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We have examined the theory of optothermionic refrigeration combining the ideas of laser cooling
and thermionic cooling [Mal’shukov and Chao, Phys. Rev. Lett. 86, 5570 (2001)] and its estimation
on thermal energy extraction by using self-consistent calculations with the drift-diffusion model in
this paper. Both the Auger and the Shockley-Read-Hall dissipation processes are considered. For
GaAs/AlGaAs systems with various impurity concentrations and different widths of quantum well,
it is found that the optothermionic cooler can extract thermal energy at a rate as much as 10 W/cm?.
The information to perform optothermionic refrigeration in real devices have also been provided.

© 2006 American Institute of Physics. [DOI: 10.1063/1.2188249]

I. INTRODUCTION

In a thermoelectric device, there exist both electric cur-
rent and heat flow. While a spatial temperature gradient gen-
erates the useful electron current, the heat flow always tends
to reduce the required temperature difference. The thermo-
electric current and the heat backflow are the two key issues
in the study of thermoelectric efficiency.

Because the dynamics of charge carriers, i.e., electrons
or holes, is sensitive to electric field and magnetic field, it is
easier to manipulate charge carriers than to manipulate
phonons in a thermoelectric system. Consequently, the re-
search and development of thermoelectricity have been fo-
cused on the electron subsystem. The early calculations of
Ioffe, using a free electron gas model, suggested the doped
semiconductors as the most favorable thermoelectric materi-
als. However, the motion of electrons in a thermoelectric
process is a diffusive transport due to various types of scat-
tering. Hence, mechanisms and structures are needed in order
to further improve the thermoelectric efficiency.

To go beyond the diffusive transport of electrons, one
has to consider the ballistic motion, which was noticed by
Thomas Edison in 1883 in connection with the thermal emis-
sion of electrons. Since Mahan proposed the thermionic re-
frigeration in a system with a vacuum gap between parallel
metal electrodes,’ various types of thermionic cooling de-
vices have been proposed.%9 One basic problem in thermi-
onic systems is the charge accumulation. Although attempts
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have been made to overcome this problem,lo_12 the expected

efficiency of the thermionic devices has never been achieved.

Improving the intrinsic thermionic efficiency will only
solve one problem of thermionic refrigeration. For a typical
value of semiconductor thermal conductivity, when ther-
mally excited carriers transfer heat from the cold region to
the hot region, the opposite heat flow due to the lattice heat
conduction tends to reduce the temperature difference. So,
another approach is the fast extraction of heat from the sys-
tem to be cooled. In conventional thermoelectric and/or ther-
mionic coolers, if both electrons and holes participate in the
transport process, they are separated spatially. A few years
ago the optothermionic cooler was proposed,13 which con-
sisted of a narrow quantum well embedded in the middle of
a pn junction. Electrons in the n-doped region and holes in
the p-doped region are thermally excited into the quantum
well, where they can recombine to emit light. Thus, the pho-
tons are mediums to extract the heat from the system. In this
theory, the ideas of thermionic cooling and traditional laser
cooling are combined to extract the thermionic heat from the
system. So this method is called as optothermionic refrigera-
tion. As pointed out in Ref. 13 the idea of cooling a pn
junction with light emission was proposed about 40 years
ago but has never been realized.

The optothermionic refrigerating system proposed in
Ref. 13 has the typical heterostructure p-AlGaAs/AlGaAs/
GaAs/AlGaAs/n-AlGaAs with 30% aluminum in the Al-
GaAs alloy. The impurity concentration is 10'® cm= for both
the p-AlGaAs and the n-AlGaAs. The band-edge profile of
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FIG. 1. The band-edge profile of a p-AlGaAs/AlGaAs/GaAs/AlGaAs/
n-AlGaAs heterojunction with no bias (V=0) applied across the entire sys-
tem between points x,; and —x,. From region I to region V, the materials are
p-AlGaAs, AlGaAs, GaAs, AlGaAs, and n-AlGaAs.

the system with no bias (V=0) applied is shown in Fig. 1.
Region I is the p-AlGaAs and region V is the n-AlGaAs.
Between the two regions II and IV of undoped AlGaAs lies
the wide GaAs quantum well. When an electric current J
flows through the system under a finite applied bias V, ac-
companying with the dissipation heat JV, an amount of ra-
diation energy Q,,q is emitted from the GaAs quantum well.
If O,.q is larger than JV, the central region of the heterostruc-
ture is cooled down. Including the Auger recombination as
the only nonradiative process, the energy difference Q
=Qaqa—JV, which is called as the refrigeration heat in this
paper, was analyzed and estimated in Ref. 13. There it was
shown that optothermionic cooling can be realized with
proper choice of heterostructures.

