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We investigate evaporative electron cooling in cascading semiconductor double-quantum-well (QW)
structures. In this cascading double QW structure (QW1 and QW2, where QW2 is on the anode side),
one electron absorbs two longitudinal optical (LO) phonons as it travels from the cathode to the anode,
for which efficient thermionic cooling is expected. By analyzing the high-energy tail of the photolumi-
nescence spectra, the electron temperature in each QW is determined. When Alj35Gag ¢sAs barriers are
used, anomalous electron heating in QW2 due to hot electron distribution above the barrier is observed.
By introducing taller barriers (Aly7Gag3As) before QW2 to suppress hot electron distribution above the
barrier, electron cooling in both QWs by several tens of kelvins is achieved. Furthermore, oscillatory
anticorrelated electron temperature change in the two QWs that results from LO-phonon scattering is

observed.
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L. INTRODUCTION

Progress in ultrahigh-density, ultrahigh-speed electronic
and photonic devices has continually moved forward but
at the expense of a tremendous generation of heat that
results from the thermalization of hot carriers generated
by high electric fields. Efficient cooling technologies are,
therefore, needed for the continuous development of high-
performance devices. So far, the thermoelectric Peltier
effect has been most commonly used in solid-state cool-
ers [1-3]. However, the cooling efficiency deteriorates
due to scattering-induced internal Joule heating. Recently,
thermionic cooling, which is based on the thermionic emis-
sion process, has been attracting considerable attention
as potential solid-state coolers due to its expected high
cooling efficiency [4-9]. In such a case, above an energy
barrier from a cathode to an anode, hot electrons are
thermionically extracted. As a result, no degradation in
cooling efficiency due to scattering-induced Joule heating
exists [10].

To achieve high cooling efficiency, Chao ef al. proposed
a thermionic cooling structure with asymmetric double
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barriers [11] [hereafter, we call this the “asymmetric dou-
ble barrier (ADB) thermionic cooler”]. In the ADB struc-
ture, a quantum well (QW) is sandwiched between two
potential barriers. Energy-filtered electrons are injected by
resonant tunneling from the emitter electrode to a quan-
tized state in the QW through the thin and tall barrier
on the emitter side. Then, electrons injected into the QW
are extracted by thermionic emission above the second
(thick and low) barrier [11]. By using this sequential trans-
port process, significant electron cooling (up to 30 K) can
be achieved at room temperature [12,13]. However, in
the ADB structure, one injected electron typically absorbs
only one longitudinal optical (LO) phonon [14-16].
Inspired by the concept of the quantum cascade lasers,
in which one electron emits multiple photons as it travels
through many stages of cascading QW structures, we have
designed a structure in such a way that one electron absorbs
multiple LO phonons in the sequential cascading transport
process. This process is expected to enhance the lattice
cooling efficiency compared with that in ADB structures.
In this work, we have investigated electron transport and
electron cooling behavior in cascading double QW struc-
tures [hereafter, we call this structure the quantum cascade
cooling (QCC) structure]. Although we want to discuss
lattice cooling effects in the QCC structure, the determi-
nation of lattice temperatures in nanometer-thick films is
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extremely challenging since there is no suitable method for ~ Alg35Gag ¢sAs barriers. The energy separation between the
measuring local lattice temperatures sensitively. Further-  two quantized states in QW1 (referred to as £1) and QW2
more, the expected lattice cooling in our structure is only  (referred to as E,) at zero bias voltage is around 70 meV.
in the order of a few microkelvins [14—16]. Therefore, in ~ The wafer was patterned into mesa structures with vari-
the present work, we focus our attention on the electron  ous areas ranging from 80 x 80 pm? to 800 x 800 um?.
temperature in the QCC structure to understand electron =~ The AuGeNi/Au contacts were deposited on the front and
transport and cooling physics in the QCC. When a uniform  back sides of the mesas, except for window areas, to per-
barrier height is used for the QCC structure, anomalous  form optical characterization. The samples were annealed
electron heating is observed in the downstream QW. This  at 450 °C in Ar ambient for 5 s. At the center of the mesas,
is identified to be due to the hot electron population above  a semitransparent NiCr layer was deposited as a window

the barrier, which originates from direct thermionic emis-  for photoluminescence measurements.

