A Schmitt 
  
L Abou-Hamdan 
  
M Tharrault 
  
S Rossetti 
  
D Mele 
  
R Bretel 
  
A Pierret 
  
M Rosticher 
  
P Morfin 
  
T Taniguchi 
  
M Abou-Hamdan 
  
S Tharrault 
  
D Rossetti 
  
Mele 
  
Electroluminescence 
  
K Watanabe 
  
J-M Berroir 
  
G Fève 
  
G Ménard 
  
B Plaçais 
  
C Voisin 
  
J-P Hugonin 
  
J-J Greffet 
  
P Bouchon 
  
Y De Wilde 
  
E Baudin 
  
Electroluminescence of the graphene 2D semi-metal

published or not. The documents may come    

I. INTRODUCTION

Today, electroluminescent devices represent the major part of lighting and display devices and are building blocks of the global information and telecommunication network. 1 Electroluminescence is a non-thermal phenomenon by which a material emits light in response to an electrical current. 2 In solids, it is prevalent in insulators and semi-conductors 3 and more recently in organic materials and results from the radiative recombination of electrons and holes across the bandgap. Electroluminescence is precluded in metals , as their electron gas relaxes to a thermal state on a very short timescale due to their gapless electronic band structure. Concordantly, they only exhibit incandescent emission (a thermal radiative process) from their hot Fermi sea. The question is still open for semi-metals, as they share similarities with both metals (absence of bandgap) and semi-conductors (presence of a valence and a conduction band), and it is addressed in the present paper.

One may naturally wonder whether an exotic regime could arise beyond thermal equilibrium, in which a metal would exhibit luminescence. A simple way to reach an out-of-equilibrium regime is by pumping the material using an intense and very short light pulse. The large energy brought by individual photons allows charge carriers to reach high energy levels and, under strong pumping, a non-equilibrium state may survive long enough before thermalization for a transient photoluminescence signal to be observed. This scheme has been achieved in various metals, more specifically via the selective excitation of confined plasmons. 4 Continuous-wave photoluminescence of metals is also possible, but with an extremely low efficiency due to the competing relaxation processes 5 . Electroluminescence is even more elusive as electrical excitation lacks energy selectivity 38 .

The question of electroluminescence in semi-metals can now be revisited thanks to the emergence of high-mobility graphene transistors behaving as model semi-metallic devices. In particular, recent advancements in the fabrication of intrinsic hexagonal Boron Nitride (hBN)-encapsulated graphene field-effect transistors have enabled reaching intrinsic material limits 6,7 . This opens new exotic transport regimes [8][9][10][11][12] , in which an almost perfect decoupling of the electron gas from its surroundings can be achieved at room temperature and ambient pressure. Furthermore, the ballistic transport of electrons over micrometric scales triggers new interband conduction regimes (such as Zener-Klein tunneling), thereby driving the Fermi sea far out of equilibrium. 8,11,13 Graphene has been extensively studied as a novel broadband incandescent emitter due to its atomic thickness and ultra-small heat capacity. [14][15][16] As a metal, graphene also exhibits transient hot photoluminescence 17,18 , transient athermal electronic distribution 19,20 , and inelastic tunneling electroluminescence 21,22 . However, to date, the prerequisite for electroluminescence has yet to be reported, namely the direct observation of an out-of-equilibrium electron-hole plasma obtained under electrical pumping. Here, we report on the direct observation of the continuous far-field electroluminescence from graphene transistors in the mid-infrared (MIR) originating from the electron-hole pairs injected by the interband Zener-Klein tunneling mechanism under high bias.

II. THE ELECTROLUMINESCENCE MECHANISM IN GRAPHENE

Electroluminescence requires an ambipolar electrical injection mechanism to drive the electronic distribution out of equilibrium. 2 In semi-conductor devices, such as light-emitting diodes (LEDs), electrical injection is achieved by the ambipolar current passing through a PN junction. We use high-mobility graphene field-effect transistors (HGFETs), which allow for versatile control of channel doping and electrical pumping (see below). In contrast to LEDs, HGFETs are unipolar, but , under large electrical bias, they sustain a large interband current due to the bulk Zener-Klein tunneling of electrons from the valence band to the conduction band. 8 As depicted schematically in Fig. 1A, this charge carrier injection process builds an out-of-equilibrium electronic distribution, which instigates electroluminescence. This stationary out-of-equilibrium electronic distribution, which is illustrated in Fig. 1B, is made possible in graphene for two reasons. (i) The presence of a relaxation bottleneck at the Dirac point separating the valence and conduction bands. (ii) The large hBN and graphene optical phonon energies (∼ 170 meV), which ultimately bound the outof-equilibrium electronic distribution. Therefore, we can expect electroluminescence signals from HGFETs in the 50 -200 meV MIR spectral range, while incandescence is expected in the near-infrared (NIR) to the visible spectral range.

The MIR emission map of a high-mobility graphene transistor under electrical bias is shown in Fig. 1C (inset). As expected, the measured MIR emission originates from the transistor's graphene channel. To investigate the nature of this emission we measured the MIR and NIR emission spectra (Fig. 1C) of a high-mobility graphene FET equipped with a gold backgate (F160, µ = 13 m 2 .V -1 .s -1 ) under electrical bias at ambient conditions (see SI sections II and III for experimental details). The two spectra are drastically different; namely, the NIR spectrum (0.76 -0.9 eV) follows the behavior of a typical Planckian gray body at 340 • C (green line), whereas the MIR spectrum (0.1 -0.2 eV) exhibits a solitary resonance peak at 1348 cm -1 (≡ 167 meV), corresponding to a quarter-wave resonance of the hBN/graphene/hBN/gold heterostructure (see below). Importantly, the MIR peak emission exceeds that of the thermal incandescent emission (green curve) by a factor of 20, the latter being calculated from the incandescence temperature determined in the NIR spectrum.

