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Based on full quantum transport simulations, we report a comprehensive study of the evaporative
cooling process in double-barrier semiconductor heterostructure thermionic refrigerator. Our model,
which self-consistently solves the non-equilibrium Green’s function framework and the heat equation,
is capable to calculate the electron temperature and electrochemical potential inside the device.
By investigating the dependence of those thermodynamic parameters as a function of the barrier
thickness and height, we answer open questions on evaporative cooling in solid state systems, and
give a clear recipe to reach high electron refrigeration. In particular, simulation results demonstrate
that the best cooling is obtained when i) the device operates at the maximum resonant condition;
ii) the quantum well state is symmetrically coupled with the contacts. The present results then shed
light on physical properties of evaporative cooling in semiconductor heterostructures and will allow
to speed up the development of thermionic cooling devices towards unprecedented performances.

I. INTRODUCTION

Heat transport at the nanoscale severely limits the
scaling of high-performance information and communi-
cation systems. In micro/nano-electronics, the dras-
tic increase of chip power consumption generates hot-
spots inside the devices'?, significantly degrading their
performance®*. On the other hand, the cooling ap-
proaches of integrated circuits are based on liquid or
air (fans) active refrigeration techniques®, which refrig-
erate the entire chip and are therefore extremely power
consuming. For example, 40% of the energy consumed
by data centers is devoted to cooling®. In the field of
quantum technologies”, which requires sub-1K temper-
ature, the usual cryo-liquid-based cooling stage is also
very cumbersome®. The “classical” electronic control
module of the quantum bits operates at higher temper-
ature and makes the cooling of the physical system very
challenging and energetically dissipative. In those two
important fields, the development of efficient electronic
nano-refrigerators, which directly target the hot region,
represents a major scientific and technological task in a
context of energy resource shortageg’lo.

Innovative cooling technologies, emerging from solid-
state physics, could overcome those limitations. Re-
cently, thermoelectric devices based on Peltier effect have
attracted an increasing interest!'!. Those devices are
based on the diffusive phonon and electron transport,
and operate in close to equilibrium regime, where their
cooling power is obviously limited. The other type of
electronic coolers are based on the thermionic junction,
which assumes a strong ballistic transport of carriers and
which is based on energy filtering of electrons by a po-
tential barrier. The field of thermionic cooling, operating
in the non-equilibrium regime, raises the opportunity to

obtain higher cooling power and efficiency than in con-

ventional thermoelectric devices!2.

Electronic refrigerators using thermionic cooling were
vastly investigated from the 90’s with the emer-
gence of semiconductor heterostructures in which
quasi-ballistic transport and energy filtering of elec-
trons can occur. This very general concept has
been then applied to different physical systems,
like in single barrier structure!®, HgCdTe/CdTe
heterostructures'*, double-heterojunction structure!®,
molecular junctions'®!'”, quantum dots'®'® and NIS
(Normal-Insulator-Superconductor) junctions®?? . In
those refrigerators, the lattice cooling results from the
prior refrigeration of the electron system. Indeed, the
selective emission of hot electrons induces a so-called
evaporative cooling process?!' on the electron gas??23. So
far, this effect remains rather unexplored in semiconduc-
tor structures due to a lack of theoretical insight. In
particular the interplay between barrier height, trans-
port properties and electron temperature is still unclear.
Therefore extensive theoretical investigations on evapo-
rative cooling are needed. In order to capture the key as-
pects of the physics, we use the quantum non-equilibrium
Green’s function (NEGF) method. Our quantum trans-
port code takes into account the thermal effects by self-
consistently coupling the electron transport equations
expressed within the NEGF formalism with the heat
equation®*?®. We also use the virtual probe concept to
calculate the electron temperature and electrochemical
potential inside the device?6:27.
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We will focus on double-barrier asymmetric het-
erostructures since we recently demonstrated that such
device can efficiently acts on the electronic bath’s
refrigeration®®.  We consider the device shown in Fig-

