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Supplementary Note 1: Electrical Characterization

The gate-dependent resistance of the hBN/graphene based device is measured as shown on
Supplementary Figure 1 (black curve). Considering the contribution of both electron and
holes to the conductance of the graphene sheet, the total resistance of a device can be
calculated as:

L 1

L1
R= ot 2Re = T 2R (D)

with R, the contact resistance of each electrodes and n, the local carrier density:

_ | €0€BNIVGaTE=VDPIN\ 2 2
n= |Emlomtole g )
with egn=3.2 and the bottom hBN thickness is egn=67 nm and ng is the residual charge
density induced by puddles.
Using (1) to fit the measured gate-dependent resistance of the device (red curve in
Supplementary Figure 1, we extract a contact resistance of R;=650 €, a residual density ny of
~4x10" ¢cm™ and an electron and hole mobility of 3.2 m%/V/s. The effect of residual density
ng on transport behavior of graphene is impactive near the Dirac point whereas it is negligible
far away from Dirac point. Indeed, extracting the carrier mobility from (1) is valid for gate
induced net carrier density larger than the residual charge carrier density [S1]. This validates
the estimation of carrier mobility from (1) close to the carrier photoexcitation energy of 58.5
meV since the fluctuation of Fermi level energy induced by residual carrier density are lower

than Ery = hvg,/mny = 23.3 meV.
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Supplementary Figure 1: Low-bias resistance measured at 4 K and Vpg=10 mV (black curve) and the fit using
(1) (red curve).
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Supplementary Note 2: Spatial profile of the photocurrent

From usual knife-edge measurements, we determine the beam waist of the optical gaussian
beam at the sample position, wog=10.6 um. We compare the normalized spatial profile of the
measured photocurrent (black curve in Supplementary Figure 2) with the convolution (red
curve in Supplementary Figure 2) of a constant photoresponse along the graphene channel,

given by a rectangular function [[(L), with the gaussian profile of the laser beam given by
_xay? : .
Pipe = Ppe 202 (with 6= 5.3 um) and find a good agreement (without any adjustable
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Supplementary Figure 2: Normalized photocurrent line scan profile of the graphene/hBN heterostructure along
the graphene channel for V;s = 0.15V (black line) under continuous light excitation at 10.6 um wavelength

measured at 4K and CNP. The red curve is the normalized convolution of a uniform photoresponse along the
graphene channel given by a rectangular function with the gaussian profile of the laser beam P;,.

Supplementary Note 3: Calculation of absorbed light power by graphene

The light absorption by the graphene layer is calculated considering the layered geometry of
our device. We take into account the thickness and dielectric constants of each layer to find
the electric field in the graphene plane. For this purpose, we use transfer-matrix method to
calculate the electric field distribution within the layered structure. The light wavelength is
10.6 um, the thicknesses of the top and bottom hBN dielectric films are ~67 nm and 15 nm
respectively and the dielectric constant of hBN is 3.2. We have independently characterized
the transmission of thin Ni films deposited on SiO,/Si substrates to extract the dielectric
constant of the 12 nm-thick Ni film and found en=9.06+37.871, which is consistent with M.
A. Ordal et al. [S2]. Supplementary Figure 3 shows the calculated spatial profile of the
electric field E normalized by the incident electric field Ep along the layered structure. The
electric field at the graphene plane is Egrqphene = 0.217E,. We deduce the graphene
absorption given by ay = A(E,/Ey)? = 0.11 % where A=2.3 % is the interband absorption in
free space of a monolayer graphene (since the Fermi level energy Er is lower than hw/2 at
CNP).
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Supplementary Figure 3: Calculated electric field distribution along the stack of the hBN/graphene
heterostructure using a transfer-matrix method. The dashed line represents the graphene layer.

Supplementary Note 4: Polarization dependence

We investigate how the nonlinear behavior of the photocurrent with the incident power
depends on light polarization at low bias. The saturation effect is attributed to efficient
intraband carrier-carrier scatterings under intense illumination that lead to a broadening of the
hot carrier distribution within the bands. Thus, some photoexcited electron-hole pairs are
shifted to energetically higher states where they efficiently recombine in the hyperbolic
optical phonon modes of the hBN layer. As out-of-equilibrium Zener-Klein carriers provide
both an increased number of available intraband Coulomb scattering partners to the
photoexcited carriers and also Pauli blocking at low energy, intraband carrier-carrier
scatterings and thus saturation effects are expected to be enhanced when the lobes of the
photoexcited carriers are parallel to the dc electric field where the Zener-Klein carrier density
is maximized, i.e. for light polarization perpendicular to the dc electric field. Our analysis is
well supported by Supplementary Figure 4 that highlights a more pronounced photocurrent
saturation effect with the incident power for light polarization perpendicular to the dc electric
field.
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Supplementary Figure 4: Photocurrent measured for light polarization perpendicular (black square symbols)
and light polarization parallel (red circle symbols) to the graphene channel and the dc electric field. Using the
standard saturation law given by Ipc = aPinc/(1 + Pipe/Psar) (plain lines) we extract saturation powers of
Pgr~15 mW and 7.5 mW for light polarization parallel and perpendicular to the graphene channel respectively.
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Supplementary Note 5: HPhP emission in the two nonlinear regimes

We investigate the steady density of photoexcited electron—hole pairs supplied to the HPhP
emission in the two nonlinear regimes. Applying (1) in the main manuscript, we extract in
Supplementary Figure 5 (left) the photoexcited carrier density Anphoro couple to the HPhP in
the hBN layer at large V;is, which falls in the range of 0.5 10°cm™ for Pie=1 mW, and the
corresponding power drained away by HPhP emission given by Pypp = Anpporohwypp/T
which scales with the pW level. At large Pi,, we also extract Anphoo (S€€ Supplementary
Figure 5 (right)) from the difference between the photocarrier density expected for
photoconductive regime at large incident power (dashed blue line) and the photocarrier
density estimated from equation (1) in the main manuscript and measurements (blue circle
symbols). The photoexcited carrier density Anpneto that couple to HPhP in the hBN layer
(square black symbols) is in the range of 10°cm™ and also follows a threshold behavior.
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Supplementary Figure 5: Left: Photoexcited carrier density Anyhe, couple to the HPhP in the hBN layer and the
power drained away by HPhP emission as a function of bias for Pi,.=1 mW extracted from Alpc using a rate-
equations approach. Right: Photocarrier density, npn0, as a function of the incident power extracted from
electrical characterization (blue circles and left vertical axis) and Ange, (black squares and right vertical axis)
the difference between the photocarrier density expected for photoconductive regime at large incident power
(dashed blue line) and npho showing a threshold behavior with the incident power.
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