sion from the electrode and the upstream QW. When the To clarify the level alignment as a function of the
injection barriers are made taller to block the hot elec-  applied voltage, V, we measured the current—voltage
tron population, we observe electron cooling in both QWs. (I-V) characteristics from 300 to 6 K. Figure 1(b) shows
Furthermore, an anticorrelated oscillation in the electron  the /-V curves measured at various temperatures, 7. The
temperatures in the QWs is seen, which is due to the com-  /-J curves near 300 K are rather featureless. As T is

petition between LO-phonon-assisted sequential transport ~ reduced below 100 K, the current flow is more domi-
and quasielastic scattering processes. Evaporative electron  nated by the tunneling process. In particular, at 7=6 K,
cooling by as much as 70 K is also observed. steplike features are observed. Using the /-V curve mea-
sured at 7=6 K, we can discuss the level alignment in
actual samples. If we assume a uniform electric field dis-

II. EXPERIMENT tribution between the emitter and collector electrodes, the

The QCC samples were grown on n-type GaAs-  resonance between Ey and E, is expected at '~0.3 V.
(100) substrates by using molecular beam epitaxy_ Since the current at 0.3 V is in the order of picoam—
We successively grew a 300-nm-thick n-GaAs emit-  peres, there is almost no influence of series resistances.

ter layer (Si doping density=1x 10" c¢cm™), an  The alignment between £, and the conduction band edge
undoped 6-nm-thick Aly3sGagesAs emitter barrier, an  in the emitter is expected at V'~ 0.55 V. For V> 0.55 V, £,
undoped 5-nm-thick Aly;GagoAs QW (QW1), anundoped  drops below the emitter conduction band, which leads to a
6-nm-thick Alg3sGagesAs barrier, an undoped 5-nm-  small curvature change at /'~ 0.6 V in Fig. 1(b). Similarly,
thick Aly»GaggAs QW (QW2), an undoped 30-nm-thick  the alignment between £, and the conduction band edge
Aly3sGagesAs collector barrier, a 200-nm-thick n-GaAs ~ occurs at V'~ 1 V [see Fig. 3(b), which is obtained via the
collector layer (Si doping density=1 x 10'7 cm~3), and  nonequilibrium Green’s function (NEGF) calculations that
a 10-nm-thick n*-GaAs contact layer (Si doping den-  are discussed later]. Due to series resistance effects in the
sity =5 x 10'8 cm™3) [17—19]. The band diagram of the sample and in the measurement setup, the level alignment
sample is schematically illustrated in Fig. 1(a) (referred to ~ Vvoltages at 300 K shift to the higher voltage side, which is
as QCC-A). The quantum wells are sandwiched between  discussed in the next section.
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FIG. 1. (a) Band diagram of the cascading double AlGaAs/GaAs QW thermionic cooling heterostructure (QCC-A). Electrons are
injected from the emitter electrode into the first QW through the first barrier by resonant tunneling. They are then injected from the
first QW into the second QW through the second barrier by intersubband transition and are finally extracted to the collector by the
thermionic emission above the third barrier. (b) Current / of QCC-A (using a log scale) measured as a function of bias voltage V at
various temperatures from 6 to 300 K.
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III. DETERMINATION OF ELECTRON
TEMPERATURES

Thermionic cooling devices are operated distant from
equilibrium conditions. Therefore, the electron system and
the lattice system may have different thermodynamic tem-
peratures. In this section, we discuss the temperature of the
electron system (the electron temperature, 7,) in the QCC
structures. Here, 7, is determined by the balance between
the input power to and output power from an electron
system, which is described as follows:

dE _ (kpT.) — (kpTp) _ Pin(eow) — Pou(tow)
dt T nQw ’

(1)

where (kpT) means the average energy of the electron sys-
tem at temperature 7, and 7, and 7, are the electron and
lattice temperatures; Py, and P,y are the input power to
and output power areal densities from the electron system,
respectively. Moreover, kp is the Boltzmann constant, t,
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FIG. 2.

is the energy relaxation time, jqw is the electrochemical
potential, and nqw is the electron areal density in the QW.
In a steady state, the change in the electron temperature
can be expressed as

Pin(pow) — Pour(ttow) .