In the semiquantitative analysis of Ref. 13, electrons and
holes are assumed to be distributed uniformly in the quantum
well. In such ideal systems, the optothermionic refrigeration
can be achieved in a finite range of bias voltage, and the
calculated cooling rate is at least several W/cm?. However,
in a real system, both the carriers’ transport process and re-
combination process are affected seriously by various fac-
tors, resulting in the nonuniform distribution of carriers.
Thus for practical applications, we have calculated the opto-
thermionic refrigeration self-consistently in this work.

In the present work the drift-diffusion model*™" is used
to perform a self-consistent study on the refrigeration heat Q.
Besides the radiative recombination, the Auger recombina-
tion and the Shockley-Read-Hall (SRH) recombination are
also taken into account. The carrier distributions are calcu-
lated self-consistently with various bias voltages. This paper
is organized as follows. The self-consistent scheme will be
introduced in Sec. II. The recombination processes appearing
in the set of self-consistent equations will be analyzed in Sec.
III. Based on these self-consistent mathematical formulas,
the optothermionic cooling phenomenon will be presented in
Sec. IV, with numerical results for various impurity concen-
trations as well as different widths of the quantum well. For
simplicity, the effect of the heat flow due to the lattice heat
conduction is not considered in the present work. In Sec. V,
we will discuss the conditions for realistic experiments on
optothermionic refrigeration.
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Il. SELF-CONSISTENT ANALYSIS

There exist several numerical methods for analyzing the
carrier transport in semiconductor heterostructures. Since in
our system only thermally excited carriers can be driven into
the quantum well, the suitable approach for this problem is to
apply the drift-diffusion model'*™" to each of the five re-
gions shown in Fig. 1. Then, the Richardson current bound-
ary condition" is imposed on the carrier transport across
each of the interfaces at x=—x,, and x=x,,.

To formulate a general analysis, let N, be the ionized
acceptor density in region I and N}, the ionized donor density
in region V. Throughout the entire system, p(x) and u, [or
n(x) and w,,] are the hole (or electron) density and mobility,
respectively. Under the steady state, the electrostatic poten-
tial ¢(x) and the recombination rate R(x) satisfy the coupled
equations

d2
_ i(zx) = g[p(x) —n(x) =N, +Np],
&n(x)  de(x) dn(x) &)
G S =R,
& deé(x) d, d*

where ¢ is the electron charge, € the dielectric permittivity,
D,, the electron diffusion coefficient, and D, the hole diffu-
sion coefficient. In the next section we will investigate in
detail the recombination rate R(x).

The current flowing across the interfaces at x=-x,, and
x=ux,, is of the thermionic nature. Therefore, we should apply
the Richardson current boundary conditions' to these inter-
faces. Let us express the relevant effective Richardson con-
stants of electrons and holes as18 POAT =gm K127,
A, =qm_ kg2 H, A, _=qm,_ky/2mH3, “and A,
=qm,, k2/ 27727& with the correspondlng electron (or hole)
effectlve masses m,,_and m,, (or m,_and m,,) in GaAs and
AlGaAs, respectlvely. Then the electron current J,(x,,) at x
=x,, and the hole current J,(~x,,) at x=—x,, can be written as

" E, -E}
Jn(xw) = A+eT2 exp(_ u)
ksT

« E' - E;
-AT* exp(— “]'C T ”), (2)
B

. E, -E,
o= ol B
kgT

Ef -E,
—f”—> 3)

A5 Te (—
P\ T T

where the eight energies E., and E3, are indicated in Fig. 1.
Ef, and Ej, are the quasichemical potentials of conduction
band electrons at x=—x,, in region IV and region III, respec-
tively. Similarly, E+ and E;, are the quasichemical potentials
of valence band holes at x——xw in region III and region II,
respectively. To write down the exact expressions of these
quasichemical potentials, let us define n’, (or n_,) as the
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electron density at x=-x,, in regions IV and III, with the
corresponding effective density of states p., (or p_,). Then,
we find in Ref. 17 that E}, =E,, +kgT In(n,/pZ,). The simi-
lar expression for holes is Ey,=E7, +kgT In(p;,/pj,,).

The validity of the above analysis imposes two condi-
tions on the thickness x,—x,, of the spacer layers. Since we
have ignored the tunneling current through the triangle bar-
rier, x,—x,, must be longer than the carrier tunneling length
which is typically 10 nm for Al,;Gay-As alloys. By assum-
ing thermionic current over the triangle barrier, we must
have x,—x,, shorter than the carrier mean free path, which at
room temperature in Aly;Gay;As alloy is about 100 nm.*
Consequently, for our numerical calculation we have set the
spacer thickness x,—x,,=50 nm.

lll. RECOMBINATION PROCESSES

To complete the self-consistent calculation in Eq. (1), it
is very important to obtain the recombination rate R(x). The
dominating recombination processes in semiconductor,”’ the
R(x) term in Eq. (1), are the SRH recombination,** the Auger
recombination,23 and the radiative recombination.”* These
processes contribute differently in various regions of our sys-
tem shown in Fig. 1 and will be analyzed as follows.

