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Supplementary Figure 1: Schematic illustration of the sample used in this study



Supplementary Notes

Supplementary Note 1. The Supplementary Figure 1 schematically represents the sample used
in this work. The growth sequence is described in the main text. We note that the 5 nm-thick
undoped GaAs layer below the emitter barrier is inserted to prevent the diffusion of Si donors

into the thin Alo.4GaosAs emitter barrier due to the segregation effect.

Supplementary Note 2. We used a rather thick emitter barrier (15 nm) to quantum-mechanically
decouple the electronic states in the QW from those in the emitter electrode and separate the
photoluminescence (PL) in the QW from that in the electrodes. When the emitter barrier was 2-
nm-thick, as originally proposed by Chao et al.! the PL peak from the QW could not be resolved
from that from the electrodes, because the electronic states in the QW were significantly hybridized

with those in the emitter electrode.

Supplementary Note 3. The determination of electron temperatures from the fit of the high energy
tail of the PL spectra, assuming the Maxwell-Boltzmann distribution, has been well established
and has often been used particularly for GaAs/AlGaAs heterostructures (please see for instance
refs [31-33] of the manuscript). However, it is worth mentioning that the calculation of the electron
temperature directly from the slope of high-energy tail of PL spectra relies on several
approximations:

- First of all, the slope of PL spectra reflects both electron and hole temperatures. However, holes,
which have a heavier effective mass, are supposed to have a temperature closer to the lattice
temperature, while electrons are supposed to be in a non-equilibrium state at a different
temperature given by the slope of the PL spectra.? A good hint to assess this statement is given by
the ratio @ = me/(met+mn). The smaller is «, the closer is the slope of the PL to the electron
temperature. In GaAs, me=0.67mo and mr=0.45mo, leading to «=0.13. It has been shown that,
when a=0.05, the electron temperature calculated from the slope of the PL spectra is equal to the
electron temperature extracted from the general expression of Planck's law with two temperatures

with an accuracy of 0.05%.3 Although a for GaAs is not as small as 0.05, we can still safely assume



that the impact of the hole component on slope of the PL spectra is negligible and that this PL
technique provides a good assessment of the electron temperature.

- The second approximation comes from the fact that we assumed that the PL originates from the
band-to-band transition and we neglected the excitonic emission effects. However, since exciton
binding energy in GaAs is of the order of 5 meV,* we can safely neglect the excitonic effect in PL
measurements at room temperature.

- The third main approximation lies in the energy-dependence of the absorption coefficient A(E).
Indeed, a more “rigorous” description of the PL spectrum includes the absorption coefficient as

follows:®>
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Approximating the high-energy PL tail by a “simple” exponential assumes that the absorption
coefficient is energy-independent. Study from Ihara and co-workers have demonstrated that such
assumption is indeed accurate in GaAs QWs at temperatures from 20 K to 220K.® This result
should remain valid at room temperature, validating the use of our technique to prove the electron
cooling phenomena in the GaAs QW.

In view of these explanations, the determination of the electron temperature based on the high-
energy slope of the PL spectra is reliable to demonstrate the electron cooling by several tens of

kelvins.

Supplementary Methods

To simulate the electrical and thermal properties of the 111-V heterostructure a self-consistent
Schrodinger solver based on the Non-Equilibrium Green’s Function (NEGF) formalism’ was

coupled with the heat equation.

Electronic quantum transport. The NEGF equations, which describe the electron transport, are
expressed within the single-band effective mass Hamiltonian representing the I'-valley of the
conduction band of he I11-V semiconductors. The considered structure being invariant in the plane
perpendicular to the growth direction, Born-Von-Karman periodic boundary conditions are

applied on the transverse wave vector component & such that k, = n,, X 2m/L,, with L, = 80



nm and n,, an integer indexing the transverse modes, whose degeneracy is equal to (2 X n; +

1).2 In the following, we summarize the main features of the NEGF approach in matrix notation.

We first define the retarded Green's function for each transverse mode 4,
-1
G};t = [(E - Vp)l - Hkt - Z'Z,kt - Zg,kt - Zg,kt] 4 (1)
Where /'is the identity matrix, H,, represents the effective mass Hamiltonian for the transverse
mode k:and V, is the electrostatic potential energy. X7 r ,..and X are the retarded self-energies

for the left/right semi-inifinite device contacts and scattering mechanisms, respectively.