AT, =T, — T} e (2

nQW

To determine 7,, we measured the photoluminescence (PL)
spectra for various ¥ [13]. The PL was measured through
the semitransparent NiCr window on the mesa structure.
We used a blue laser at a wavelength of 488 nm for exci-
tation, which has a short penetration depth in the GaAs
electrode (~80 nm) [20,21]. The use of a short penetra-
tion depth is important to reduce the PL intensity from the
electrodes with respect to the PL from the QWs. We then
observed PL peaks from the collector and emitter elec-
trodes and from QW1 and QW2. For more information,
see Supplementary Information [22].
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(a) Photoluminescence (PL) spectra of QCC-A measured at 300 K for various bias voltages. The observed three PL peaks

correspond to the recombination of electrons with holes in the electrode (~1.43 eV) and in the quantum wells (QW1~ 1.6 eV and
QW2 ~ 1.71 eV). The energy ranges of the high-energy tail used for determining electron temperatures are highlighted in orange. The
above-barrier hot electron PL is highlighted in red. (b) Intensity of the PL peak from QW1 (black) and QW2 (red) as a function of bias
voltage. (c) Ratio between PL spectra measured for various ¥ and the PL spectrum measured at /"= 0 for determination of electron
temperatures. The energy ranges of the high-energy tails are highlighted in orange. (d) Electron temperatures in QW1 (black) and

QW?2 (red) are plotted as a function of bias voltage.
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Figure 2(a) plots the PL spectra of QCC-A measured
for various V at 300 K [23]. There are three peaks in the
spectra: (1) the peak at around 1.43 eV is the PL from
the n-GaAs electrodes, (2) the peak at around 1.6 eV is
the PL from QWI, and (3) the peak at around 1.71 eV
is the PL from QW2. The intensity of the electrode PL
does not change much when ¥ is changed, whereas the PL
intensities from QWs show a strong voltage dependence.
In Fig. 2(b), we plot the peak intensities of the PL from
QW1 (black) and QW2 (red) as a function of V. When
V' is increased from 0 to 0.3 V, the PL intensity of QW2
decreases with J and reaches a minimum at /'~ 0.25 V.
The QW2 PL then increases with 7 and arrives at a maxi-
mum at V'~ 0.6 V. It starts decreasing for /> 0.6 V since
E, drops below E| and the resonant tunneling is shut off.
On the other hand, the PL from QW1 increases with V,
except for V'~ 0.6 V, where resonant tunneling occurs.

In order to determine the electron temperatures, 7, in
QW1 and QW2, we first calculated the ratios between the
PL spectra measured at 7 and the reference PL spectrum
measured at /=0 and plotted them for various V, as shown
in Fig. 2(c) [24]. The PL spectrum at V=0 represents the

thermal equilibrium emission at 300 K. The quantity 7, in
QW1 and QW2 is calculated using the slope of the high-
energy tail regions [highlighted in orange in Fig. 2(a)] and
plotted as a function of ¥ in Fig. 2(d). For the estimation
of T,, we assumed that the electron and hole tempera-
tures are equal (for more detail, see Appendix A). Contrary
to our expectation that electron cooling in QW2 could
be observed owing to thermionic emission processes, we
observed anomalous heating in QW2 as J was increased
from 0 to 0.25 V. On the other hand, QW1 showed a
significant cooling (by as much as 50 K).

IV. NONEQUILIBRIUM CURRENT FLOW
CALCULATED BY THE NEGF

To clarify this unexpected electron heating behavior,
we calculated the current density spectrum under a bias
voltage by using the NEGF method [14—16]. Figure 3(a)
shows the calculated current density spectrum when
E,—E ;=36 meV (the LO-phonon energy). As seen in
this figure, not only the sequential tunneling current from
QW1 to QW2 but also significant thermionic emission
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FIG. 3. (a) Current spectrum of the QCC-A structure when E,—FE| =hwy o calculated using the nonequilibrium Green’s function