In an AlGaAs alloy, whether doped or not, the SRH re-
combination channel is important. In terms of electron con-
centration n(x), hole concentration p(x), electron lifetime 7,,
and hole lifetime 7,, Rggyy(x) can be expressed as'

p@)n(x) - n;
Tlp(x) +n;] + Tp[”(x) +n;]’

Rggu(x) = 4)
where n; is the intrinsic carrier density and has a value of
about 1.04X 10° cm™ in our system at room temperature.
From Ref. 14, the lifetimes 7, and 7, are about 107 s.

In this quantum well, the Auger process and the radiative
process compete against each other. The band structure of
GaAs allows a large probability to transfer another hole
within the valence band with the energy released from an
electron-hole recombination. Therefore, the recombination is
mainly the so-called conduction, hole, hole, split-off (CHHS)
Auger process.13’23’25’26 The corresponding recombination
rate Rpy(x) has the form?>

Rpue(0) = Ap*(0)n(x) = p(o)n], ©)

where 7y is the Auger coefficient. In our system, the calcu-
lated value of 7y is 6.5X 1073% cm®/s.

In the quantum well the most important recombination
for the optothermionic refrigeration is the radiative
recombination.' Let E, be the GaAs energy gap, and V), the
voltage drop across the quantum well between x=-x,, and
x=x,,. Then, the radiative rate R,q(fiw}) for the photon with
wave vector k and polarization N can be written as

P
R (hw}) = P.JiotNho) - E
rad k 3\;’571'380m(2)ﬁ563 L‘Lﬁ k k 8
V, —hwl
Xexp(M» (6)
kgT

where my is the electronic mass, 7 the refraction index, c the
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speed of light, and u the electron-hole reduced effect mass.
The momentum matrix element P, for the electron transi-
tion between the conduction and the valence band is calcu-
lated as

XW . d
P.,=—ih f wv(x)awc(x)dx, (7)

with the conduction band electron wave function ¢.(x) and
the valence band hole wave function #,(x).

IV. OPTOTHERMIONIC REFRIGERATION

The optothermionic refrigeration consists of two com-
peting processes: to heat up the system by energy dissipation
within the sample and to cool down the system by removing
the energy from the sample via light emission. Since the
quantum well is made of pure GaAs and the spacer layers are
very thin, in these regions the energy dissipation due to the
SRH recombination process can be neglected. In a high qual-
ity pure semiconductor, only the band-to-band Auger recom-
bination and the direct band-to-band radiative recombination
are important.13 Consequently, when an electric current J
flows through the system, the dissipated heat can be written

as
Jv=qu

“w

[RAug(x> +2Rmd<hwa>]dx, (8)

Ak

where V is the bias voltage applied to the entire system. The
total energy carried out by photons, Q,.4, is simply

Oraa= f E ﬁwﬁRmd(ﬁwﬁ)dx. (9)
-x,, Ak

Previously we have defined the refrigeration heat as

0=0na—JV. (10)

A positive value of Q indicates an effective optothermionic
cooling. Inserting Eqgs. (8) and (9) into Eq. (10) and perform-
ing relevant integrations, we obtain

2.3
q 2 32 qVy—E )
= === | P.E.(kgT)"* ex (4
<3772\’27780m%h5c3> Felhs P kgT
15(kgT)? 3kgT
X Eg+3kBT+M—qV(1+ b )
4E, 2E,
XW
—qVJ R pyg(x)dx. (11)

Xy,

With these formulas and the GaAs/Al,3Ga,;As hetero-
structure shown in Fig. 1, we have performed a numerical
study on the optothermionic phenomenon at room tempera-
ture of 7=300 K. The necessary parameters for our calcula-
tions can be found in Refs. 14 and 21. For undoped semi-
conductor materials, the mobility of electrons is
8000 cm?/(Vs) in GaAs and 2500 cm?/(Vs) in
Al ;Gay,As, while that of holes is 400 cm?/(V s) in GaAs
and 150 cm?/(V s) in Aly;Ga,y;As. For the highly doped
(about 10'® cm™3) Al ;Ga, ;As, the electron mobility is taken
as 800 cm?/(V s) and that of holes is taken as 75 cm?/(V s).
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FIG. 2. Refrigeration heat as a function of E,~qV,, for different impurity
concentrations marked next to the corresponding curves. The width of the
quantum well is 100 nm.

The electron diffusion coefficient D, and the hole diffusion
coefficient D, are calculated with D,=kgTu,/q and D,
=kgTw,!q.