We detail now the mechanism responsible for the electroluminescence peak. The spectral shaping of the emission is dominated by the light-matter coupling strength modulation imposed by the electromagnetic environment. 23,24 For the transistors considered here, their highly reflecting gold backgate (160 nm below the graphene channel) decouples graphene from the far-field over the entire MIR spectral range under study, except near the resonances of the refractive index n of its direct environment, namely, the hBN substrate. Maximum coupling of the graphene layer's emission to the far-field occurs near the quarter-wave resonance of the heterostructure, i.e., at a wavelength λ = 4n(λ) d, where d is the thickness of the hBN layer separating the graphene layer from the gold backgate. As an example, for the F160 transistor (Fig. 1C), in which the total hBN thickness is 0.205 µm, this condition is satisfied at λ = 7.41 µm (≡ 1349 cm -1 ), at which n = 9.1. Taking into account oblique incidence and the top air/hBN interface only results in a slight redshift, down to a resonance wavelength of 7.43 µm (≡ 1348 cm -1 ). For F160, this single emission peak is observed both experimentally (Fig. 1C, red curve) and from incandescence numerical calculations (Fig. 1C, green curve). This quarter-wave mediated electroluminescence is robustly observed in all the investigated samples (see Supplementary Figure SI-13).

We note that the use of a gold backgate is key to unambiguously observing electroluminescence in graphene fieldeffect transistors. Firstly, it allows direct coupling between graphene's electron gas and the far-field. Secondly, it minimizes the incandescent thermal background of the heated substrate. Finally, it relegates the emission peak to frequencies below hBN's Reststrahlen band (1360 -1620 cm -1 ) thereby precluding the possibility that emission could occur due to scattering of the near-field modes confined in hBN. In principle, graphene's plasmonic branch could also contribute to the signal via resonant Rayleigh scattering by defects into the quarter-wave mode. However, the extremely short plasmon wavelength 25,26 λ ∼ 25 nm at ω = 1348 cm -1 makes this deep plasmon out-of-reach, even in fully optimized dedicated scattering-scanning near-field optical microscopy measurements (λ min ∼ 100 nm). [27][28][29] 

III. RULING OUT INCANDESCENCE

Having thoroughly illustrated the near-to mid-infrared spectral features of the transistor's emission, we turn now to the behavior of its [800 -1500] cm -1 spectrally-integrated MIR emission as a function of increasing bias (Fig. 2A). It is instructive to compare the actual emitted power with that which is anticipated from incandescence, that is, P rad,th (V ds ) ≃ (2.11 nW) × 1 exp(hω/kBTe(V ds ))-1 -1 exp(hω/kBT0)-1 (Fig. 2A, blue curve). This radiative power is calculated by spectrally integrating the product of the device's emissivity and the blackbody spectral radiance at the measured electronic temperature (determined from the graphene layer's NIR incandescence, Fig. 2B, blue curve, see methods in SI section III). In the above expression, hω is the quarter-wave resonance energy, T e is the measured electronic temperature, T 0 = 293 K is the environment temperature, and k B is the Boltzmann constant. The actual emission follows a super-linear trend, while the anticipated incandescent emission follows a quasi-linear trend with bias.

Spectrally-shaped incandescence can easily be mistaken for electroluminescence 30 so that the comparison of emission powers is crucially important to exclude incandescence. In our case, the power of the measured spectrally integrated MIR emission is found to be at least 70 times larger than that of the computed incandescence of graphene's hot electrons.

We also rule out incandescence from all other optically active quasi-particles within the heterostructure, namely, the optical phonons of graphene and hBN. Their measured temperature (T OP,hBN ≤ 75 • C, T OP,Gr ≤ 95 • C, obtained via Raman Stokes-anti-Stokes thermometry, see SI section IV) lies well below the electronic temperature (see Fig. 2B). Note that, since the emittance of hBN is 47 times larger than that of graphene at the quarter-wave resonance (1348 cm -1 ), even a tiny temperature increase of hBN to 75 • C could potentially mimic the observed radiation spectrum from the transistor. Therefore, we compare the emission spectrum of the electrically-biased transistor to its emission when externally heated to the temperature of hBN's optical phonons (Fig. 2A,inset). This comparison FIG. 2: Nature of the light emission from graphene in the high-mobility transistor F160 as a function of bias. (A) Spectrally-integrated MIR radiated power in the [800, 1500] cm -1 band (red circles). The dashed blue curve represents the radiated power expected from graphene's incandescence when heated at the measured electron gas temperature shown in panel B. (Inset) Comparison of the MIR spectra of F160 under bias (red curve) and when heated (green curve) to the temperature of hBN's optical phonons (panel B). (B) Temperature of the optically-active quasi-particles of the heterostructure: the optical phonons (OP) of graphene and hBN, and graphene's electrons. (C) F160's current-to-voltage response. Interband current (red line) is deduced from the formula given in the Supplementary information.

shows that thermal emission at the quarter-wave resonance is at most one-fourth of the radiated power under bias, thus excluding any possible thermal origin of the observed MIR signal.

To quantitatively analyze the out-of-equilibrium electron gas emission of the transistor under bias, we utilize the Roosbroeck-Shockley theory of luminescence within the framework of the local Kirchhoff law. 31 Within this picture, the radiated power at energy hω scales as the product of electron and hole densities n e n h , which takes the form of a modified Bose-Einstein distribution given by n e n h = exp hω-∆µ

k B T -1 -1
at finite temperature T and electron-hole chemical potential imbalance ∆µ produced by electrical pumping. 2 Due to spectral shaping by the quarter-wave resonance, we apply this scaling law solely on the spectral flux obtained at the ω = 1348 cm -1 resonance peak of Fig. 1C. This worst-case-scenario calculation gives a 20-fold increase in electroluminescent radiated power with respect to incandescence. It also enables the direct quantification of the chemical potential imbalance (see SI section VI.B), yielding ∆µ ≥ 128 meV, i.e., exceeding the thermal energy k B T ≃ 54 meV. The condition ∆µ > k B T is commonly accepted as the boundary for electroluminescent operation in LEDs 31 . Regarded as incandescence, this would coincide with the emission power that would be reached for a graphene layer heated to 2600 K, i.e., in excess of its sublimation temperature 32 (∼ 2300 K). This simple consideration assumes that emittance is constant when the device is biased or heated, a property that we verify in the Supplementary Information Section VI.B.3.

As a last step, we highlight the contrasting behaviors of the total current (Fig. 2C, black curve) and the radiated power (Fig. 2A) with increasing bias. In particular, the radiated power evolves super-linearly, while the total current increases sub-linearly. This behavior deviates from that of conventional LEDs in which the radiated power is proportional to the current flowing through the device. Such striking behavior is thus singular to electroluminescence in semi-metals. 

