman fit 

parameters. From these, we estimate the doping [46,47] and defect density (nD) [48,49]. 

Table 1. Raman fitting parameters. 

Sample FWHM 
(2D)  cm-1 

Pos (2D) 
cm-1 

FWHM(G) 
cm-1 

Pos(G) 
cm-1 

I(2D)/
I(G) 

A(2D)/
A(G) 

EF 

meV  
I(D)/
I(G) 

CVD-SLG on 
SiO2 (red) 45 2681 21 1591 2 4.4 250 0.14 

CVD-SLG on 
Si/SiO2 (green) 39 2690 14 1595 1.5 4.3 300 0.16 

MC-SLG on 
Si/SiO2 (black) 26 2672 12 1581 2.9 6.4 100  

hBN/SLG/hBN 
on Si/SiO2 (blue) 20 2695 14 1584 7 9.8 <50  

Figure 2. Samples characterization. Raman spectra of SLG samples at 514 nm excitation 

wavelength. Spectra in (a) cover the spectral region of the hBN E2g peak and of the SLG D peak, 

while spectra in (b) show the SLG G and 2D peaks. All spectra in (a) and (b) are normalized to the 

G peak intensity. 
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To verify the optical uniformity and spatial homogeneity of the samples, THG maps are acquired 

using a nonlinear optical microscope equipped with a 0.7 NA air objective for both IR illumination, 

with 150-fs pulses at 1554 nm from an Er- doped fiber laser, and light collection. The power 

impinging on the samples ranges from 300 to 700 µW (pump fluence ~ 2.1–4.9 J/m2). The sample is 

mounted upside-down on a piezo stage to acquire nonlinear emission spatial maps. The nonlinear 

emission, besides that of the SLG sample deposited on glass, is collected by the objective in reflection 

and deflected to the detection path by a dichroic mirror (cut-off wavelength ~ 1000 nm) to reject the 

residual laser radiation. A flip mirror allows selecting between a VIS-NIR spectrometer, to record the 

whole emission spectrum, and a Si-based Single Photon Avalanche Detector (SPAD) for THG 

detection. For THG measurements a narrow-band filter (NBF: 520 nm (~ 2.4 eV) central wavelength 

– 40 nm (~ 0.18 eV) bandwidth) is in front of the SPAD. All samples are excited from the air side. 

THG maps are acquired by imaging 80 × 80 µm2 areas on the SLG edge to enable simultaneous 

recording of the SiO2 signal as a background to be subtracted from the total signal collected on SLG. 

Figs. 3a-c show 10×10 µm2 areas of the overall THG maps for MC-SLG on SiO2/Si (Fig. 3a), 

CVD-SLG on SiO2/Si (Fig. 3b), and hBN/SLG/hBN on SiO2/Si (Fig. 3c). The THG and PL emission 

from the bare SiO2/Si (darker areas in the maps) are about one order of magnitude lower than the 

SLG signal in the spectral window set by the filter. The THG conversion efficiency (THGE), defined 

as ηTHG = I3ω /Iω [16], where Iω and I3ω are the incident and THG power, respectively, is calculated by 

computing the total number of photons emitted at the peak fluence~ 4.9 J/m2 (700 µW), about a factor 

two below the damage threshold of SLG (~ 10 J/m2) for 150-fs pump pulses with a repetition rate~ 

80MHz. This is the fluence at which the THG signal degrades after a 1min irradiation. 

The total absolute THG emitted power is estimated by taking into account the overall 

transmission efficiency of our apparatus and by evaluating the collected fraction of the THG power. 

By modeling the emission from SLG as that of a dipole parallel to the SiO2-air interface by FDTD[61], 

we estimate an overall photon collection efficiency ~ 20%, resulting from the collection NA of our 
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objective and the presence of the substrate. This, together with the objective transmission at the THG 

wavelength (~80%), the optical throughput in the detection path (~ 20%), the single-photon avalanche 

detector quantum yield (~ 50%) and its filling factor (~ 50%), determines a drop by over two orders 

of magnitude in the number of detected photons with respect to the emitted ones. Thus, the total THG 

emitted power I3ω  is~160, 130, 45 fW for MC-SLG, CVD-SLG and hBN/SLG/hBN, respectively, for 

an average pump power Iω ∼ 700 µW.This defines higher-bound values for ηTHG ~ 2.3 × 10-10, 

1.8 × 10-10 and 6.5 × 10-11 for the three samples, respectively, in agreement with our previous 

measurements [16, 17]. ηTHG of MC- and CVD-SLG are comparable, while for hBN/SLG/hBN ηTHG 

is ~ 3 times lower, as confirmed by the spectra recorded around the THG emission peak in Fig. 3d. 