ure 1. It illustrates the band diagram of the asymmetric



double-barrier heterostructure which couples “tunnel in-
jection” and “thermionic extraction”. In this structure,
“cold” electrons are injected from the emitter into the
GaAs quantum well (QW) via a resonant tunneling ef-
fect through a thin potential barrier (labelled as “emit-
ter barrier”). The role of the emitter barrier is to filter
injected electrons and to concentrate the cooling in the
QW. “Hot” electrons are removed from the QW through
a thermionic process above the thick AlGaAs alloy (la-
belled as “collector barrier”), extracting energy from the
lattice via phonon absorption. Electrons are then relaxed
in the collector by emitting phonons. As a result, the QW
cools and the collector heats. We showed that electron
bath in the QW was also refrigerated thanks to the evapo-
rative cooling effect. When applying a bias, hot electrons
are extracted above the thick collector barrier and the re-
maining low energy ones re-thermalize in the QW at a
lower temperature. Electron temperature reduction as
high as several tens of Kelvins has been demonstrated
both experimentally and theoretically?®. However, the
dependence of the electron temperature on the physical
parameters of the device is still not well understood. In
particular, it would be very relevant to provide a gen-
eral recipe to design the configuration offering the best
electron cooling.

In this work, we then extensively study of the electron
temperature dependence with respect to the emitter bar-
rier thickness (L gmqt) and to the activation energy W by
varying the height of the collector barrier. For a given
structure, we demonstrate that the best electron cooling
is reached at the resonant regime, i.e. when the QW
state (Ey in Fig. 1) is aligned with the bottom of the
conduction band of the emitter. Varying L g,;:, the over-
all electron temperature minimum is obtained when the
QW state is symmetrically coupled to the emitter and
collector reservoirs. Finally, the extraction of a larger
component of hot electrons through the reduction of W
does not induce a better evaporative cooling. This coun-
terintuitive result is due tunnel leakage of the injected
electrons through the tilted collector barrier, leading to
an increase of the electron temperature.

The paper is organized as follows. Section II describes
the electronic quantum transport, heat transport model,
and thermodynamic parameters calculation based on the
virtual probe approach. In Section III we discuss the in-
fluence of Lg,;: and activation energy W on the electron
temperature and electrochemical potential in the QW.
From these numerical investigations, we propose general
recommendations to reach the most important electron
cooling. Finally, Section IV draws our concluding re-
marks.

II. THEORETICAL APPROACH

In order to theoretically study such a quantum device,
we couple both electron and phonon transport.
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FIG. 1. (Color online) Sketch of the considered asymmetric
double-barrier heterostructure. Lgmit, Low and Lcoy refer
to the thicknesses of the emitter barrier, the quantum well
and the collector barrier respectively. W is the activation
energy, defining the gap between the QW state Ep and the
top of the collector barrier. Erp and Erpc are the Fermi
levels of the emitter and collector respectively. For all the
considered devices, doping in the emitter and the collector is
10'8 cm_?’7 Low=6 nm and Lco;=100 nm. z and y are the
aluminum concentrations in the emitter and collector barrier
respectively. £=0.5, corresponding to barrier heights of 0.37
eV while y is a varying parameter.

A. Transport of electron and heat

Electron transport is described via the NEGF quan-
tum formalism?%:3°. Transport equations are expressed
within the effective mass approximation to implement a
quantum simulator along the heterostructure growth di-
rection (x). The single band effective mass Hamiltonian
describes the I'-valley of the conduction band of the III-V
semiconductors. We consider an isotropic energy disper-
sion in the transverse plane for the conduction band and
therefore adopt a cylindrical cross-section. Born-Von-
Karman periodic boundary conditions applied on the
transverse wave function leads to w(2xny, +1) discretized
transverse wave vectors k; given by ki = ny, X 27/ Ly,
with L; = 50 nm is the cylinder diameter and ny, is an
integer3!. In the following, we summarize the main fea-
tures of the NEGF approach in matrix notation. We first
define the retarded Green’s function at the energy F for
each transverse mode k;,

—1
Zt = [(E —V)I — Hy, — ETL,kt - Z?{,kt - Eg,kt] (v )

1
where [ is the identity matrix, Hy, represents the effec-
tive mass Hamiltonian for the transverse mode k; and V
is the electrostatic potential energy. 37 /R and X5 are the

retarded self-energies for the left/right semi-infinite de-



TABLE I. Principal NEGF parameters used in this work.

mp(GaAs) mp-(AlAs) mp(AlcGa_xAs) hwro (meV) €0 €00
0.067 0.15 g (AlAs)+(1-x).my (GaAs) 35 12.9 10.89
Ref. 40 40 40 41 41 41

vice contacts®? and scattering mechanisms, respectively.