IV. ELECTRICAL INJECTION IN GRAPHENE

Since the interband current is the sole instigator of electroluminescence, it is necessary to isolate its contribution to the transistor's total current as in Fig. 2C. The presence of an interband current is unambiguously signaled here by the fact that, at large bias, the total current increases independently of the number of charge carriers (see Fig. 3A). This interband current arises due to the Zener-Klein tunneling at large bias. 8 The onset of this Zener-Klein tunneling regime invariably occurs at a threshold voltage which is set by Pauli blocking on the elementary tunneling events between the valence and the conduction bands (see Fig. 1A). As a consequence, tunneling begins at a finite threshold bias V th = 2E F /e × L/l ZK , where E F = hv F √ πn s is the Fermi energy (with Fermi velocity v F and doping concentration n s ), L is the device length, and l ZK is the characteristic length of Zener-Klein tunneling 8 . In what follows, we consider a transistor, hereafter referred to as InOut2, whose long graphene channel (see Fig. 3A, inset) enables large threshold voltages. In practice, the Zener-Klein tunneling threshold voltage is determined by fitting the transistor's IV response curve with a phenomenological formula (see SI section V). The resulting thresholds for InOut2 are indicated by red circles in Fig. 3A which clearly illustrate their doping dependence.

The direct role of interband Zener-Klein tunneling as the initiator of electroluminescence is confirmed by the measured spectrally-integrated MIR radiated power of InOut2 (Fig. 3B), which shows that the emission invariably starts at the tunneling threshold. To interpret the radiative emission in more detail, we further consider the spectrallyintegrated radiative power as a function of interband current which presents a linear evolution above a characteristic threshold current ∼ 0.5 mA (see Fig. 3C). This behavior is reminiscent of non-radiative recombination pathways in common LEDs and can be explained, in the low doping limit, by the balance between the interband electron-hole pair creation rate (I inter /2e) and the electron-hole pair non-radiative (A nr N ) and radiative (B rad N 2 ) rates, where N is the excess carrier number 2 . As the observed radiative power P rad is proportional to the radiative term, we deduce that P rad ∝ √ I inter + I 0 -√ I 0 2 , with I 0 = eA 2 nr /B rad . This model is shown in Fig. 3C (black curve) and correctly captures the experimental behavior.

V. CONCLUSION

In closing, we have unequivocally showed that graphene, a 2D semi-metal, exhibits DC electroluminescence in the MIR. This is made possible at large electrical bias due to a Zener-Klein tunneling current sustaining an out-ofequilibrium electronic distribution accross the Dirac point. In addition to its significance from the fundamental point of view, the electroluminescence of graphene has interesting implications for the development of novel light sources. Indeed, the chemical potential imbalance reported here (∆µ > ∼ 128 meV) approaches the emission energy of 167 meV, above which the optical amplification regime is reached. Interestingly, this extreme hot electron distribution, much more pronounced than the one associated to metals photoluminescence, is created by a mere electric field and could be highly relevant for hot electron photocatalysis. 33 The current limiting factors to far-field electroluminescence are the competing non-radiative 34 and near-field radiative 8,13,35,36 relaxation processes. Finally, we highlight the fact that the gapless band structure of 2D semi-metals enables electroluminescence at arbitrary photon energy. In principle, by engineering the out-of-plane coupling of the graphene layer with its dielectric surroundings, it should be possible then to evoke electroluminescence over a large span of wavelengths 37 .
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II. MID-INFRARED (MIR) EXPERIMENTAL METHODS

A. Infrared spatial modulation spectroscopy (IR-SMS)

We measure the mid-infrared (MIR) electroluminescence spectra of the high-mobility graphene transistors via infrared spatial modulation spectroscopy (IR-SMS) [2-4]. As sketched in Fig. SI-1, the electroluminescent signal emitted by the transistor under electrical bias is collected using a Cassegrain objective with a large angular collection (numerical aperture, NA = 0.78; angular collection interval, θ = 33 -52 • ). The collected radiation is then guided through a step-scan operated Fourier transform infrared (FTIR) spectrometer before being refocused, via a parabolic mirror, onto a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT) detector with a small active area 250 × 250 µm 2 , which corresponds to a region of area a = 24.6 × 24.6 µm 2 (×10.16 magnification) in the object plane (see Fig. SI-2), produces a spatial selection.

The bare hBN/graphene/hBN channel between the gold electrodes of the transistor is centered within the active area of the MCT detector. The transistor is then modulated laterally using a piezoelectric translation stage at a frequency Ω, over a distance ∼ 25 µm corresponding to the microscope field of view. The optical signal reaching the active area of the detector, thus, varies between that of the graphene channel and that of the Au electrode. The detected signal is demodulated at the frequency Ω, allowing the measurement of a background-free electroluminescence spectrum. Alternatively, the FTIR can be bypassed so that the detected electroluminescent emission is integrated over the entire spectral bandwidth of the detector (λ = 6 -14 µm).

For the analysis of the thermal emission of our samples, electrical bias is suppressed and the sample holder is replaced by an electrically controlled hot-plate resistor, enabling uniform heating of the sample up to 573 K. The thermal emission measurements of the investigated samples are carried out at various temperatures as outlined above.

The instrumental spectral response of the IR-SMS setup is determined by measuring the thermal emission of a reference sample at various temperatures (within the accessible range provided by the hot sample holder) and following a procedure similar to that outlined in Ref. [5]. The reference sample consists of a gold substrate that is partially covered with squares of black carbon ink (BCI). The squares are large enough to fully occupy the detector's field of view. Gold behaves as a mirror in the MIR range under study (reflectivity ∼ 99 %), whereas BCI has a relatively high emissivity (see Fig. SI-3A). The interface between a BCI square and the bare Au substrate is optically conjugated with the detector's field of view and a spectrum is acquired via IR-SMS. The detected signal at temperature T , S(ν, T ) (where ν = 1/λ is the wavenumber in cm -1 ), can then be written as follows.

S(ν, T ) = r(ν) ε BCI M (ν, T ) + ρ BCI M (ν, T 0 ) + ρ Au M (ν, T 0 ) , (1) 
where r(ν) is the detector's spectral response function, ε BCI is the spectral emissivity of BCI, ρ BCI and ρ Au are the spectral reflectivities of BCI and gold, respectively, and M = 4πhc 2 ν 3 1 e hcν/k B T -1 a/2 0 dxdy 52 • 33 • sin θ cos θdθ is the Planck blackbody spectral radiance in W/cm -1 (integrated over the Cassegrain objective's angular collection interval and over half of the detector's field of view). The first term between brackets on the right-hand side of Eq. ( 1) corresponds to the spectral radiance of the heated black carbon ink filling half of the detector's field of view, while the other two terms correspond to that of the room temperature (T 0 ) thermal radiation scattered off the sample.