(NEGF) method. The current density is represented by a color bar. (b) Electrochemical potentials pqwi (in QW1), uow2 (in QW2),
W (in the emitter), and p. (in the collector) calculated as a function of V using the NEGF. The quantized states £ (blue) and £, (red)
are also plotted. (c) Electron densities nowi (in QW1) and ngw» (in QW2) calculated as a function of V" using the NEGF. (d) Current
spectrum of the QCC-A structure when E>—FE| = 0 (resonant tunneling condition).
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current above the barrier is observed. Considering the cur-
rent distribution of hot electrons, sequential transport from
QW1 to QW2 is not efficient in QCC-A; there is direct
thermionic emission from QW1 and from the emitter elec-
trode to the states above the barrier. Indeed, we observe
a clear slope difference below or above 1.8 eV in the
PL spectra shown in Fig. 2(a) (note that the bandgap of
Aly35GagesAs is around 1.8 eV). Therefore, the anoma-
lous electron heating in QW2 most likely originates from
the interaction between electrons in QW2 and hot electrons
above the barrier. From the NEGF calculations, the elec-
tron current density spectrum shown in Fig. 3(a) exhibits
a significant above-barrier hot electron injection. The hot
electron density above the barrier in the QW2 region has
been estimated to be ~1.3 x 10'° m~2, which is approx-
imately 1/30 of the electron density in QW2 below the
barrier. Considering the fact that the hot electrons are
injected at much higher energies (~100 meV above the
QW ground state), an increase in the electron temperature
due to this high-energy electron cloud seems to be reason-
able. A rough estimate using this density ratio and energy
difference yields that the temperature of the electrons could
be raised from 300 K to ~330 K.

In Fig 3(b), the quantized subband energies, £ and E»,
the electrochemical potentials, puqwi and wowz, in QW1
and QW2, as well as the electrochemical potentials in the
emitter and collector electrodes, . and ., are shown
as a function of V. In this figure, we set the bottom of
e at 0 eV. The energy difference between . and .
is eV, where e is the elementary charge, and £; and E;
decrease almost linearly with V. In contrast, uqw; and
pqw: are strongly affected by electron injection and extrac-
tion resistances [13,25]. For example, (qw: is determined
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FIG. 4.

by the competition between the resistance of the tunnel
injection from QW1 and the resistance of the thermionic
emission to the collector. The resistance for electron injec-
tion from QW1 to QW2 decreases when E, — E; becomes
equal to the LO-phonon energy at V'~ 0.2 V in Fig. 3(b)
(LO-phonon-assisted tunneling). As a result, the pqw>
curve bends toward pqwi. Similarly, another curve bend-
ing incident appears at the resonant tunneling condition
(E; — E; =0) at V~0.4 Vin Fig. 3(b). The electron con-
centrations in the two QWs, nqw1 and ngw», are calculated
using the NEGF and plotted in Fig. 3(c). Although the
characteristic voltage values are different between simu-
lation and experiment due to the series resistance effect
(~50 Q), the PL intensity shown in Fig. 2(b) shows a
behavior very similar to the electron densities plotted in
Fig. 3(c), indicating that the J'-dependence of the PL inten-
sities from the two QWs [shown in Fig. 2(b)] reflects the
change in electron densities in the QWs. From a compar-
ison between the PL intensities of QW1 and QW2 [see
Fig. 2(b)] and the calculated nqwi and nqw: [see Fig. 3(c)],
we argue that £1—E, = O occurs at '~ 0.6 V and E|—F, =
hwro occurs at ¥~ 0.3 V in our actual QCC-A sample for
PL measurements.

Note that, as seen in Fig. 2(d), electron heating due to the
hot electron population above the barriers becomes most
significant at V'=0.25 V, where nqw, becomes minimal
and the effect of the above-barrier hot electron popula-
tion on 7, becomes maximal, as expected from Eq. (2). At
the resonant tunneling condition, ngow and nqw, approach
one another, as seen in Fig. 3(c). This resonant tunneling
voltage is predicted at /'~ 0.4 V using the NEGF, but it
is shifted to ~0.6 V in the experiment (see Fig. 2) [23].
Figure 3(d) plots the calculated current density spectrum
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(a) Band diagram of the cascading double AlGaAs/GaAs QW thermionic cooling heterostructure with tall barriers (QCC-B).

(b) Current 7 of QCC-B (using a log scale) measured as a function of bias voltage V at various temperatures from 6 to 300 K.
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at resonance. Under this condition, the above-barrier hot
electron population disappears since the resonant tunneling
provides a much less resistive transport channel to the elec-
trons in QW1. Electrons injected into QW2 are extracted
by the thermionic emission process and are cooled by
evaporative cooling when 0.3 V < V' < 0.6 V. The quantity
T, in QW2 reaches a minimum at "= ~0.6 V, as shown in
Fig. 2(d). For V> 0.6 V, E; drops below E; and 7, in QW2
increases again due to hot electron injection from QW1. By
summarizing the experimental results on QCC-A, we can
conclude that significant electron excitation to the above-
barrier states induces anomalous electron heating in QW2,
although the barrier height is as high as ~11kgT.