From the retarded Green’s function, the lesser/greater
Green’s functions are then obtained as

< < < < t
Gr, = G, (Ef,kt +35, T Zg,kt) Gy,

(2)

where the S are the lesser/greater self-energies, related
to their retarded counterpart by

=[5 -59). 3)

Only acoustic- and polar optical-phonon®? interactions
are considered, since non-polar-optical phonons turn out
to be negligible in the semiconductors considered in this
work3%.  Polar optical phonons (POP) have an energy
hwro=35 meV, while interactions with acoustic ones
(AC) are assumed elastic at room temperature®®. Note
that electron-electron interactions have been neglected
since very few studies reported such scattering treatment
in realistic devices. Recently, Urs Aeberhard proposed
a relevant approximation to treat this numerically very

J

Once the lesser/greater Green’s function Gkgt of
each mode k; is determined, electron density can be
calculated®”:

i +oo o
nj =—2x Q;ﬂ@% +1) /700 Gy (4,5, E)dE, (5)
+oo

with G<(j,5; E) = Y, (2nk, +1)Gy, (4, 5; E) and the in-
dex 7 indicates the x position along the discretized do-
main. The carrier current density flowing from position
7 to j + 1 is calculated from the off-diagonal elements
(4,5 +1) of G, (4, ; E) as

oo e ony, +1
Jisja1 =/ dEﬁzi( kig )
e -
[Hjj1Gy, (G + 1,5 E) = Gy, (4,5 + L E)Hj 1 4],
“+o0
= Tj—jr1(E)dE.

— 00

(7)

demanding interaction (see Ref.36). In this work, the au-
thor applies the formalism to the case of hot-carrier solar
cells and shows that electron-electron interaction was es-
sential to obtain an increase of electron temperature with
respect to the lattice temperature. We have implemented
this electron-electron interaction in our NEGF code and
found that such interaction did not have an impact on
the electron temperature in the case of evaporative cool-
ing. From our understanding, the main reason for this
negligible effect is due to the small electron density in the
quantum well, which goes from 10'2 m~2 to few 10'4 m—2
depending on the applied bias and the emitter barrier
thickness. It would be interesting to better investigate
the origin of this behavior, but this point goes far be-
yond the aim of present paper since the incorporation
of electron-electron interaction in realistic devices repre-
sents a research field in itself.Interaction self-energies are
calculated within the self-consistent Born approximation

(SCBA)3739,
The total phonon scattering SCBA self-energy E?kt
for a given mode k; can be then decomposed as :

< < <
= — = =
XSk, = Yack T XPoPk, -

(4)

where H; ;11 corresponds to the nearest neighbor hop-
ping term in the discretized tight-binding like Hamilto-
nian and J;_ ;41 (F) is the current density spectrum (in
A/(m? eV)). From Eq.(7) we can deduce the correspond-
ing electronic energy current*?:

+oo
JE = / EJ; i 1(E)dE. (8)

—0o0

In practice, the set of Egs. (1)-(4) is solved self-
consistently using a recursive algorithm?>?43 until the cri-
teria of convergence for both electron density and car-
rier current density are reached. The potential energy
V' is self-consistently determined by nonlinearly coupling
the transport equations (1)-(4) with the Poisson equa-
tion through the electron density. In all the study, band
offsets are calculated based on the values reported in
Ref.40. The other parameters used in the NEGF code
are reported in Table I.

The derivative of Eq. (8) directly determines the en-
ergy transferred between the electron bath and the lat-
tice, establishing the coupling between the heat equation
and electron transport equations. The 1D heat equation
along the x direction is then iteratively solved together



with the transport equations and the Poisson equation,
until a global self-consistency is achieved. This approach
has been precisely described in Ref.24 and 25.

B. Electron temperature

Since the device operates in a strongly non-equilibrium
regime, temperature of electrons can significantly differ
from its lattice counterpart. In this section, we calcu-
late the local electronic temperature based on the virtual
probe approach. Such a method can determine the lo-
cal electronic temperature and electrochemical potential
by cancelling the particle and energy currents between a
floating probe and the device. The probe is then in lo-
cal thermodynamic equilibrium with the non-equilibrium
structure. Stafford and co-workers?%:2744 showed that
temperature and electrochemical potential determined
within this approach are physically-consistent, as they
are unique and fulfill the four laws of thermodynamics.