Using Eq. ( 1), the response function can be computed from the measured spectra of the reference sample at two different temperatures T 1 and T 2 (T 2 > T 1 ) as follows

r(ν) = S(ν, T 2 ) -S(ν, T 1 ) ε BCI [M (ν, T 2 ) -M (ν, T 1 )]
.

(2)

The resulting response function is plotted in Fig. SI-3B.

To eliminate the room temperature signal from the measured electroluminescence spectra, we measure the IR-SMS spectrum of the transistor under study at room temperature, which is then subtracted from the corresponding spectrum under electrical bias. The obtained spectrum is normalized by the response function (Eq. ( 2)) to remove the instrumental dependence of the signal. The spectrum resulting from this normalization procedure corresponds to the spectral flux emitted by the transistor due to electrical pumping. The raw spectra of F160 under electrical bias and at room temperature with no electrical pumping are shown in Fig. SI-4.

B. Spectrally-integrated signal mapping

To map the spatial distribution of the transistor's signal (as shown in the inset of Fig. 1C of the main text), we use the same setup described in subsection II A except that the FTIR is bypassed and the lateral sample modulation is replaced by an optical chopper (see Fig. SI-5). The transistor is raster scanned, using the piezoelectric translation stage, and the integrated signal (detected optical power within the full spectral range of the detector, λ = 6 -14 µm) is recorded at each position.

To estimate the imaging resolution, we imaged the interface between a SiC substrate and a large gold pattern (Fig. SI-6A). The average line scan of the optical signal in the direction orthogonal to the interface (see Fig. SI-6A, dashed blue line) follows a step-like behavior since SiC is highly emissive and Au is highly reflecting (see Fig. SI-6B). We estimate from the line scan that the imaging resolution is around 15.7 µm. As such, the MIR emission spot observed in the inset of Fig. 1C of the main text appears larger than the graphene channel's physical dimensions.

C. Absorptivity of a graphene transistor

The MIR absorptivity of the graphene transistor F160 (Fig. SI-15A) is determined from its reflectivity, which is measured using a Bruker Hyperion infrared microscope. A Cassegrain objective focuses a globar infrared source onto the sample and simultaneously collects the light scattered off the sample. FTIR spectroscopy is then performed on the light collected by the objective. A diaphragm is employed to limit the detector's field of view to only a ∼ (24 × 24)- µm 2 region of the sample (see Fig. SI-2). A reference measurement is first performed on a large gold pattern on the sample, giving the intensity of incident light I 0 . This is followed immediately by a measurement with the transistor's graphene channel in focus, giving an intensity I. The reflectivity is then obtained by taking the ratio of the two measured intensities, i.e., R = I/I 0 . Since the transistor is on a gold backgate, the transistor's absorptivity is simply given by A = 1 -R. 

III. NEAR-INFRARED BLACKBODY SPECTROSCOPY

A. Experimental methods

The temperature of graphene's electrons, under high drain-source bias, is obtained by probing its blackbody emission in the near-infrared (NIR) spectral range 1375 nm -1625 nm, using an InGaAs CCD camera.

The blackbody emission is collected by a high numerical aperture objective, collimated via a 100 µm core-diameter multi-mode fiber, and sent to a NIR spectrometer providing a wavelength range of about 250 nm with a resolution of 1 nm (Fig. SI-7a). The signal is integrated for 100 seconds .

As the incandescent emission is collimated by the multi-mode fiber, only an effective surface of the sample S collection contributes to the detected signal. This collection region is the reciprocal image of the multi-mode fiber core created by the optical system and can be measured by back-injecting some light from the fiber to the sample focal plane (all optical elements are apochromatic), as illustrated in Fig. SI-7b.

The measured spectral flux (in units of W.m -1 ) can thus be described by the following formula:

S(λ, T ) = R col (λ)S emitter ε(λ)B(λ, T ) with B(λ, T ) = 4πhc 2 λ 5
1 exp(hc/λk B T )-1 the spectral blackbody radiance integrated over a half-space (λ is the emission wavelength, T is the temperature, h is Planck's constant, c is the celerity of light, and k B is Boltzmann's constant), R col (λ) is the calibrated collection efficiency of the complete detection chain, S emitter < S collection = 138 µm 2 is the surface from which radiation is emitted and ε(λ) the emissivity.

The spectral flux is calibrated using a heated tungsten plate, of known emissivity [6], whose temperature is measured with a Pt100 temperature probe, and emitter surface is equal to the full collection surface S emitter = S collection . This measurement is performed at different temperature setpoints (Fig. SI-8a), giving overlapping collection efficiency profiles (Fig. SI-8b). The calibrated collection efficiency R col (λ) is found by taking the average of these profiles. 

B. Emissivity measurement

Under bias, the gold backgate temperature is significantly lower than that of graphene's electron temperature so that only the latter has a significant contribution to the blackbody emission. However, the emissivity of the graphene sheet cannot be directly computed from a simple thin film transfer matrix method as the radiation is collected with a high numerical aperture microscope objective from a stack that is several hundreds of nanometers thick. Therefore, instead of relying on an idealized simulation, we rather perform a spectral absorption measurement of the stacked structure by using the same microscope objective and by focusing a super-continuum laser on the sample focal plane. The power reflected off the surface is normalized using the signal measured on the transistor's gold contacts, which has a tabulated reflection [7] (Fig. SI-9a and SI-9b). For scatterer-free interfaces, the absorbed fraction of light A is given by A = 1 -R where R is the measured reflection. We then measure the absorption of the hBN/graphene/hBN/Au heterostructure as well as that of the hBN/hBN/Au stack where the graphene sheet is absent. It should be noted here that both graphene and gold contribute to the absorption of such structures, due to their finite extinction coefficients. Since the graphene sheet is optically thin, its spectral emissivity can be approximated by taking the difference between the absorption of the hBN/graphene/hBN/Au and hBN/hBN/Au stacks (Fig. SI-9c).

C. Temperature fitting

The spectral blackbody irradiance emitted from the transistor's graphene channel over a half-space (in units of W.m -3 ) can thus be computed by normalizing the measured spectral flux by the collection efficiency R col (λ), and the transistor's surface S emitter . This irradiance is then fitted with ε(λ)B(λ, T ), the measured emissivity of the embedded graphene sheet times the spectral blackbody irradiance, with the temperature T as the only free parameter (Fig. 1C of the main text).