V. SUPPRESSING ABOVE-BARRIER ELECTRON
EXCITATION

In order to suppress the hot electron population above
the barrier, we have modified the design of the QCC
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FIG. 5.

structure. Instead of using two 6-nm-thick Aly35GagesAs
barriers, as in QCC-A, we replaced them with two
3-nm-thick Alj7Gag3As barriers in the modified structure
[referred to as QCC-B, see Fig. 4(a)]. We made the tun-
neling probabilities of QCC-B similar to those in QCC-A
by keeping the same product of the barrier height and
thickness. Temperature-dependent /- characteristics of
QCC-B are plotted in Fig. 4(b). The resonant tunneling
takes place at '~ 0.3 V. The alignment between £, and F
and the emitter conduction band edge is expected to occur
at '~ 0.7 V and ~1.3 V, respectively, which shows small
troughs around these bias voltages due to a shutoff of the
resonant tunneling from the emitter conduction band.
Figure 5(a) plots the PL spectra of QCC-B using a log
scale measured for various / at 300 K. The PL intensities
from both QWs increase by ~100 times when a posi-
tive voltage is applied. Figure 5(b) shows the PL peak
intensities from the two QWs as a function of V. We
observe a significant increase in the PL intensities from

log (I/1,,)

1.6 1.7 1.8
Energy (eV)
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240
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(a) Photoluminescence (PL) spectra of QCC-B measured at 300 K for various bias voltages. The observed three PL peaks

correspond to the radiative recombination of electrons in the electrode (~1.43 eV) and in the quantum wells (QW1~1.62 eV and
QW2 ~1.71 eV). The energy ranges of the high-energy tails used for determining the electron temperatures are highlighted in orange.
(b) Intensity of the PL peak from QW1 and QW2 as a function of the bias voltage. (c) Ratio between PL spectra measured for various
V and the PL spectrum measured at /=0 for determination of electron temperatures. The energy ranges of high-energy tails are
highlighted in orange. (d) Electron temperature of QW1 (black) and QW2 (red) as a function of V. Blue arrows indicate the positions

of the troughs and peaks observed in the electron temperatures.

034012-6



ELECTRON COOLING BEHAVIORIN ...

PHYS. REV. APPLIED 22, 034012 (2024)

both QWs with increasing V, particularly for V> 0.3 V.
The two PL intensities gradually approach one another
at ¥=0.5 V. The PL intensity of QW2 increases until V
reaches 0.8 V and then starts decreasing, suggesting that
E; drops below E;.

In Fig. 5(c), we calculate the ratios between the PL spec-
tra measured at various V and the reference PL measured at
V=0, as we did for Fig. 2(c). Figure 5(d) plots the electron
temperatures in QW1 (black) and QW2 (red) versus V. The
energy range in the high-energy tail of the QW1 PL spec-
tra for determining 7, was rather limited (from 1.665 eV to
1.68 eV). The magnitude of ambiguities in the determined
T, is shown by an error bar in Fig. 5(d) [22]. As seen in
Fig. 5(d), when a bias voltage is applied, electron cool-
ing is observed in both QWs. This finding supports our
interpretation that the electron heating observed in QW2
of QCC-A [Fig. 2(d)] results from the hot electron popula-
tion above the collector barrier. Electrons in QW2 are more
significantly cooled by thermionic emission by as much as
70 K.

Furthermore, when we examine 7, in QW1 more care-
fully, an oscillatory behavior in 7, is observed as V' is var-
ied. Simultaneously, QW2 also shows weaker oscillatory
modulation in 7,, whose phase is approximately opposite
to that of QW1. Since the energy separation between £
and E, is ~60 meV at V=0V, E,—E| is approximately
equal to one LO-phonon energy in GaAs (36 meV) when
V~0.2 V. At V~0.4 V, the energy separation becomes
approximately half of the LO-phonon energy. Moreover,
T, in QW1 shows a trough at ¥=0.4 V and a peak at
around V'~ 0.6 V, while T, in QW2 reaches a minimum.
Next, we discuss the relationship between the oscillations
in 7, and the energy separation between £ and E;.