We then consider a thermoelectric probe at the posi-

J

+oo
AJ() = / S (j: B)G<(j. j: E)dE —

+oo
AJTE(j) = / ES(j; F)G<(j. j: E)E — /

The system is iteratively solved at each position j
through a Newton-Raphson algorithm*®. Finally, we cal-
culate the weighted average of p and T in the QW with
respect to the electron density as follows:

T7 X n;

Tow = > S — (13)
JEQW F~i€QW
i X 1

pow = Y, =——— (14)

jcow Yieror i

These calculations are done as a post-processing step
once the self-consistent lesser and greater Green’s func-
tions of the system are obtained.

IIT. RESULTS AND DISCUSSION
A. Physical analysis

In this section we analyze the dependence of the elec-
tron cooling in the quantum well with respect to Lgmit
and the height of the collector barrier. We first con-
sider the structure shown in Fig. 1 with Lg.,,;;=6 nm
and y=0.25 (aluminum content), which corresponds to a
collector barrier height of 0.21 eV. Figure 2 shows the

tion j along the x-axis defined by the following self-energy
(similar to the Biittiker probes®7):

E>(]7E) = Z[l - fFD(E7H“j7Tje)}LDOS(.j;E)Vcoup7
(9)
E<(]7E) :ZfFD(EaﬂjvTJe)LDOS(jyE)Vcoupa (10)

where frp is the Fermi-Dirac distribution of the elec-
trons in the probe, p; and T are respectively the local
electrochemical potential and electronic temperature at

the position j; LDOS(j; FE) = 367 s E) GZG3B)] g the
local density of states of the probe (taken equal to the
one of the device) and veeyp is the energy independent
coupling strength between the probe and the system. In
the considered case, the exact value of vy, is not impor-
tant, as it will cancel out in the following computations.

By enforcing the simultaneous cancellation of the elec-
tron charge and energy currents between the device and
the probe, we obtain a system of two coupled nonlinear
equations in the unknowns y; and 77:

+oo
G~ (4,7;
“+oo
EG~ (3, j; E)S=<(j;

E)S<(j; E)dE = 0, (11)

E)dE = 0. (12)

— 00

(

calculated current-voltage characteristics given by the
quantum transport simulations and obtained from ex-
perimental measurements. The samples were grown on
n-type GaAs substrates by using molecular beam epi-
taxy. We successively grew a 300 nm-thick nT-GaAs
emitter layer (Si doping density = 1x10'® cm™3), a 5 nm-
thick undoped GaAs spacer layer, an undoped 6 nm-thick
Aly 5Gag sAs emitter barrier, an undoped 6 nm-thick
GaAs QW, an undoped 100 nm-thick Alyo5GaAsg.75As
collector barrier, and a 200 nm-thick n™-GaAs collector
layer (Si doping density = 1x10'® cm=2). The wafer was
then photolithographically patterned into mesa struc-
tures with various areas ranging from 80x80 um? to
800x800 um?. AuGeNi/Au contacts were deposited on
the front and back sides. The samples were finally an-
nealed at 450 °C in Ar ambient for 5 s.

Since no adjusting parameter has been used, one
can conclude that simulations and experimental results
shown in Fig. 2 are in very good agreement. The fact
that the peaks in calculations and measurements do not
appear at the same bias result from additional series re-
sistance in the experimental set up. However, for the
sake of clarity, we decided to show the raw data without
any rescaling parameter. The peaks observed at 0.45 V
and 0.85 V in the calculations and measurements respec-
tively correspond to the resonant configuration where the
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FIG. 2. (Color online) Calculated (squares) and measured

(solid line) current-voltage characteristics of the asymmetric
double-barrier heterostructure shown in Figure 1. The emit-
ter barrier thickness is L gmi+=6 nm and the aluminum con-
centration in the collector barrier is y=0.25, corresponding to
a barrier height of 0.21 eV.

QW state Ejy is aligned with the bottom of the conduc-
tion band of the emitter. Increasing the bias, Ey goes
down and electron injection via resonant tunneling re-
quires additional inelastic scattering events. It results in
a negative differential resistance. At even larger the bias,
the transport mainly relies on direct tunneling across the
emitter barrier, and through/above the collector barrier:
the current increases again.