The fit performs well in general on the F161 and F160 transistors (see Figs. SI-10). However, at large doping, the fit deviates significantly from F160's measured irradiance (Fig. SI-10). This effect could be attributed to temperature inhomogeneity of the channel, i.e., a modification of the temperature profile along the channel with the doping, combined with a damped emissivity close to the contact area, which can modify the slope of the measured spectral irradiance. This temperature inhomogeneity is exacerbated in the long transistor InOut2 for which fits perform correctly at moderate bias or low doping and fail at large bias and large doping so that NIR blackbody thermometry fails in this case. Moreover, the contact edges are responsible for significant light scattering, where reflection can reach 20 % (see Fig. SI-9b). Nonetheless, the exponential dependency of radiated power on absolute temperature strongly constraints the determination of temperature and limits its uncertainty to only 5 K over most of the explored doping and bias range. The worst cases, at large doping and large bias, are -5/ + 25 K for F160 and -20/ + 50 K for InOut2, both being represented on the right panels. Experimental data are fitted with the greybody model taking into account the measured device emissivity as described in the text. This one-parameter fit allows determining the electronic temperature for most doping values with F160 and F161. The good agreement of the fit with experimental data supports the assumption of a quasi-uniform channel temperature. In contrast, the short wavelengths are over-represented for InOut2 at moderate and large bias, indicating a nonuniform temperature in the channel. In such cases, NIR temperature data are systematically discarded.

IV. STOKES-ANTI-STOKES RAMAN THERMOMETRY

We introduce the experimental methods for the determination of the temperature of optical phonons using Stokesanti-Stokes (SAS) Raman thermometry. This technique enables a precise and unequivocal determination of the temperature of optical phonons, in contrast to techniques that only rely on the shift of the Stokes peaks, which is also sensitive to doping and strain.

We use a Renishaw Raman spectrometer with a notch filter that allows simultaneous measurement of Stokes (S) and anti-stokes (AS) peaks. The transistor is excited with a λ = 532 nm laser (P = 5 mW). Typical spectra are shown in We rely on the intensity ratio between the S and AS peaks at a temperature T given by

I AS I S = e -hΩ k B T
, where hΩ is the energy of the optical phonon mode. For the hBN optical phonon mode E 2g at 1365 cm -1 = 169 meV , this yields a ratio of ∼ 10 -3 at room temperature. Yet the AS peaks can be seen even at zero bias voltage by using a long exposure time, as can be seen in Fig. SI-11b (black data points). This measurement is used as an absolute calibration Signal counts 0 50 000 100 000 150 000 200 000 250 000

Raman shift (cm -1 ) -1 500 -1 000 -500 0 500 1 000 1 500 for SAS thermometry. By comparing the AS/S ratios at zero bias and non-zero bias, we deduce the temperature of the optical phonons of hBN as a function of doping and bias voltage. Stokes-anti-Stokes measurements were performed on two electroluminescent graphene transistors (F160 and F161), and the associated temperature is presented in Figs. SI-11d) and e). The temperature of hBN's optical phonons shows a slight increase as a function of electrical bias. As such, it is necessary to verify that the emitted MIR signal presented in the main text is not due to incandescence from the hBN environment. However, when placing the heterostructure on a hot plate at a temperature that corresponds to the one measured with SAS thermometry, we observe that the incandescent emission from the heterostructure at 1348 cm -1 is negligible (see main text). This excludes the hot hBN as the MIR emitter.
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V. DEVICES

Electronic transport characterization. The electronic transport characterization of the high-mobility graphene transistors is performed prior to optical measurements at room temperature in a probe station adapted to radio frequency measurements up to 67 GHz. The DC measurements are performed using a Keithley 2612 voltage source to apply gate and bias voltages. When applying a constant gate voltage and increasing the bias voltage, the average doping in the graphene channel decreases due to drain doping. In our measurements, we correct for this effect by biasing the graphene transistors along constant density lines (V gs -αV ds = Const., where α ∼ 0.4 is determined from the shift of the charge neutrality point with respect to bias [8]).

Electronic properties of the devices. We describe here the different electronic transport regimes of the 3 high-mobility transistors detailed in this study: F160, F161, and InOut2. Their geometrical properties and mobility are listed in table I.

The current-voltage curves at constant charge carrier density are plotted in Fig. SI-12 for the three devices on a gold backgate (panels A,B,C). At low bias, the devices show linear ohmic behavior, with a strong increase of the intraband current with doping. Due to the high mobility, the current rapidly reaches significant values and saturates for V ds > V sat , where V sat is the saturation voltage. This saturation of intraband current can be consistently attributed to the interaction with optical phonons of the lower Reststrahlen band of hBN (hΩ I = 90 -100 meV) [8,9]. This velocity saturation regime is followed at high bias by the onset of Zener interband conduction, characterized by a constant bias-and doping-independent differential conductivity σ Z < ∼ 1 mS, and the onset of energy relaxation and cooling by optical phonons of the upper Reststrahlen band of hBN (hΩ II = 170 -200 meV) [8,9]. The differential conductivity can be well fitted using the standard dependence [8,10]:

σ(E) = neµ (1 + E/E sat ) 2 + σ Z (3) 
where µ is the electronic mobility at zero bias, n is the charge carrier density, and E = V /L is the local electric field. Fits of the differential conductivity are presented in panels D,E,F of Figure SI-12, showing good agreement with data.