In Figs. 6(a)—6(c), we plot the in-plane dispersions of the
two-dimensional subbands in QW1 and QW2 when AF is
approximately equal to hwro, 1/2hwr o, and zero, respec-
tively. Transport from the emitter to QW1 is described
by resonant tunneling injection. Transitions from QW1
to QW2 are described by resonant tunneling (~ T(AE)),
LO-phonon scattering (~ S,(Ak)), and elastic scatter-
ing (~ S.(Ak)), including acoustic phonon and interface
roughness scattering. Here, Ak is the in-plane momen-
tum change in the transition. When electron transport from
QWI1 to QW2 is governed by Ak =0 processes, such as
vertical-LO-phonon scattering [Fig. 6(a)] or resonant tun-
neling [Fig. 6(c)], both input and output powers have no
k-selectivities and APqw) equals to zero (for more details,
see Appendix B). As a result, no electron cooling or heat-
ing is expected in QW1. Concerning QW2, APqw; is
negative due to thermionic emission and the electron tem-
perature is reduced. When V'~ 0.4V (E,—E1=~1/2hwo),
as shown in Fig. 6(b), LO-phonon-assisted transition from
QW1 to QW2 becomes nonvertical and elastic scatter-
ing processes also become significant. High kinetic energy
electrons in QW1 are preferentially extracted by elas-
tic scattering and APqw; becomes negative. After re-
thermalization, QW1 is cooled. On the other hand, QW2
is cooled by thermionic emission and heated by elec-
tron injection from QW1. The anticorrelated oscillatory
behavior of 7, in QW2 is much weaker.

So far, we have discussed the cooling and heating behav-
ior of electrons in successive QWs. However, the cooling
mechanism for the lattice is different. We should empha-
size that the optimal sequential thermionic emission for
lattice cooling is achieved when the successive quan-
tized energy separation is equal to hwpp. Electrons can

(a) Ez = E1 =~ ﬁ(.l)Lo
(~36 meV)

Input into QW1:
Resonant injection

Output from QW1:

LO phonon scattering

(b) B, — E; ~ % hano | (€) ‘Ez = ‘E1 ~0
(~18 meV)

Input into QW1:
Resonant injection
Output from QW1:
LO phonon scattering
Elastic scattering

APgy; <O,
APgy> < 0

Input into QW1:
Resonant injection

Output from QW1:
Resonant tunneling

Energy

Bl =10
APpiz<0

FIG. 6.

In-plane dispersions of the two-dimensional subbands in QW1 (£, blue) and QW2 (E,, orange) when the energy separation

between subbands is approximately (a) 36 meV, (b) 18 meV, and (c¢) 0 meV, which correspond to the voltages shown by the blue arrows
in Fig. 5(d), respectively. Resonant injection into QW1 and the tunneling and scattering processes from QW1 are plotted.
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efficiently travel through the successive QW structure by
absorbing one LO phonon at each step. Since we cannot
determine the lattice temperature in each nanometer-thick
QW at present, we cannot provide experimental data for
the lattice cooling effect. However, the present observa-
tion of electron cooling behavior, which is consistent with
our expectation, supports the idea of sequential cascading
thermionic cooling.

VI. SUMMARY AND OUTLOOK

We have investigated evaporative electron cooling in
semiconductor cascading double QW structures, in which
one electron successively absorbs multiple LO phonons as
it travels from the cathode to the anode. By using the high-
energy tail of photoluminescence spectra from the two
QWs, the electron temperature in each QWs is determined.
By introducing taller barriers (Aly;Gag 3As) before the last
QW to suppress hot electron distribution above the barrier,
electron cooling in both QWs by several tens of kelvins has
been achieved. Furthermore, an anticorrelated oscillation
in the electron temperatures in QW1 and QW2 is observed,
which is due to an interplay between LO-phonon-assisted
tunneling and elastic scattering processes. The reduction
in the electron temperature in the second QW was as large
as 70 K, which is much larger than that in the asymmetric
double barrier structure (typically 30 K) and is likely due
to lower electron density in QW2.