Figure 3(a) shows the electron temperature, obtained
from the Biittiker probe approach, along the device con-
sidered in Figure 2 for an applied bias varying from 0 V
to 0.8 V. We first see that the electron temperature is
constant equal to 300 K at 0 V, which strengthens the
reliability of the floating probe technique. Electron tem-
perature then strongly increases with the applied bias in
the collector barrier due to high electric field in this re-
gion. On the other hand, the temperature in the QW
decreases. Figure 3(b) shows a close up of the tempera-
ture in the QW. The temperature is indeed reduced down
to 270 K at V=0.4 V. We also note that the tempera-
ture is rather constant, even at high bias, since electron
density almost vanishes at the edges of the QW.

From those previous results, Figure 4(a) shows the
electron temperatures in the QW (Eq. (13)) as a func-
tion of the applied bias V for L+ varying from 1 nm
to 6 nm. Temperature depicts similar profile for the six
considered thicknesses. Starting from room temperature
at equilibrium, it reaches a minimum before sharply in-
creasing above 300 K at large bias. However, the bias
corresponding to the temperature minimum varies with
Lgmit. The red circles of Figure 4(a) indicate the bias at
which the resonant condition is fulfilled for each L gpn¢.
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FIG. 3. (Color online) (a) Electronic temperature along the
device of Figure 2 obtained for an applied bias varying from
0V to 0.8 V; (b) Close up of the electron temperature in the
QW.

Interestingly, we see that the temperature minimum co-
incides very well with the resonance condition. Indeed,
current density being maximum at the resonant regime,
the filtering of electrons on the collector barrier is the
most important. Beyond the resonance, ballistic elec-
trons are injected into the QW at higher energy, leading
to a strong temperature increase.

Figure 4(a) also shows that the temperature reduction
increases with Lg,;:. To shed light on this behavior,
Figure 4(b) shows piow, the electrochemical potential in
the quantum well (Eq. (14)), for the same structures as
Figure 4(a). For thin Lgmi: (<4 nm), the QW is more
coupled to the emitter than the collector, and pugw re-
mains close to the Fermi level of the emitter (Erg). As
a consequence, the bias essentially drops in the collector
barrier, shifting the resonance (indicated in red circles)
towards larger voltages. In that high bias range, the di-
rect tunneling current across the first emitter barrier be-
comes non-negligible and ballistic high-energy electrons
are injected into the QW, leading to a temperature in-
crease.

For thicker L g, the couplings between the QW and
the two reservoirs become progressively more symmetric.



As such, pgw is getting closer to the average of the Fermi
levels of the emitter (Erg) and collector (Er¢), noted
Era (= (Erg+ Erc)/2) in Figure 4(b). The resonance
occurs at lower applied bias and thermionic emission now
operates on most of the electrons in the QW, leading
to the lowest temperatures. We should also note that
the decrease of pgw with the bias accelerates after the
resonance since the QW state is not directly coupled to
the states of the emitter.

This analysis is also confirmed by the current-voltage
characteristics (J-V) shown in Figure 4(c). For thin
Lgmit (€3 nm), J-V characteristics do not show a nega-
tive differential resistance at the resonance (indicated by
red circles) due to direct tunneling component across the
emitter barrier. On the other hand, the current peak at
the resonance becomes more visible as Lg,,;; increases.
The current density is also reduced by one order of mag-
nitude, testifying that the emitter barrier resistance in-
creases and that the direct tunneling component is sup-
pressed. Effect of the direct current component will be
discussed in more detail in Figure 6.

We now study the influence of Lg,,;+ when reducing
the height of the collector barrier. We take y=0.15 (alu-
minum concentration), which corresponds to a collector
barrier of 0.11 eV. Intuitively, such a barrier reduction
should decrease the activation energy W and amplify the
cut-off of the high-energy tail of the distribution of elec-
trons in the QW, inducing lower temperatures.

Figure 5(a) shows the electron temperatures as a func-
tion of applied bias V, for the same values of Lg.;.
Interestingly, the minimum of the electron temperature
does not coincide anymore with the bias of resonance (in-
dicated by red circles). Moreover, the minimum of tem-
perature does not monotonously decreases when increas-
ing Lppm;¢. This minimum goes from 285 K for Lg,;+=1
nm down to 272 K at Lg,,;;=4 nm and increases again
up to 280 K for L g.ni;=6 nm.