In general, ηTHG depends on Te, on the SLG Fermi energy (EF), on Iω, and on the incident photon 

energy ℏω [16]. Since Iω and ℏω are the same for all the samples, we attribute the different ηTHG to 

variations of Te and EF depending on the sample characteristics. 

Figure 3. THG maps for (a) MC-SLG, (b) CVD-SLG, (c) and hBN/SLG/hBN on SiO2/Si. The 

scanned region is 10 × 10 µm2. d) THG peaking at ~ 518 nm for MC-SLG (red), CVD-SLG (grey) 

and hBN/SLG/hBN (blue). e) The visible-NIR portion of the spectrum, between 500 and 800nm, 

showing HotPL spectra. 
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2.2. Reshaping of the HotPL emission with a photonic cavity 

To further investigate the effect of the photonic environment on the nonlinear emission 

properties of SLG, we also record the nonlinear emission spectra from each SLG sample with an 

integration time of 10s, while raster-scanning the sample over 10 × 10 µm2. This is done to minimize 

photodamage and suppress the influence of intensity hot-spots resulting from nonlinear field 

enhancements associated with defects [62]. The nonlinear emission from the substrate, evaluated in 

a similar way, is then subtracted from the SLG spectra to correct for the background multi-photon PL 

coming from SiO2 [63]. 

The emission spectra are shown in Figs. 3d-e and identify a THG peak~ 518 nm (~ 2.4 eV) 

which corresponds to one third of the 1554-nm wavelength of the pump beam, as expected for this 

nonlinear process [50]. The HotPL signal arising from photoexcited HEs in SLG gives a broad feature 

in the 500-800 nm spectral range. Refs. [19, 20, 30] reported ultrafast HotPL in MC SLG both on 

mica and Si/SiO2 for 800 nm (1.55 eV) excitation, with spectra showing an exponential decay at 

increasing photon energies. A similar behavior was reported in electroluminescence experiments[24], 

and modeled within a semi-classical approach to account for the out-of-equilibrium condition of the 

system [24]. The HotPL spectra in Fig.3e show instead a maximum between 600 nm (2.06 eV) and 

700 nm (1.77 eV), depending on sample and pump fluence. We attribute this behavior, which 

qualitatively differs from those reported in Refs. [19, 20, 25, 30], to the different excitation photon 

energy and sample geometry. In particular, the thickness (200-300 nm) of the SiO2  on the Si substrate 

is comparable with the VIS and NIR wavelengths (400-1000 nm), and might lead to important 

interference effects, resulting in a reshaping of the HotPL spectrum [26]. Such thin-film interference 

effects are often exploited in photonic devices to optimize the in- and out-coupling of light [51]. 

To investigate the spectral reshaping of the HotPL emission from SLG, we compare the 

emission from two CVD SLG samples deposited on different substrates: SiO2/Si or a 200 µm SiO2 

coverslip (see Figs. 4a,b). In the second case, the spectrum is acquired by adapting the setup in Fig. 

2 to collect light in transmission. To efficiently collect the nonlinear emission, which is mostly 
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directed towards the glass substrate, we insert a 0.85 N.A. air objective at the opposite side of the 

sample with respect to the illumination objective, as illustrated in Fig. 4b. The collected light is then 

redirected to the same detection path. The background-subtracted HotPL spectra from CVD-SLG on 

SiO2/Si and SiO2, as a function of pump fluence, are in Figs. 4c (green) and 4d (blue), respectively.  

To model the data, we first numerically estimate how the photonic environment reshapes the 

HotPL spectrum emitted by SLG. This is done by considering the emission from an electric dipole 

placed 2 nm above the substrate (either a semi-infinite glass plane or a thin SiO2/Si film). The dipole 

is oriented parallel to the substrate surface and its emission within the NA of the collection objective 

is evaluated with FDTD. This gives a set of spectral response functions, S(λ), for the different 

substrates (Fig. 4e). For a semi-infinite SiO2 substrate the spectral response is almost flat in the 

investigated wavelength range (blue line), while the emission is significantly reshaped for SiO2/Si 

(light green line), which acts as a broadband photonic cavity.   