In our recent numerical work on the performance of the
QCC structure using NEGF calculations [26], we com-
pared the cooling capabilities of the ADB structure with
that of the QCC structure and showed that the QCC out-
performs the ADB both in the coefficient of performance
(COP) and in the cooling power, when the two structures
have similar activation energies for the thermionic emis-
sion process. The COPs of the ADB/QCC structures lie
in the range of ~10% [26]. The selective energy filter-
ing effect of the resonant tunneling is crucial for achieving
such a high efficiency. It has also been reported that this
energy filtering effect can make the efficiency of heat
engines become close to the thermodynamic limit [27].

Since the final goal of our thermionic cooling struc-
tures is to cool the lattice system, the first task is to
develop a method to characterize the lattice temperature in
nanometer-thick regions. The second task is to enhance the
cooling power. Due to small electron densities in n-type
GaAs, the lattice cooling effect of our current structures
may be in the microkelvin range [14—16]. One possibil-
ity to enhance the lattice cooling power is to increase the
number of QW stages in the sequential transition. Another
possibility is to dope the structure much more heavily to
enhance the current density and improve the balance of the
heat capacity of the electron and the lattice systems. For
example, it is possible to dope GaAs with acceptors much
more heavily (up to a 10?! cm™ level) than with donors.

Such an effort will lead to future semiconductor-based
high-efficiency solid-state cooling technology.
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APPENDIX A

For nondegenerate electrons and holes in a QW, such as
in our case, the intensity of PL from a QW (Iqw) follows
two-dimensional densities of states [28], i.e.,

Iow o< Y(hv — Ey) (— Y 0)
(0% v exp ,
Q 0 T

1 hv — E|
Y(hv—Eo)—>—{z+arctan|: Y O:H,
T |2 r

n

(A1)

where Y(hv — Ey) is a step function with a broaden-
ing parameter I',. Moreover, 7" is the effective carrier
temperature determined from the high-energy tail of the
photoluminescence spectra, which can be expressed via

11 my, n 1 me
kgT*  kgTome+my,  kgTyme.+m,
(Th—T)  me )

T, (mc+my))’

(A2)

T*%Te(l—i—

Here, T, and T} are the electron and hole temperatures,
respectively. In addition, m. and m, denote the in-plane
effective masses of electrons and holes, respectively, and
my 1is the free electron mass. In the present work, we used
me = 0.067mg and m, = 0.09m, for both the Aly;GagoAs
QW (QW1) and the Aly,GaggAs QW (QW2).

If we assume T;, = T, [20], T* becomes equal to 7. This
assumption may be valid since carrier-carrier interaction
is, in general, strong except for the fact that there are very
few carriers. However, if we assume that the hole temper-
ature is close to the lattice temperature (~300 K) [29,30],
T, becomes ~170 K when T* is ~230 K. Although we do
not know the exact hole temperature, we may have a sit-
uation close to 7, = T,, owing to efficient carrier-carrier
thermalization [20].
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APPENDIX B

The resonant injection current from the emitter to QW1
is expressed as follows [31]:

em*
—m//A(Sz)F(El)(f(Sfe)
_f (MQWl))dedez:

*T(E) [
_ _emnTl/O f(Sfe) —f(MQWI) dgxy-
(B1)

Jin(qwi) =

Here, I'(E}) is the tunneling rate and A(e,) expresses the
level broadening. The electrons above E| are injected into
QW1 by resonant tunneling.

The input power from the emitter to QW1 is expressed
as

Pin(itowi) = z:Tns / / erd ()T (ED(f (er)

_f (/’LQWI ))dgxydgza

m*I"'(E
]Ti; 1) / (El +8xy)(f(8fe

_f (/’LQWI)) dgxy- (BZ)

Assuming, for simplicity, a Boltzmann distribution for
electrons characterized by a uniform temperature 7, we
obtain

em*kgT B
Jin(HQw1) = —— hf [ (Ey) (1 +Ere/kaD)
e(—E1+MQW1/kBT)) , (B3)
*
T
Pin(powi) = —hiF(El)(El + kgT) (eE1+ERE ks

e(—El+MQw1/kBT)) ,

Ey + kgT
= = Jn(tqw). (B4)
The output current from QW1 to QW2 is expressed
by combining the resonant tunneling between the QWs
(~ T(AE)), LO-phonon scattering (~ S,(Ak)), and elastic
scattering (~ S,(Ak)) so that

Jout(hQw1, HQw2)

*

= _% / T(AE)(f (mow1) —f (qw2)) dexy

*

- = / So(AR(f (awt) — f (Haw2)) dey
em*

h2

/ UMD (gw) —f (ows)) dens
(BS)

Pout(qwi, qw2)
= ﬁ/EI exT(AE)(f (nqwi) — f (qw2)) dey

*

+ m—2/ exSo (AR (f (ow1) —f (ow2)) dey,
ﬂh E,

*

N m
7 h?

