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Combining the ideas of laser cooling and thermionic cooling, we have proposed an opto-thermionic
cooling process, and investigated its cooling effect caused by the light emission from a quantum well
embedded into a semiconductor pn junction. For a GaAs/AlGaAs opto-thermionic refregerator in which
the Auger recombination is the major nonradiative process, cooling can be achieved in a finite range of
bias voltage. Using the measured values of the Auger coefficient, our calculated cooling rate is at least

several watts/cm?.
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The basic structure of thermionic refrigeration is two
electrodes separated by a potential barrier. Under an ap-
plied bias, thermally excited carriers can transfer heat
over the barrier from the cold cathode to the hot an-
ode. After understanding the fundamental problem of
the thermionic process in a metal-vacuum-metal system
[1], semiconductor layer structures have been considered
as better thermionic systems [2,3]. Here doped quantum
wells separated by undoped barriers play the role of metal-
lic electrodes. However, the barriers are crystalline mate-
rials in which the lattice thermal conductivity is not small.
Under an external electric field, when thermally excited
carriers transfer heat from a cold quantum well to a hot
one, the opposite heat flow due to the lattice heat con-
duction will reduce the temperature difference. Using the
results in Ref. [2], for a typical value of semiconductor
thermal conductivity, it is easy to see that the refrigera-
tion efficiency is very low with a very small value of the
thermoelectric figure of merit. Only when the thermal con-
ductivity in the barriers becomes as low as that of glasses,
the thermoelectric figure of merit approaches the value
of unity.

One way to suppress the unwanted opposite heat flow
is to increase the barrier width. However, this may also
lower the thermionic efficiency, and hence reduces the
required heat transfer over the barriers from the cold
side to the hot side. This is an intrinsic dilemma. We
will overcome this problem with an entirely different ap-
proach of heat pumping, which combines the ideas of
laser cooling and thermionic cooling. We call this cool-
ing process opto-thermionic refrigeration. The carriers in
the thermionic processes are both electrons in an n-doped
semiconductor at one side and holes in a p-doped semi-
conductor at the other side. In between this pn junc-
tion, there is an undoped quantum well (QW). When
thermally excited electrons and holes are driven into the
QW by the applied bias voltage, they can recombine ra-
diatively. The so-created photons carry the thermal en-
ergy out of the system, so then release the heat outside.
We would like to point out that the idea of cooling a
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pn junction with light emission was proposed about 40
years ago [4]. To our knowledge, however, there was
no quantitative investigation of the competing effects of
cooling by radiative recombination and heating by non-
radiative recombination. In this Letter, we will study this
problem of heat pumping in a system where the domi-
nant nonradiative recombination channel is the Auger
scattering.

We consider an opto-thermionic system consisting of a
p-doped AlGaAs, an undoped AlGaAs spacer, an undoped
GaAs QW, an undoped AlGaAs spacer, and an n-doped
AlGaAs, connected in series. Under a bias voltage V,, the
energy levels are shown schematically in Fig. 1. E. and
E, are the conduction and the valence band edges in the
QW, respectively. The system is so biased that E, is above
the chemical potential wu. in the n-doped AlGaAs, while
E, is below the chemical potential u, in the p-doped
AlGaAs. Hence, only thermally excited carriers can be
driven into the empty states in the QW. Since the carriers
in the QW thermalize within a time interval of the order of
a picosecond, their energy distribution follows the thermal
equilibrium with a quasichemical potential w”. for the car-
riers in the conduction band, and a quasichemical potential
w;, for the carriers in the valence band. The band gaps of

FIG. 1. Schematic illustration of the energy levels in a
p-AlGaAs/GaAs/n-AlGaAs junction under a bias voltage V.
Shaded areas are p-doped and n-doped regions.
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the two doped AlGaAs alloys are wider than the band gap Let N, be the nonradiative recombination rate, and
of the QW, and so there is no reabsorption of photons when WA(q) the probability of emitting a photon with the wave
they are emitted from the QW due to the recombination of ~ vector q and the polarization A. Under thermal equilib-
carriers. rium, the photon occupation number N(;‘ obeys the Bose-