We apply a similar approach to evaluate the reshaping effect for the hBN/SLG/hBN. In this 

case the simulated emitting dipole is inserted in the center of a 20nm hBN slab with refractive index 

n = 2.17 [52,53]. The presence of hBN shifts the position of the dipole with respect to the SiO2/Si 

photonic cavity, resulting in a red shift of the emission peak (orange line in Fig. 4e). 

Semiclassical PL theories yield the profile of the emitted light, but not the overall intensity 

[19], as the latter depends on the interaction between e and quantized modes of the electromagnetic 

spectrum. Fully quantum theories [54] require the integration of quantum-mechanical equations of 

motion with sub-femtosecond accuracy. This is a substantial computational effort, given that HotPL 

is emitted for several hundreds of fs after pulsed excitation [19,20]. Following the pump pulse, the 

instantaneous intensity of the HotPL decreases in time, due to electron-hole (e-h) recombination and 

the cooling of the HE distribution. However, the time-integrated spectrum is dominated by the signal 

produced by the thermalized e distribution at its hottest temperature, i.e. at the end of the pump pulse 

Therefore, although a full quantum treatment of the out-of-equilibrium system would be 

required, here we approximate it by the signal emitted by HEs immediately after photoexcitation. We 
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express the collected HotPL intensity as the product of S(λ) and a factor proportional to the SLG joint 

density of states (JDOS) at the emitted photon wavelength for a thermalized e-h distribution at Te[24]: 

𝐼𝐼(𝜆𝜆,𝑇𝑇𝑒𝑒) = 𝑆𝑆(𝜆𝜆) ∙ 𝜉𝜉 2ℎ𝑐𝑐
2
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2 is the JDOS multiplied by the Boltzmann distribution [24], through the 

dimensionless coefficient ξ. This depends on the oscillator strength of the direct transitions in the 

Figure 4. Sketches of CVD SLG on (a) SiO2/Si and (b) infinitely thick SiO2. Ultrafast pump pulses 

(red) arrive from the top using a 0.7 NA objective in both configurations, while HotPL (green and 

blue in a and b, respectively) is collected in back-reflection through the same objective in (a) and 

in transmission through a 0.85 NA objective in (b). c, d) HotPL spectra (thin lines) and fits (thick 

lines) from CVD-SLG for the configurations sketched in (a,b), respectively. The fits are obtained 

from Eq.1 by adjusting Te, 𝜉𝜉 and δ. 𝜉𝜉 is (c)  ~ 100 and (d) ~ 4000. δ varies between -5 and -16 

cts/s depending on the impinging fluence. e) S(λ) is calculated for the various substrates using a 

dipole located 2 nm above SiO2/Si (light green, middle inset), SiO2 (blue, top inset) and inside a 

double layer of hBN (orange, bottom inset). Inset: pump power ratio impinging on the SLG as a 

function of wavelength for SiO2 (blue) and SiO2/Si (green), calculated by dividing the effective 

power deposited on SLG due to the presence of the substrate with that exiting the objective.  
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Dirac cones[24], parametrizing the overall intensity of the HotPL spectrum, integrated in time 

between pulses. Eq.1 is a reliable model for the HotPL in SLG as long as Te is the same for both e 

and h [16,55] and the photoexcited carrier density is much larger than the SLG doping [16,55], as in 

our case. In Eq. 1, h is the Planck constant, c the speed of light in vacuum, kB the Boltzmann constant, 

and λ the wavelength. δ [cts/s] is a constant introduced to correct for residual offsets after background 

subtraction. For short wavelengths (𝜆𝜆 ≪ ℎ𝑐𝑐
2𝑘𝑘B𝑇𝑇𝑒𝑒

), the dominating term in Eq. 1 is an exponential tail, 

similar to that obtained, in such a spectral range, from black body emission [19]. The fits using Eq. 1 

are superimposed to the data in Fig. 4c (solid green lines) and Fig. 4d (solid blue lines) for CVD-SLG 

on Si/SiO2 and SiO2, respectively. These are a global fit applied to each set of spectra as a function 

of pump fluence and treating Te, 𝜉𝜉 and δ as free fitting parameters. In both CVD-SLG samples Te 

increases with pump fluence. Although the pump fluences for CVD-SLG on SiO2/Si are lower than 

for CVD-SLG on SiO2, the corresponding Te is higher in the first case. This can be ascribed to the 

influence of the photonic cavity created by SiO2/Si on the 1554-nm pump beam which, as confirmed 

by FDTD (inset of Fig. 4e), enhances the pump fluence by a factor ~ 2. The excellent agreement 

between model and experiments for both data sets validates our approach. 