/E S (AR (own) —f (ows)) des-
’ (B6)

Here, AFE is the energy difference between E; and E;
and Ak is the difference between the in-plane electron
wavevectors in either well. The input current J;, is always
equal to the output current J,,¢ due to current continuity.
Meanwhile, the major transition of the output compo-
nent depends on the relative position between E; and
E,. Resonant tunneling and LO-phonon scattering occur
when ¢; > E|, while the elastic scattering process becomes
possible when ¢; > Ej.

(1) When E; — E; = hwro, the output component is
dominated by efficient vertical-LO-phonon scattering
because the electron—LO-phonon interaction is predomi-
nantly due to the Frohlich type, as a result

Jout(LQw1, HQw2) = —Ao/ S (nqwt) —f (hqw2) déyy,
0
(B7)

Poy(peqwi, ow2)

A, [
= ?/0 (E1 + &) (f (Lqw1) —f (1qw2)) déyy.
(B3)

Here, 4, = (em*/mh*)S,(0). Assuming a Boltzmann dis-
tribution characterized by the same temperature 7 for QW1
and QW2 for simplicity, we obtain

Jout (LQw1, LQw?2)

_Ao(e(—El+MQW1/kBT) _ e(_EH‘#QWZ/kBT))’

(B9)
Poyt(eowi, ow2)

= Loy 1 kT (B /ieD _ B awarial),
e

_ Ej+ kT

Jout (LQw1, LQW2)- (B10)

The current continuity condition requires Jin((qwi) =

Jout(Qwi, ow2). Therefore, we obtain Py, (qwi) =
Pout(towi, iow2) and no cooling occurs in QW1I.
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(1) When E, — Ey =~ (1/2)hw 0o, the output component is dominated by nonvertical-LO-phonon-assisted scattering
and elastic scattering so that

*

em o0
Jout(Low1, HQw2) = = / So(AR)(f (mow1) —f (qw2)) dex,
0

em*

=) /0 Se(AR)(f (ow1) — f (ow2)) dexy, (B11)

m* o0
Pou(owi, owz) = ) / (E1 + &) So (AK)(f (qw1) — f (qw2)) deyy
0

m*
h?

+ /0 (Ez + £0)So (AR (w1 —f (ow2) desy- (B12)

Although S,(Ak) and S.(Ak) are energy-dependent, we approximately obtain the following:

E| + kT E| + kgT
Pin(powi) = _—eJin(MQwO = _—eJout(MQWbMsz),

m*

wh?

:hz /(; (E1 + £x)Se (AR (f (mow1) —f (qw2)) dexy. (B13)

~
~

/0 (El + 8xy)So(Ak)(f(ﬂQW1) _f (MQWZ)) dgxy

+

Note that elastic scattering removes high-energy electrons above £, from QW1. Therefore, we have Poy(fiowi, How2) >
Pin(uqwi), leading to the cooling of the electrons in QW1.

(1) When E, — E| = 0, similarly we find
o0
Jou(LQw1, How2) = _AT/ S (nowt) — f (ow2) déxy, = —Ar (6(7E1+‘LQW1/kBD - fElﬂ@WZ/kBT) , (B14)
0

A o0
Pou(owi, qw2) = ?T/ (B + &) (f (ow1) — f (ow2)) deyy,
0

_ Iﬂ (=Er1+uqwi/ksT) __ (—=Ey+pqwa/kpT)
; (E1 + kgT) (e e ,

E\ + kT
= =" Jou(iow1. How2). (BI5)

Here, A7 = (em* /m h*)T(0). Finally, we obtain Pj, (ow1) = Pout(ttqwi, ow2) and electron cooling vanishes in QW1I.
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