To shed light on this latter behavior, Figure 5(b) shows
the corresponding electrochemical potentials in the QW.
We see that pgw crossed the average Fermi level Ep 4
for Lgm;+=5 nm and 6 nm, for which the minimum of
temperature increases. In these two cases, the resistance
of the collector barrier (Rcoy) becomes lower than the
resistance of the emitter barrier (Rgm¢). The resonance
then occurs at very low bias, in a near equilibrium regime,
where the evaporative cooling process is less efficient. As
a result, the temperature minimum increases.

The relative large value of Rg.,i; with respect to Roon
is also visible on Figure 5(c), which shows the corre-
sponding J-V characteristics. For the present collector
barrier (y=0.15), the negative differential resistance ap-
pears from L g,,;;=2 nm whereas it was only visible from
Lgmi+>3 nm for y=0.25 (Figure 4(c)). We can also see
that the current density decrease is noticeable as soon as
Lgmi: increases, whereas it was limited up to Lgmii=5
nm in the case of y=0.25. Lg,;+ and therefore Rg,,;; are
clearly the determining parameter.

The reason why resonant state does not provide the
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FIG. 4. (Color online) Emitter barrier thickness dependence
as a function of the applied bias V for (a) the electron temper-
ature in the QW - Note that for all the devices, temperature
exactly equals 300 K at V=0 V; (b) the electrochemical po-
tential in the QW; (c) the current density. Lgmq varies from
1 nm to 6 nm. For each Lgmit, red circle represents the bias
at which the resonance occurs. We also represent in (b) the
Fermi levels of the emitter (Erg), the collector (Erc) and
the average of the two (Era = (Ere + Erc)/2). Aluminum
concentration in the collector barrier is y=0.25, corresponding
to a barrier height of 0.21 eV.

best electronic cooling originates from the direct current
component, previously discussed. Indeed, we show on
Figure 6(a) the current spectrum obtained at the reso-
nance with Lg,,;;=1 nm. For this thin width, the reso-
nance occurs at high bias (V= 1.55 V), since most of bias
drops in the collector barrier. The collector barrier has a
triangular shape (and a small height since y=0.15) and
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FIG. 5. (Color online) Same as Figure 4 but for an aluminum
concentration in the collector barrier y=0.15, corresponding
to a barrier height of 0.11 eV.

electrons can easily tunnel though it (see red horizontal
arrows). The QW is therefore populated by an impor-
tant proportion of ballistic high-energy carriers, leading
to an increase of temperature. On the opposite, Figure
6(b) shows the current spectrum at the resonance with
Lgi+=6 nm. At this thickness, most of the applied bias
drops on the emitter barrier and the resonance occurs
at much lower bias (V= 0.3 V). We clearly see the two
components of the resonant tunneling and the thermionic
process, which generates the evaporative cooling effect
(red arrows).

To confirm this interpretation, we note AV the dif-
ference between the bias at the resonant state and the
one of the temperature minimum (represented in Figure
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FIG. 6. (Color online) Current spectra at the resonant state
for a) LEmi+=1nm (V= 1.55V) and b) Lgmi=6 nm (V=0.3
V). The solid red lines represent the energy potential profile
while red arrows indicate the electron flux through and above
the collector barrier. Aluminum concentration y=0.15 which
corresponds to a barrier of 0.11 eV.

5(a) for Lgmir=1 nm). Figure 7 shows the dependence
of AV with respect to Lgm,i: for y=0.15 and y=0.25. It
clearly indicates a AV decrease at thick Lg,; in the
case of a small collector barrier (y=0.15) while AV re-
mains rather constant and small for a higher collector
barrier (y=0.25). Therefore, for small activation energy
and thin L g, the resonance occurs at high bias, where
the collector barrier becomes partially transparent. It
results the injection of ballistic high-energy electrons in
the QW and the resonant state does not provide anymore
the lowest temperature.

Previous results can be summarized as follows. For
a given Lpp:, the highest electron cooling is usually
reached at the resonant state. When varying L g, the
overall lowest electron temperature is obtained when the
resistance of the emitter barrier is roughly equal to (in
fact a bit smaller than) the resistance of the collector
barrier. For Rgm«<<Rcon the resonance takes place at
high applied bias and the injection of ballistic high-energy
electrons by direct tunneling impedes the cooling. When
Remit>Rcon, the resonant state occurs at very small
applied bias, where the evaporative cooling process can
not effectively operate. Moreover a small activation en-
ergy does not necessarily improve the cooling properties.
It promotes the direct tunneling of ballistic high-energy
electrons across the collector barrier, increasing the tem-
perature.
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FIG. 7. (Color online) Difference between the voltage of the
resonance and the one providing the lowest electron temper-
ature as a function of Lgmit. AV is also illustrated in Figure
5(a) for Lgmit=1 nm. Two aluminum concentrations are con-
sidered: y=0.15 (squares) and y=0.25 (circles).
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FIG. 8. (Color online) Electron density along the device of
Figure 2 at V= 0.3 V, obtained by solving the NEGF trans-
port equations (red solid line), and from equation (15) (blue
squares). The conduction band edge is plotted for reference
in black solid line.