From the retarded Green's function, the lesser/greater Green's function is then obtained as

< < < <
Gk>t = Gl:t(zlikt + Z;kt + Z;kt)GI::' (2)
Where the 2= are the lesser/greater self-energies, related to their retarded counterpart by
1
T = 3 [~ —Z<]. (3)

Only acoustic- and polar optical-phonon interactions are considered since non-polar optical
phonons are found to be negligible in such I11-V materials. Interactions self-energies are calculated
within the self-consistent Born approximation (SCBA).° In our approach, the acoustic and polar
optical-phonon baths locally follow a Bose-Einstein distribution, and are therefore assumed at
equilibrium. On the other hand, acoustic and optical phonons can not be assumed at equilibrium
with respect to each other, as the net anharmonic decay of optical phonons into acoustic, driven by
an unbalance in their respective energy densities, plays a fundamental role in the thermal transport.
This is taken into account in our model by defining, at each position of the domain, two different
temperatures, T4cand Tpo for the acoustic and polar optical-phonons, respectively. As detailed in
the next subsection, these temperatures are self-consistently computed by coupling the electron
transport equations with the heat equation.

Interactions with acousitic phonons are assumed to be elastic and described within the deformation

potential approach. For a given wave vector k. the SCBA self-energy for acoustic phonons is:°
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where = is the deformation potential, p is the mass density and ug is the sound velocity. In
equation (4) index j indicates the position along the growth discretized axis. Interactions with

acoustic phonons are here assumed to be local and we then consider only the diagonal part of the



Green's function. Such approximation has been demonstrated to be valid for acoustic phonons
down to very low temperatures.*!

Interactions with polar optical (PO) phonons are also treated locally based on a scattering self-
energy recently proposed as an effective description of their long range interactions.? For a given

wave vector &z it can be shown that:
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with (n,(j) = (e®@n/(ksTroW)) — 1)-1 M2 = 2ntheZ(Ei—ei), 6 is the angle between k,
o] 0

and kf, S = mL%, and w; = 35 meV. M is the Fréhlich factor in which e, and €, represent the
static and high frequency dielectric permittivities, respectvely. Finally, A is a scaling factor which
takes into account for the diagonal approximation. The value 4 = 6 used in this paper has been

obtained within the comprehensive and physically based analytical model proposed in [6].
The total phonon self-energy kat for a given mode 4: is then
= S =
Ss,kt =2t Z;O,kt' (6)
Once the lesser/greater Green’s function Gkgt of each mode 4; is determined, physical quantities

can be straightforwardly calculated.® The electron density n along the transport direction reads:

+ o0

=-2 x—z (ant+ 1)f Gr, U, j; E)AE = —lf G=< (j,j; E)dE, 7)

With G=(j,j; E) = Xk, (21, + 1)th(j,j; E). The carrier current density (in A.m2) flowing from
position j to j + 1 along the growth direction is calculated from the off-diagonal elements (j,j +
1) of G<(i,j; E) as

+ oo e
Jjmj+1 = f k3 [H;js1G<G + 1,5 E) = G<(j,j + L E)Hj,15], (8)

_ f i je1 (E)AE, 9)



where H; ;,, corresponds to the nearest neighbors hopping terms in the discretized tight-binding
like Hamiltonian and J;_, .1 (E) is the current density spectrum (in A.(m2.eV)™). From equation

(9) we can deduce the corresponding electronic energy current:*

400
o= | E3pa(®)aE. (10)

The equations (1)-(6) are solved self-consistently using the recursive algorithm# until the criteria
of convergence for both electron density and carrier current density are reached. The potential
energy V,is self-consistently determined by nonlinearly coupling the transprot equations (1)-(6)

with the Poisson equation through the electron density.

Heat transport model and calculation of the coefficient of performance (COP). We compute
the lattice temperature by solving the 1D heat equation along the heterostructures growth direction

(x). The discretized heat equation on the site j reads:

d d
_a[’cth(x)]aTAC(x) ; = Qj, (11)

where k., is the thermal conductivity. It is set to be equal to the value for bulk GaAs (46 W.Kt.m-
1) throughout the structure, except for the QW region, where it is set to be 4 W.K1.m in order to
take into account the thermal resistance induced by diffusive phonon scattering at the
heterointerfaces.’> A small deviation of the value has no significant impact in the calculated
electron temperature. The temperature entering the heat equation is the one associated to the
acoustic phonons, since they have a larger velocity than their polar optical counterparts and are
mainly responsible of the heat transport.'® Left and right reservoirs are assumed to be at the
thermodynamic equilibrium at 74¢c= 300 K. This value is set by enforcing the Dirichlet’s boundary
conditions at the left and right contact. Q; is the volumetric source term which corresponds to the
heat power density (in W.m?) generated by the electron-phonon interactions. In the framework of
the previously described electron transport formalism, it can be computed as:*®
Qj =-V;-JE (12)