The standard dependence of Eq.(3) neglects the existence of a doping-dependent threshold for the onset of interband Zener conduction due to Pauli blocking, which has been confirmed previously in noise temperature measurements [8]. The fair agreement with the data upon neglecting the threshold is because the Zener threshold only involves minute corrections to conductance in high-mobility devices at low bias, where intraband conductance dominates. A better description relies on an optical conductivity-like formula for the interband conductivity as a function of bias

σ ds,inter = σ Z 2 1 + tanh e(V ds -V Z ) 2k B Te
where V Z is the threshold Zener voltage, and T e is the electronic temperature; σ Z is still extracted from the slope of the current-voltage curves at high bias. Combining this equation for interband conduction with the intraband part of Eq.(3) yields the following formula for the total bias current

       I ds = I intra + I inter I intra = W L neµ Vsat V ds
Vsat+V ds

I inter = k B Te e σ Z W L e(V ds -V Z ) 2k B Te + ln cosh e(V ds -V Z ) 2k B Te + eV Z 2k B Te -ln cosh eV Z 2k B Te
Using this formula, we perform fits on the current-voltage curves of the electroluminescent graphene transistors. Due to the fair agreement of the σ-fits with Eq. ( 3), the values of V sat , µ and σ Z are set, and only V Z and T e are left as adjustable parameters. The result is presented in panels G,H,I of Fig. SI-12 (orange lines) and shows excellent agreement with the data (blue dots), with values for T e ≃ T e (V Z ) ∼ 600 K (in this simple description, we consider a constant value of electronic temperature T e , which can be seen as the electronic temperature close to the threshold voltage V Z ) and V Z < ∼ 0.5 V that are compatible with optical measurements in the near-and mid-infrared. The intraband part of the current (green lines) shows a quasi-complete saturation for V ds ≫ V sat , resulting in a linear increase of interband current at large bias (red solid line). For each device, the current-voltage curves are displayed for various dopings (panels A,B,C) between n = 0 and n = 1 10 12 cm -2 , as well as the differential conductivity σ as function of bias in panels D,E,F (dots) along with the fits (solid lines) using Eq. ( 3). In panels G,H,I we perform a fit of the IV curves taking into account the existence of a Zener threshold, where VZ and Te are left as free parameters. The total current fit is plotted in orange, whereas the intraband current appears in green and underlines the quasi-linear increase of interband current at high bias (confirmed by the red solid line representing the interband contribution).

VI. MIR ABSORPTION AND EMISSION SPECTRA OF HIGH-MOBILITY GRAPHENE TRANSISTORS: THE LOCAL KIRCHHOFF LAW

A. Experimental MIR emission spectra of graphene transistors

In this section, we first report on the experimental observation of MIR radiative emission under a large bias and compare it to incandescent emission when the whole device is heated. We observe consistent emission at the quarterwave resonance of the structures (1348 cm -1 ).

Figure SI-13 represents the measured emission spectra of the three devices reported in this study. The emission peak emerges from the baseband instrumental noise at 1348 cm -1 (≡ 167 meV). Using S matrix calculations (see below), we compute the hBN total absorption (which coincides with emissivity) as a function of its thickness. The hBN layer in-plane dielectric response has a pronounced resonance peak at the in-plane transverse optical phonon frequency (1370 cm -1 , see Fig. SI-14). The high refractive index near this frequency enables a quarter-wave resonance.

We find that maximal hBN absorptance is reached for a total thickness of ≃ 200 nm corresponding to that of our transistors. The quarter-wave resonance redshifts with the thickness of the hBN layer as a consequence of its dispersion. Interestingly, according to this numerical calculation, for large hBN thicknesses, a second resonance corresponding to a 3λ/4 resonance appears.

The transverse electric field distribution in the case of F160 dimensions is presented in the inset of Fig. 1C. Graphene absorption (and therefore emissivity) is maximized by placing it near the maximal electric field which is near the air-hBN interface. This is why we kept the top hBN thickness as thin as possible in all the devices considered here while securing encapsulation to ensure operation in ambient conditions.

We independently verify the existence of the resonance peak computed in ), the quantitative comparison of absorption and incandescent emission is not straightforward as, under electrical bias, only the graphene layer emits, whereas in the incandescent case by external heating, emission is dominated by the hBN layers, their out-coupling strength being 47 times larger than the one of graphene (see below). The solution to this issue is provided by the local Kirchhoff law.

B. The Local Kirchhoff Law

Presentation

We model the out-of-equilibrium electroluminescent emission of a graphene field effect transistor using the local Kirchhoff law (LKL) [11] which provides an expression for the spectral radiance within a solid angle dΩ = sin θdθdϕ as follows

d 2 P e dω dΩ = 1 2 l α (l) (-u r , r ′ , ω) I b [n e (ω, r ′ ) , ω] d 3 r ′ (4)
where α

(l) ib (-u, r ′ , ω) is the polarized absorption cross-section density due to interband transitions (direction u, frequency ω, and polarization l), and I b [n e (ω, r ′ ) , ω] is the local body radiance, which for interband transitions is given by I

b [n e (ω, r ′ ) , ω] = ω 2 4π 3 c 2 hω n e (ω/2, r ′ ) n h (-ω/2, r ′
) and is just a bimolecular recombination rate of electron-hole pairs, with hole probability n h = 1 -n e . At thermal equilibrium, this expression reduces to

I b [n e (ω, r ′ ) , ω] = ω 2 4π 3 c 2 hω exp hω k B T -1 . ( 5 
)
It is convenient to cast the non-equilibrium expression in the form of Eq. ( 5) by incorporating the photon chemical potential ∆µ (which is possibly frequency dependent) as follows The LKL assumes that light emission occurs via a single direct optical transition, which excludes multiple competing direct interband transitions and intraband transitions. This assumption is well satisfied in the case of graphene over the spectral range of interest as we shall see in the next subsection.

I b [n e (ω, r ′ ) , ω] = ω 2 4π 3 c 2 hω exp hω-∆µ k B T -1 . ( 6 

Absorption of complex layered structures

To compute the absorptance of the layered heterostructure, we rely on the Reticolofilm-stack free software. The Reticolo software computes the reflection and transmission of arbitrary stacks of anisotropic thin films using a product of S matrices. The contribution to absorptance of each layer is deduced from the local balance of the Poynting vector. The computation is vectorized over energy and incident angle, and the result is integrated over the observation angle of the Cassegrain objective (see subsection. II A). When an HGFET is submitted to a bias, only the graphene layer emits because of its much higher temperature. However, when measuring the spectral absorption of the heterostructure, both graphene and hBN absorb. This distinction is correctly captured by the local Kirchhoff law, whereas the macroscopic Kirchhoff law fails to describe such a situation.

Figure SI-16 shows the decomposition of surface emittance (integrated over the microscope objective's angular collection interval) over the layers composing the hBN-encapsulated graphene heterostructure. If the device is uniformly heated, this decomposition provides the relative weight of each layer to the total emission (dashed line), in which the emission of hBN layers is predominant (blue). If, otherwise, only the graphene layer is emitting, the corresponding emittance is only a few percent (red curve). The average emittance of graphene over the entire emission bandwidth compared to the total heterostructure is found to be only 2.2%. As an example, the Inset of Fig. 2A shows the spectral irradiance of F160 under external heating at 75 • C. In this case hBN dominates the total emission completely. If hBN layers were kept at room temperature, the same level of signal at resonance would be reached for a graphene temperature larger than T e > ∼ 560 • C.