B. Validity of the virtual probe method

The concept of temperature in strongly non equilib-
rium systems is an open question in the field of quan-
tum transport. However, several papers recently demon-
strated the relevancy of the Biittiker probe concept to
determine the carrier temperature?6:27:44:49:50  Even in
the extreme non-equilibrium regime of elastic quantum
transport, where electron and phonon baths are com-
pletely decoupled, those previous articles demonstrated
that an electron temperature and electrochemical poten-
tial measured by a floating probe can be interpreted as
the local temperature of a non-equilibrium electron sys-
tem and are physically-consistent, as they are unique
and fulfill the four laws of thermodynamics. More pre-

cisely, temperature and electrochemical potential are
completely determined when the probe-system coupling
is: (i) maximally localized, to provide a good spatial res-
olution, (ii) weak enough to generate a non-invasive mea-
surement, (iii) broadband, to ensure that the measured
physical properties depend on the energy spectrum of the
structure and not on the one of the probe. In that config-
uration, the measurement of a temperature of a system
far from equilibrium is much more than a simple oper-
ational determination of the local temperature. Those
findings make a significant step forward to interpret the
temperature measured by a floating probe as the local
temperature of a non-equilibrium electron system.

In order to validate this approach of measurement of
the electronic temperature and electrochemical potential
in non-equilibrium regime, we used them for the calcula-
tion of the electron density inside the device, considering
the following equilibrium electron density expression:

+oo
npreve = [ LDOS(E)fep(Eus, T} (15)
We then compared the electron density obtained with Eq.
(15) and the one obtained through the NEGF approach
(Eq.(6)). The figure 8 shows the result of this comparison
in the case of the device considered in Figure 2 of the
manuscript for an applied potential V. = 0.3 V.

The excellent agreement between the two computa-
tional approaches definitely supports the physical mean-
ing of of T, and p calculated with the floating probe
approach.

IV. CONCLUSIONS

In this work, we provided a theoretical comprehen-
sive understanding of the evaporative cooling process in
asymmetric double-barrier thermionic device. By vary-
ing Lgmit, we first demonstrated that the electron cool-
ing is maximum i) at the resonance state and ii) for
Remit=~Rcon. In such condition, a temperature reduc-
tion of several tens of kelvins can be reached, irrespective
of the barrier resistance value. Of course small resistance,
i.e. high current density, will be targeted for an efficient
lattice cooling perspective. Moreover, the reduction of
the activation energy does not necessarily improve the
cooling properties. Indeed it generates the injection in
the QW of high-energy electrons which are transmitted
across the collector barrier, increasing the electron tem-
perature. In that situation, the temperature minimum
occurs before the resonant state. The present paper pro-
vides a clear understanding of the evaporative cooling
process in room temperature heterostructures and gives
a simple recipe to reach the maximum electronic refrig-
eration. It then represents an important step for the
conception, fabrication and optimization of thermionic
cooling devices with unprecedented performances. How-
ever, it is true that the device shows good electron cooling
but a rather weak reduction of lattice temperature. The



physical origin of such a different cooling behavior is due
to the huge difference between the heat capacitances of
electrons and phonons. A simple solution to improve the
phonon system cooling would be to have more electrons
in the QW. In our GaAs-based devices, there are typically
a few 10'° cm™2 electrons. An increase in the QW popu-
lation by several orders of magnitude can be reached by
doping or by considering metal/semiconductor junction.
Finally, the study of electron refrigeration has applica-
tive interest by itself. In particular, electron cooling may
be useful to improve performance of optical devices, such
as light emitting devices and photodetectors. For light
emitting devices, the reduction in electron temperature

leads to narrower linewidth and better luminescence ef-
ficiency. As for the photodetectors, it may reduce dark
current.
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