2.3. Tuning the HotPL emission by out-of-plane heat transfer 

To demonstrate the possibility of engineering the HotPL via out-of-plane heat transfer, we 

investigate with our model the HotPL emission of three different SLG samples: MC-SLG, CVD-SLG 

and hBN/SLG/hBN. Figs. 5a-c plot the HotPL spectra of the different samples (squares for CVD-

SLG, circles for MC-SLG and triangles for hBN/SLG/hBN) measured as a function of the incident 

fluence. For each sample, all spectra are fitted using Eq. 1 and optimizing Te, 𝜉𝜉 and δ . While 𝜉𝜉 is not 

sensitive to fluence, δ  changes with pump fluence. This could be ascribed to an imperfect background 

compensation. The excellent agreement between model and experiments demonstrates the robustness 

of this approach, once the photonic environment and the substrate are accounted for. The fluence-

dependent Te plots in Fig. 5d show that MC- and CVD-SLG reach a similar Te ~ 2200-2300 K for a 
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pump fluence~4.9 J/m2, consistent with Te of Refs. [16, 19]. Despite small deviations, which we 

ascribe to different EF, the observation of similar Te for the same illuminating fluence implies that the 

fabrication process and doping do not significantly affect the electron dynamics and the nonlinear 

optical response in our experimental conditions. 

For hBN/SLG/hBN a significant drop in Te is observed (see Fig. 5d), as reflected in the red-shift of 

the emission spectrum (see Fig. 5c), which can only be partially attributed to the photonic response 

of hBN/SLG/hBN (orange curve in Fig.4c), which is different from that on bare SiO2/Si (green curve 

in Fig. 4e). The almost 2-fold reduction in Te calls for further underlying physical processes 

associated with SLG encapsulation in hBN.  

In hBN/SLG/hBN, out-of-plane heat transfer can occur between SLG and hBN thanks to near-

field coupling between SLG HEs and the hyperbolic phonons in hBN [56,57]. This offers an efficient 

cooling channel, associated with a significant reduction of the SLG HE lifetime [31,56,57].  

Therefore, the overall red shift in the SLG HotPL caused by the encapsulation with hBN can 

be interpreted as due to the combination of two effects: (i) a purely photonic one, associated with the 

presence of the two high refractive index hBN layers that produce an emission spectral reshaping; (ii) 

a more fundamental one, consisting in the modification of the thermal properties of HEs in SLG by 

the presence of the heat-sink consisting in the near-field coupling to hyperbolic phonons in hBN. 

Although a lower Te can be related to the observed HotPL red-shift (Figs. 4a-c), the quantitative 

evaluation of Te can be done only if the photonic response of the whole heterostructure is considered.  

To further support these observations, we estimate the expected Te using the model of Refs. 

[58, 59] based on a set of rate equations for Te and the photoexcited carrier density in SLG, solved in 

the steady-state regime. Dissipation is accounted for in the relaxation-time approximation, 

parametrized by a cooling time τ. The absorption coefficient α [60] includes a saturable, Te-dependent 

contribution, due to inter-band vertical transitions, and a residual non-saturable, constant contribution 

αres due to intraband transitions. 
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We apply this model to fit the Te dependence on the illumination fluence, finding τ  ~ 425 fs 

for CVD- and MC-SLG, and τ ~ 225 fs for hBN/SLG/hBN. This shorter relaxation time can be 

ascribed to the coupling with the hBN hyperbolic phonons. We also find αres ~ 0.08% for 

hBN/SLG/hBN, and a larger αres ~ 0.4 %, 0.5 % for CVD and MC-SLG, respectively. We use in the 

model a single Te for both HEs and hot h, since we assume the time-integrated spectra to be dominated 

by the signal produced by the thermalized e distribution at its highest Te, i.e. at the end of pump pulse. 

Therefore, the model describes the steady state of the carriers under the action of heating, due to the 

pump pulse, and cooling, due to coupling with phonons. 