Modulation of absorptivity: thermochroism and electrochroism

For common blackbody or electroluminescent emitters, the absorption cross-section is constant with temperature or electric field. However, at low photon energies such as the energy of MIR photons, variations of temperature and electric field may induce a non-negligible effect on the absorptivity of materials. Thus, using a MIR reflectance experiment, we verified that electro-or thermochroism are absent in HGFETs. We observe only a tiny relative change in absolute absorptance of +0.2% (see Fig. SI-17) with increasing bias, which leads to a temperature increase.

If this change were to originate from the graphene layer, the corresponding maximal relative absorptance change would be +0.2%/2.2% = +9%. This can be quantitatively ruled out by comparing the computed emittance of graphene at room temperature and at 600 K, which corresponds to the characteristic temperature of graphene's FIG. SI-17: Reflectance measurement of F160 at null bias (blue), and maximum bias (5V, red) to investigate electro-or thermochroism. The result is represented as the non-reflected fraction (1 -R) which coincides with absorptance is the absence of scattering. The difference between the biased case and the unbiased one is represented on the bottom green curve.

electrons under large bias, see figure SI-18A. In the computations, the temperature of graphene's electrons is taken into account in the optical conductivity of graphene [13,14] σ = σ intra + σ inter , which is given by

σ intra (ω) = i ω+ i τ 2e 2 k B T πh 2 log 2 cosh µ 2k B T . σ inter (ω) = e 2 4h G hω 2 + i 4hω π +∞ 0 G(ξ)-G( hω 2 ) (hω) 2 -4ξ 2 dξ , (7) 
where

G(x) = sinh x k B T / cosh µ k B T + cosh x k B T
. The conductivity depends on the chemical potential µ and on the relaxation time τ = 1.5 10 -13 s. We observe a minor decrease in absorption, reaching -0.1% at the maximum.

To summarize, the relative change in absorptance cannot be attributed to graphene which naturally becomes more transparent in the MIR when temperature increases, so that its absorptance should decrease with temperature (see Fig. SI-18A).

Therefore, we turn to hBN as the origin of this tiny thermally induced absorptance change. We perform the same analysis using the experimentally measured temperature for hBN (368 K), and a temperature-dependent dielectric model of hBN:

ϵ ii = ϵ ∞ ii ω 2 LO,i -ω 2 -iωΓ LO,i ω 2 T O,i -ω 2 -iωΓ T O,i (8) 
where i ∈ {x, y, z}, for the x component: ϵ ∞ zz = 2.95 , ω T O,z = 780 cm -1 , ω LO,z = 830 cm -1 , Γ LO,z = Γ TO,z = 4, and for the x and y components:

             ϵ ∞ xx =
4.87 ω T O,x = 1365.98 cm -1 1 -9.506 10 -6 × (T -300 K) -2.26 10 -8 × (T -300 K) 2 ω LO,x = 1616.14 cm -1 1 -10.58 10 -6 × (T -300 K) -1.7044 10 -8 × (T -300 K) 2 Γ T O,x = 6.4521 cm -1 1 + 7.085 10 -4 × (T -300 K) + 1.2595 10 -6 × (T -300 K) 2 Γ LO,x = 4.1226 cm -1 1 + 10.24 10 -4 × (T -300 K) + 1.537 10 -6 × (T -300 K) 2 (9) FIG. SI-18: Computation of the influence of graphene temperature (a) and hBN temperature (b) on the absorptance peak. a) For graphene, hBN temperature is kept at 300K, while graphene temperature is increased from 300K (blue) to 600K (red) corresponding to the electronic temperature measured experimentally by NIR blackbody thermometry. The difference is represented below and consists mainly of a small blueshift of the resonance, and a relative change in absorptance of -0.08% b) For hBN, graphene temperature is kept at 300K, while hBN temperature is increased from 300K (blue) to 368K (red) corresponding to the hBN OP temperature measured experimentally by Stokes-antiStokes Raman thermometry. The difference is represented below and consists mainly of a redshift of the resonance and a relative change of absorptance of 1.4%.

This model is deduced from ref. [12], by using an interpolation valid over the 273 -500 K temperature range. All energy units are in reciprocal centimeters.

We compute a +1.4% absolute absorptance change in this case Fig. SI-18B), thus supporting the idea that hBN is responsible for the slight change in absorptance. In any case, this change is extremely small, demonstrating that even at MIR photon energies, electro-or thermochroism do not play a significant part in the absorptance spectrum of our GFETs. Thus, we can generally conclude that the radiated power change with bias is solely due to graphene's electron and hole population statistics.

The contribution of intraband and interband transitions to the emission

Finally, as LKL relies on the assumption that only direct optical transitions are involved in the light emission process, we have to verify this assumption for graphene. To this end, we utilize the decomposition of graphene's optical conductivity σ = σ intra + σ inter introduced in Eq. 7. Since the optical conductivity directly shapes the absorptance of graphene within the heterostructure, we compare the computation of absorptance with and without the intraband contribution. The result of this comparison is presented in Fig. SI-19, in which the contribution of interband transitions is clearly found to be predominant in the far-field emission in the investigated MIR spectral range.

FIG. SI-19: Intraband versus Interband contribution to emittance. By increasing the carrier lifetime of graphene's electrons in the optical conductivity formula of graphene, we can suppress the role of intaband transitions in the calculation of light-matter coupling. Here, only the absorptance of graphene within the heterostructure is represented for the two configurations: with intraband and interband transitions (blue) and with interband transitions only (red). The integrated difference over the peak width accounts for only -0.3%. (EF = 30 meV, T = 300 K)

Determination of radiative fluxes

In this subsection, we explain how to obtain the chemical potential imbalance reported in section III from the comparison of the measured spectral flux and of the computed incandescent spectral flux. According to the Kirchhoff law (4), and given the absence of electro-and thermochroism, they both scale with the factor F (T e , ∆µ) = 1 exp hω-∆µ

k B Te -1 - 1 exp hω k B T0 -1 , ( 10 
)
where the first term is the out-going radiative spectral flux, and the second term is the incoming radiative spectral flux due to the room-temperature T 0 environment of the transistor.