Let J be the current under the bias V},, and Q,, the en-  Einstein  distribution N(i‘ = [exp(ﬁw(/l‘ JkgT) — 1771,
ergy carried out by photons from the QW. It is important  characterized by a temperature which may be different
to notice that the current J, which produces the dissipation ~ from the temperature of the carriers outside the QW.

heating JV, is determined not only by the radiative recom- However, such a possible difference is not crucial to
bination, but also by the nonradiative processes. If the total our analysis and we will ignore it. We also assume the
heat same temperature throughout the entire junction system,
which is reasonable for typical heat conductance in semi-

Q=JVy — Qpn (D conductors. Let AN&‘ be the nonequilibrium part of the

photon momentum distribution function, and so the total
released from the system is negative, then, the  photon occupation number is Né‘ + AN&‘. By defining
opto-thermionic refrigeration can be realized. eVy = put — ut and F(Vy) =1 — exp(—eV, /ksT),
| we can rewrite (1) as

0 = F(V) [evanr = D (hwy = eVy) W@ (Vg + 1)} = D (hwy = eV, WH@AN,

q,A q,A
hw) — eV,
[ - oMY 2
[ exp( kT @)
The above equation is very general, and we must |
specify our system in order to be able to calculate Q. sible. Therefore, it is desired to introduce an undoped high

Both the rate of thermionic injection of carriers into the  quality GaAs QW between the two AlGaAs alloys. In
QW and the rate of recombination of carriers in the QW this structure the radiative recombination is mainly due to
are important to our theoretical analysis. We will first  the direct band-to-band transitions, while the nonradiative
consider the case that thermionic injection of carriers into  recombination is determined by the Auger processes [5].
the QW is sufficiently fast that the carrier recombination [t is well known that due to the momentum conservation
rate plays the primary role in determining the dynamical ~ among the interacting carriers, the Auger recombination
processes in the QW. Let I, = A*T*exp(—U,/kgT) be  in a bulk semiconductor has an energy threshold [5]. In a
the Richardson current over the barrier from the I’l-dOped quantum Well’ carriers are confined along the growth di-
AlGaAs into the QW, and I, the over the barrier current  rection, and so the corresponding momentum conservation
in the opposite direction, where the barrier height U,  requirement is removed. This gives rise to the so-called
is indicated in Fig. 1. Then, J = Iz, — Iz,. We  thresholdless and quasithreshold Auger processes [6,7].
define Slmllarly IE:p and IEP for the Richardson current Consequently’ as a QW gets narrower, the Auger recom-
between the QW and the p-doped AlGaAs. We are  bination rate increases. Hence, for our opto-thermionic
interested in the situation that both I, and I, are much  cooler, we need a wider QW. In a GaAs the main contri-
larger than J. We will show later that this situation canbe  bution to the Auger recombination comes from the colli-
easily achieved. Then, . — u; = kgTJ/Ig, < kT sion processes with the excitation of a hole to the split-off

and w; — m, = kgTJ/Ig, < kgT. Hence, in our  valence band [5], the so-called CHHS (conduction, hole,
calculation below we can neglect the difference between  hole, split-off) process. In Ref. [6] a condition is given

Me (or py) and pe (or py). under which the Auger recombination effect in a QW is

For the QW we choose the semiconductor with a suffi-  almost the same as that in a bulk semiconductor. For
ciently wide gap E, such that under the bias voltage Vj,,  the CHHS contribution mentioned above, we found that
we have E, = eV}, = eV}, > kgT. This condition is sat-  at room temperature this condition is satisfied if the width

isfied with a GaAs QW under room temperatures. In this [, of the QW is wider than 1000 A. The Auger coefficient
case, F(V) = 1. In our opto-thermionic refrigeration, the  for bulk GaAs can then be used in our study. In such a
relevant photon energy szé is of the order of E,. Hence,  wide QW at room temperature, we can also neglect the
we have Né = (. Here we will study a photon system electron-hole recombination via the exciton states, which
under thermal equilibrium, for which AN& vanishes. The  can be important for narrower QW at lower temperatures
effect of nonequilibrium processes will be discussed later. ~ [8]. Furthermore, in our calculation the spatial confine-