Figure 5. (a-c) Fluence-dependent HotPL for (a) MC-SLG, (b) CVD-SLG and (c) hBN/SLG/hBN 

and fits from Eq.1. The spectra in (a-c) are collected using pump fluencies ~ 2.1 (violet), 

2.8  (blue), 3.5 (green), 4.2 (yellow), 4.9 J/cm2 (red), the same as in (d). d) Fluence-dependence 

of Te extracted from the fits. (a-c) also show the fits for MC-SLG (solid red line), CVD-SLG (solid 

grey line) and hBN/SLG/hBN (solid light blue line), obtained varying δ from -7 to -34 cts/s. 𝜉𝜉 

provides the best fits for values of 25 (MC-SLG and CVD-SLG) and 800 (hBN/SLG/hBN). The 

solid lines represent Te from the model in Refs. 16, 17. 
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2.4. THG dependence on the electron temperature in SLG 

Finally, we explore the impact of the different EF and Te on THG emission, by comparing the 

THG fluence dependence in the three samples. After subtracting the HotPL contribution from the 

nonlinear emission spectra, we obtain the THG spectra in Figs.6a-c. The fluence-dependent 

wavelength-integrated THG powers, plotted in log-log scale in Fig. 6d, reveals a slope that exceeds 

the expected 3 [50], in agreement with Ref. 17, where we reported a sizable deviation from the typical 

cubic power law for THG caused by the dependence of the nonlinear susceptibility on both Te and 

EF. In our experiments, EF ~0.2 eV for CVD-SLG while EF ~ 0.1 eV for MC-SLG and hBN/SLG/hBN, 

hence EF is much smaller than the pump photon energy (~ 0.8 eV). This condition makes the THG 

process extremely sensitive to Te. As we discussed in Ref. 17, for EF < hν/2, ηTHG is expected to grow 

with Te, therefore resulting in a power law with an exponent larger than 3. The lower Te in 

hBN/SLG/hBN is accompanied by a higher THG power slope, compared to the other samples, in 

good agreement with the model discussed in Ref. 16. In particular, as discussed in the Supplementary 

Information of Ref. 16, the strongest variation of ηTHG upon increasing photoexcitation fluence is 

expected for Te < 1800 K and EF/hν << 1, which exactly overlap the working conditions identified 

for the hBN/SLG/hBN sample. 

3. Conclusions 

We measured the broadband light emission of different graphene samples following ultrashort 

pulse excitation. We modelled the spectra by combining the emission from an out-of-equilibrium hot 

electron bath in graphene and the photonic environment of graphene, also taking the response of the 

collection optics into account [24]. We found that, both the substrate (via photonic cavity effects) and 

the increase of the electronic temperature contribute to a stark shaping of the HotPL emission, as well 

as of the THG efficiency. We derived the dependence of the electronic temperature on the incident 

fluence. Under similar illumination conditions, hBN-encapsulated graphene (hBN/SLG/hBN) shows 

a substantially lower electronic temperature than the other samples, due to the coupling of SLG hot 
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electrons with hBN hyperbolic phonons. The hot electron temperature influences also the dependence 

of the emitted third harmonic intensity on pump fluence, giving a power law with exponent>3 [17]. 

Thus, in SLG, both incoherent (HotPL) and coherent (THG) emission are extremely sensitive to the 

electronic temperature. This must be considered in ultrafast all-optical applications of SLG-based 

devices, such as tunable broadband light emitters and nonlinear frequency converters. Our results 

clarify the interplay between hot electrons and optical nonlinear effects in graphene and can be used 

to tailor the emission wavelength and temperature of graphene-based high-speed broadband light 

emitters. Our approach can be extended to reproduce the incoherent emission from any layered 

material coupled to any substrate. 

Figure 6. Fluence dependence of TH generation. Fluence dependent TH spectra of (a) MC-

SLG, (b) CVD-SLG and (c) hBN/SLG/hBN after subtraction of HotPL background. The red, grey 

and blue dashed lines are Gaussian fits. (d) TH powers, measured as the areas under the Gaussian 

curves in panels (a-c), as a function of pump fluence. Solid lines are fits with power law curves. 

The error bar of the first point of hBN/SLG/hBN exits the logarithmic plot since its lower value 

becomes negative due to the extremely low signal levels. 
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