We have set x,,=50 nm, x;=100 nm, and x,=200 nm to
specify the layer thickness in Fig. 1. To make it easier to
present our numerical results, in our calculations we have
used the same donor concentration and acceptor concentra-
tion, which we call the impurity concentration Ny, For a
given Nj,,, we have calculated the refrigeration heat Q as a
function of the applied bias voltage V. However, we will first
analyze Q as a function of E,—qV,, where V;, is the bias on
the well and is derived from the corresponding V. The result
is shown in Fig. 2 for various values of Nj,. In the region of
large values of E,—gV,, Q drops exponentially as predicted
in Eq. (11).

For a given value of Nj,,, O has a maximum value
Omax(Nimp)- As N, gets larger, this peak value Qax(Nimp)
first increases and then decreases. To find out the origin of
such a behavior, we plot in Fig. 3 the electron spatial density
n(x) and the hole spatial density p(x) corresponding to
Omax(Nimp) for Nipy=1.2X 10" cm™ (dashed curves), 1.6

X 10" cm™ (solid curves), and 2.0X10' cm™ (dotted
curves). We notice that the carrier densities have smallest
values for Njp,=1.2X 10" cm™ and have largest spatial po-
larization for Njy,,=2.0X10'8 cm™. Both of these can re-
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FIG. 3. Spatial distribution of electron and hole density for the impurity
concentrations Ny, =1.2X 10" cm™ (dashed curves), 1.6 X 10" cm™ (solid
curves), and 2.0 10'® cm™ (dotted curves). The width of the quantum well

is 100 nm.
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FIG. 4. Refrigeration heat as a function of E,—gV), for quantum well widths
of 100 nm (dotted curve) and 150 nm (solid curve) with the same impurity
concentration of 1.2 10'® cm™.

duce the radiative recombination rate. Therefore, the high
radiative recombination rate for Niy,=1.6 X 10" cm™ yields
its largest value of Qpu(Nimy)-

Since Qpax(Nimp) depends on the carrier spatial distribu-
tions n(x) and p(x), we expect to observe the dependence of
Q on the quantum well width 2x,,. We have performed simi-
lar calculation for two wells with widths 2x,=100 nm and
2x,,=150 nm with the same impurity concentration Njp,
=1.2X 10" cm™. The calculated Q is shown in Fig. 4, and
the corresponding spatial distribution of carrier density in
Fig. 5. In the wider quantum well, the carrier densities are
reduced and the spatial distribution of carriers is polarized,
thus the refrigeration heat Q for the wider quantum well is
much smaller than that of the narrower quantum well.

It should be noticed that the width of the well should not
be decreased infinitely for a realistic system because the
model of the bulk Auger recombination will not be right with
the width less than a threshold value (about 100 nm for
GaAs). In that case, we will have to use thresholdless or
quasithreshold model of Auger proce:ss,13’25’26 in which the
Auger recombination rate will be much larger than that of

bulk model.

V. SUMMARY

Even though the optothermionic theory13 gave an esti-
mate of the value of the refrigeration heat Q, the conditions
under which this theory is valid have been uncertain. In the
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FIG. 5. Spatial distribution of electron and hole density for quantum well
widths of 100 nm (dotted curve) and 150 nm (solid curve) with the same
impurity concentration of 1.2 10'8 cm™.
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FIG. 6. Refrigeration heat as a function of voltage for quantum well widths
of 100 nm (dotted curve) and 150 nm (solid curve) with the same impurity
concentration of 1.2 10'® ¢cm™.

present work, we have given a detailed analysis with a reli-
able self-consistent numerical method and confirmed the pre-
diction of the optothermionic theory. From our calculation,
the refrigeration heat not only changes with doping density,
applied bias voltage, but also increases with decreasing the
well width. For a well width of 100 nm, we have found that
the proper parameters to obtain the most efficient refrigera-
tion are doping density of 1.6X 10'® cm™ and bias voltage
of about 1.6 V. These results have directive meaning for re-
alizing optothermionic refrigeration. In real experiments, one
applies the bias V over the entire system. Although the plots
of O vs E,—qV, provides a better way to understand the
physical processes, as shown in Figs. 2 and 4, it will be very
informative to the experimentalists for performing their ex-
periments if we plot Q as a function of V. For this purpose,
in Fig. 6 we present the same data as in Fig. 4, but using the
applied bias V as the horizontal axis. This result indicates
that real experiments of optothermionic refrigeration can be
realized at room temperature. We should point out that in a
real device, the process of emitting recombined photons from
the system is limited by the light emitting efficiency of the
quantum well. In addition, the radiative recombination rate
in the quantum well can be reduced by the optical absorption
process. Therefore, the optothermionic refrigeration effi-
ciency in a real device will be less than that of the theoretical

J. Appl. Phys. 99, 074504 (2006)

result. So it would be interesting in further study to find out
methods for increasing the light emitting efficiency and de-
creasing the optical absorption rate.
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