In order to increase the cooling power, it is necessary  ment effects are ignored because the thermal energy kg7 is

to suppress the nonradiative recombination. In the re-  larger than the quantization energies of electron subbands
gion where the electron-hole recombination occurs, there  and hole subbands. Consequently, the radiative recombi-
should be as few deep traps and charged impurities as pos-  nation theory for bulk semiconductors can be applied.
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The details of band-to-band radiative recombination can
be found in Ref. [9], and we will use these results to
complete our calculation. Let m., my,, and my, be the
effective masses in the conduction band, the light hole

3kpT

band, and the heavy hole band, respectively. We define
Min = mcmlél/z(mc ) ’2"lh)s Minn = mempp/(me + mp),
and u = (,u”{ + wi )32 Then, (2) can be rewritten
as

0 = eVyN, — |:(Eg —eVy) + (2Eg —eVy)
4E,

where my is the electronic mass, /€. the refraction index,
and P,., the momentum matrix element for electron tran-
sitions between the conduction and the valence bands.

We have used the GaAs material parameters to calcu-
late Q from (3) at T = 300 K, assuming equal density n
of electrons and of holes in the QW. Then, the Auger
recombination rate can be expressed as N, = Lyn? [5].
The calculated value [10] of the Auger coefficient y for
bulk GaAs is y = 5 X 1073 cm®/sec. The experiment
at room temperature [11] gives a higher value y = 6 X
102, However, in the measurement it is difficult to sepa-
rate the contribution from the intrinsic band-to-band transi-
tions and the contribution from the impurity assisted Auger
recombination [5]. Therefore, in Fig. 2 we present our cal-
culated Q for three cases: a strong Auger recombination
with y = 4 X 107 cm%/sec, a medium Auger recom-
bination with ¥y = 1072 ¢cm®/sec, and a weak Auger re-
combination with y = 4 X 1073 ¢cm®/sec. In the region
of E,-eV; where the system exhibits a maximum cooling
rate, the carrier concentration is around 5 X 107 cm™3.
For such a value of carrier concentration, the Auger re-
combination is the major nonradiative recombination pro-
cess. The cooling rate is very sensitive to the value of
Auger coefficients. Nevertheless, even at a large y =
4 X 1072 cm®/sec, the cooling rate can still reach about
2 W/cm?. We would like to point out that it is possible
to have a phonon assisted and Auger assisted radiative re-
combination which can contribute an additional heating.
However, in high quality samples such a heating effect is
negligibly small.

Y=4x10""

_25 I I I I I I I
0 02 04 06 08 1 12 14

Eg—eVb (100 meV)

FIG. 2. Heat released from the system, Q, as a function of
E,-eV), for various Auger coefficient y = 4 X 1072, 107,
and 4 X 1073 cm®/sec.
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In our above calculations we have assumed that the cur-
rent J is much less than the Richardson current I, =
A*T?exp(—U,/kgT). This imposes a condition on the
barrier height U, and/or the carrier density in the QW. We
will perform a quantitative check on this condition. Under
a bias to yield Eg-eV;, = 50 meV, the recombination cur-
rent J is about 100 A/cm?. In an n-doped AlGaAs, the
Richardson constant A* 8 A/Kcm?. Hence, for a barrier
height U;, = 0.2 eV, at room temperature the Richardson
current I, is about 350 A/ cm?, which is more than three
times J.

So far we have studied the photon system under ther-
mal equilibrium, for which the second term in (2) does not
contribute to the cooling power Q. When U, increases
to a sufficiently large value, the difference between V-V
becomes comparable with k3T, and we can reach the situa-
tion eV, > E, > eV),. For those photons with energies
szé‘ between eV, and E, the second term in (2) will make
O more negative if AN(’I‘ is finite. Therefore, nonequilib-
rium photons can provide additional cooling power, which
increases with the nonequilibrium photon occupation num-
ber AN(;‘. This number can be enhanced by the use of
a properly designed microcavity which reflects the light
with frequencies in the range eV, /i < wq < eV} /. The
photons with energies hwé‘ > eV}, will be released from
the microcavity. In this Letter, we will not study such
processes.

To close this Letter, we should mention that the nonra-
diative Auger recombination can be suppressed by the spe-
cial design of a heterojunction, such as a QW with type-II
band offset [12]. It would be interesting to find out the
cooling power of such heterostructures.
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