The measured spectral flux is scaled with respect to the expected incandescent emission at the electronic temperature, that is P rad = R P incan , where P incan ∝ F (T e , 0), and, from the LKL P rad ∝ F (T e , ∆µ). From these equations we determine the chemical potential imbalance ∆µ as the solution of equation: 

FIG. 1 :

 1 FIG. 1: Incandescence and electroluminescence in a high-mobility graphene transistor. (A) Step 1: At large bias, Zener-Klein tunneling of electrons occurs between the valence and the conduction band. Step 2: Electron and hole pockets develop in the conduction and valence bands. Direct interband electron-hole recombination at low energy (red arrow) leads to MIR electroluminescence, whereas high-energy recombination (blue arrow in panel B) of thermal carriers leads to NIR incandescence. (B) Corresponding electron and hole distributions under electrical pumping. (C) F160 NIR to MIR spectral (blue and red curves, respectively) under a 5 V drain-source bias. The green curves are the graphene computed spectral flux at 340 • C using the computed spectral emissivity of graphene alone (see supplementary information, section VI.B.2). (Left inset) Spectrally-integrated MIR emission map of the electrically biased F161 transistor (see supplementary information, section II.B). (Middle inset) Transverse electric field distribution at resonance.

FIG. 3 :

 3 FIG. 3: Electrical injection in a long high-mobility graphene transistor. (A) Characteristic current-to-voltage response of the InOut2 transistor (shown in the inset). The color scale indicates the doping level. (B) Corresponding [800, 1500] cm -1 spectrally-integrated MIR radiative power as a function of applied bias. The Zener-Klein tunneling (ZKT) threshold voltages are superimposed as red dots. (C) Radiated power as a function of interband current. The carrier balance model is represented as a black line. Inset: MIR spectrum under bias.

  FIG. SI-1: Schematic illustration of the infrared spatial modulation spectroscopy (IR-SMS) setup [2-4].

  FIG. SI-3: (A) Measured mid-infrared emissivity of black carbon ink. (B) Spectral response function computed from Eq. (2).

  FIG. SI-4: Raw (unnormalized) IR-SMS spectra of F160 under electrical bias (red curve) and at room temperature (no electrical bias, blue curve).

  FIG. SI-5: Schematic illustration of the setup used to perform spatial scans of the spectrally-integrated infrared signal (integrated over the entire spectral range of the detector, λ = 6 -14 µm).

  FIG. SI-7: a) Simplified experimental setup. b) Reciprocal image of the multi-mode fiber core on the sample focal plane.

  FIG. SI-8: (a) Measured spectral flux radiated from the tungsten calibration plate. (b) Obtained collection efficiency curves over a temperature range from 480 K to 510 K. The average of these curves is used for the calibration.

  FIG. SI-9: (a) Image of the F160 transistor, with the graphene flake area highlighted in blue. (b) Absolute reflection of the device at 1500 nm. The gold contacts appear in red with a 98% reflection while the graphene area in between the contacts appears orange with a reflection of around 85%. (c) Normalized absorption of the hBN/graphene/hBN/Au and hBN/hBN/Au stacks with their difference giving that of the transistor's emissivity (blue curve).

  FIG. SI-10: Spectral irradiance of F160, F161, and InOut2 (top to bottom), for increasing doping (left to right) in the NIR over the spectral range 1.3 -1.6 µm. Experimental data are fitted with the greybody model taking into account the measured device emissivity as described in the text. This one-parameter fit allows determining the electronic temperature for most doping values with F160 and F161. The good agreement of the fit with experimental data supports the assumption of a quasi-uniform channel temperature. In contrast, the short wavelengths are over-represented for InOut2 at moderate and large bias, indicating a nonuniform temperature in the channel. In such cases, NIR temperature data are systematically discarded.

  Fig. SI-11-a, with a zoom on the hBN E 2g peak on the anti-Stokes and Stokes sides in panels b and c, respectively.

  FIG. SI-11: Stokes-anti-Stokes Raman thermometry of high-mobility graphene transistors. a) Typical Raman spectra over the whole measurement range for zero bias (black data points) and high bias (red data points). The graphene G peak (1580cm -1 ) and the hBN E2g peak (1365cm -1 ) are clearly visible on the Stokes side. Panels b) and c) show a zoom on the antiStokes and Stokes hBN E2g peak, respectively, along with Lorentzian fits. d) Associated temperature of the optical phonons of hBN for F160 as a function of bias for three values of doping n = [0, 0.4, 0.8] × 10 16 m -2 . e) Temperature of the optical phonons of hBN versus bias for F161 at n = 0.4 × 10 16 m -2 .

  FIG. SI-12:Transport properties of the electroluminescent graphene transistors : F160 (panels A,D and G), F161 (panels B,E and H), and InOut2 (panels C,F and I). For each device, the current-voltage curves are displayed for various dopings (panels A,B,C) between n = 0 and n = 1 10 12 cm -2 , as well as the differential conductivity σ as function of bias in panels D,E,F (dots) along with the fits (solid lines) using Eq. (3). In panels G,H,I we perform a fit of the IV curves taking into account the existence of a Zener threshold, where VZ and Te are left as free parameters. The total current fit is plotted in orange, whereas the intraband current appears in green and underlines the quasi-linear increase of interband current at high bias (confirmed by the red solid line representing the interband contribution).

  FIG. SI-13: Mid-infrared emission spectra of F160 (A), F161 (B), InOut2 (C), when submitted to a large bias. The reference 1348 cm -1 dashed line is represented for comparison. (D) Simulation of the emission peak energy function of the total hBN thickness. Dashed lines correspond to the hBN bottom thicknesses of the various HGFETs.

  FIG. SI-15: (A) Experimental absorptivity (blue) spectrum of F160, and computed emissivity (green) rescaled to match the peak amplitude. (B) Incandescent emission spectrum from F161 heated to 75°C, measured via IR-SMS.

  FIG. SI-16: Simulated F160 emittance spectrum integrated over the collection angles of the MIR microscope objective. Total emittance is the dashed black line and decomposes over the hBN (blue) the Au backgate (yellow), and the graphene contributions (red).

F

  (T e , ∆µ) = R F (T e , 0). (11) Likewise we obtain the effective radiation temperature T * e from the equation F (T * e , 0) = R F (T e , 0). (12)

TABLE I :

 I Dimensions and transport properties of the three high-mobility graphene transistors under study.

		3 × 12.5	5.5 × 12.5	45/160	13	81
	F161	6 × 10	5 × 10	54/152	15	51
	InOut2	20 × 8.5	17 × 8.5	67/118	9	300
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