A negative value of Q; corresponds to an energy transfer from the lattice to electrons, while a
positive one describes the reverse phenomenon. In the absence of electron-phonon interactions,

Q; = 0. By integrating over the position ; the negative part of Q;, we can deduce J,, the cooling



power density. The COP is finally determined as the ratio of Jq by the applied power density,
(Pgiec =] X V).
From a physical point of view, electrons loose or increase their energy by scattering with polar
optical-phonons. In turn, optical phonons decay into acoustic phonon modes, which sustain the
thermal energy propagation long the device. In stationnary conditions, the power transfer from
optical to acoustic phonons must be equal to the heat power density Q; defined above. Within a
relaxation time approximation, we can thus write:

(Tro () = Tac(D)Cro

Tpo-ac

where 7p,_4¢ 1S the relaxation time of polar optical phonons into acoustic phonons (tpg_ac =

=Q;, (13)

4.16 x 10712 s)7 and Cp,, is the thermal capacitance of the polar optical phonons per unit volume
(Cpo = 1,72.10° J.(m3.K)1.1” The numerator of the left side expresses the average energy per unit
volume exchanged between the polar optical and acoustic phonons baths in an interval tp_ 4¢-
Equation (13) allows us to compute Tp, (j) from the knowledge of Q; and Ty ()).

The computed values of T, and Tp, are injected in equations (4) and (5) respectively. This
establishes the coupling between the heat equation and the electron transport equations. The heat
equation is iteratively solved together with the transport equations and the Poisson equation, until

a global self-consistency is achieved.

Local electron temperature. Once the convergence of those free equations is reached, the local
electronic temperature is calculated in a post-processing treatment based on the virtual probe
approach.'® Such a method can determine the electronic temperature and electrochemical potential
by cancelling the particle and energy currents between a floating probe and the nanostructure. The
probe is then in local thermodynamic equilibrium with the non-equilibrium structure. Formally,
we consider a thermoelectric probe at the position jalong the x-axis defined by the following self-

energy (similar to the Blittiker probes:*®

2> E) = —i[1 = frp(E, 1j, TF)|LDOS (s E)Veoups (14)

2<G; E) = ifrp(E, 1), Tje)LDOS(]'; E)Veoup» (15)

where fzp is the Fermi-Dirac distribution of the electrons in the probe, p; and T} are respectively

the local electrochemical potential and electronic temperature at the position j ; LDOS(j; E) =



N
1670 ’E)ZHG UJE is the local density of states of the probe (taken equal to the one of the device)

and vy IS the energy independent coupling strength between the probe and the system. In the
considered case, the exact value of v, is not important, as it will cancel out in the following
computations. By enforcing the simultaneous cancellation of the electron charge and energy
currents between the device and the probe, we obtain a system of two coupled nonlinear equations
with the unknowns u; and T

ELim

ELL'm
NG) = f £>(j: E) G<(j,j; E)E — f ¢>G,ji E)E<GiE)dE =0,  (16)

— 00

NEQ) = f M ¥, B) 65, j; E)E — f M EG( B)ESG EY dE = 0. (17)

The upper energy integration limit ELim results from the fact that PL measures the energy
distribution of electrons that relax their energy in the QW and recombine with holes. In other
words, the PL measurements do not see electrons that ballistically fly over the collector barrier.
In order to stay as faithful as possible to the experimental conditions, we therefore theoretically
consider electrons whose energy is lower than the top of the emitter barrier. Since the electron
temperature depends on ELim, we used four different ELim and took an average of the obtained
values. Moreover, the number of hot electrons which are transmitted from the emitter towards the
collector by direct tunneling increases with the applied bias. The choice of ELim is then more
impacting the electron temperature at high biases. This is the reason why we have larger error bars
for higher biases in Fig.3-d of the manuscript.

We note that the assumption of the contacts at 300K corresponds to massive contacts with
sufficient electron thermalization. In the present study, we considered a long enough collector
region (200 nm) to allow electrons to be entirely thermalized. In this configuration, the heat power
density Qj integrated over the whole device must be equal to the applied power density, Peiec =
JxV. In the calculations, this point has been verified systematically for each applied bias. We
should also note that reducing the collector length to 100 nm does not affect the calculated electron
temperatures in the quantum well.

The system is iteratively solved at each position j through a Newton-Raphson algorithm.?® A full

description of the model can be found in Ref. [21].
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