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The maximum refrigeration power dependence on the doping density in the p-BaTiO3/BaTiO3/SrTiO3/BaTiO3/
n-BaTiO3 system and in the p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system is obtained respectively based
on the opto-thermionic refrigeration model. The results show that the maximum refrigeration power in the p-
BaTiO3/BaTiO3/SrTiO3/BaTiO3/n-BaTiO3 system increases dramatically with the increase of doping density
from 1.0× 1018 cm−3 to 5.0× 1019 cm−3 while that in the p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system
is nearly a constant. It is found that the different Auger coefficients and the competition between radiative
power and dissipation power lead to the different behavior of the maximum refrigeration power dependence on
the doping density of the two systems.
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As an important perovskite oxide material,
strontium titanate (SrTiO3) has been attracted
great attention.[1−3] Many heterostructures based
on SrTiO3 such as La0.8Sr0.2MnO3/Nb-doped
SrTiO3 p-n junctions, BaTiO3/SrTiO3 super-
lattices, SrTiO3/Si field effect transistors and
La0.67Sr0.33MnO3/SrTiO3/La0.67Sr0.33MnO3 tun-
nel junctions have been fabricated with atomically
smooth interfaces.[3−7] With the development of elec-
tronic and optoelectronic devices based on SrTiO3,
cooling becomes an important and new issue for this
material.
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Fig. 1. Schematic illustration of the structure of the p-
BTO/BTO/STO/BTO/n-BTO opto-thermionic refriger-
ation system.

Combining the traditional thermionic
refrigeration[8] with laser refrigeration,[9−12] opto-
thermionic refrigeration in semiconductor heterostruc-
tures has been proposed by Mal’Shukov et al.[13] Based
on this method, hot electrons and holes are emitted
into the well region by the thermionic emission pro-
cess. In the well region, these hot carriers recombine
to emit light and the heat is extracted by the pho-

tons. There exists dissipation heat resulting from all
recombination processes. When the dissipation power
𝑄dis is smaller than the light emission power 𝑄rad,
refrigeration is realized.

Although great attention has been paid to the
opto-thermionic refrigeration in the GaAs based
heterostructures,[13,14] little research work has been
carried out with the opto-thermionic refrigeration pro-
cess in the perovskite oxide heterostructures. In
this Letter, we present a detailed theoretical study
on the opto-thermionic refrigeration system of p-
BaTiO3/BaTiO3/SrTiO3/BaTiO3/n-BaTiO3. The
schematic illustration of the system is plotted in
Fig. 1. The lengths of p-doped and n-doped BaTiO3

(BTO) regions, BTO spacers and SrTiO3(STO) well
are 200 nm, 20 nm and 40 nm, respectively.

To obtain the refrigeration power, the distribution
of carrier densities is calculated based on the drift-
diffusion model. In the calculation, the Richardson
current[15] is used as the boundary condition at the
interfaces between BTO and STO. The method for
the calculation of electron and hole concentrations in
the quantum well is the same as that in the system of
p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs, which
was described in detail in our previous work.[14] The
refrigeration power 𝑄refrig is

𝑄refrig = 𝑄rad −𝑄dis

=𝐸g−well

∫︁
well

𝑅rad(𝑥)𝑑𝑥

− 𝑉bias

∫︁
well

(𝑅rad(𝑥) + 𝑅Aug(𝑥)) 𝑑𝑥, (1)

where 𝐸g−well is the band gap of STO, 𝑉bias is the
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applied bias voltage, 𝑅rad(𝑥) and 𝑅Aug(𝑥) are the ra-
diative and Auger recombination rates, respectively.
The recombination rates are written as[16,17]

𝑅rad(𝑥) = 𝐵(𝑛(𝑥)𝑝(𝑥) − 𝑛2
𝑖 ), (2)

𝑅Aug(𝑥) = 𝐶(𝑛(𝑥) + 𝑝(𝑥))(𝑛(𝑥)𝑝(𝑥) − 𝑛2
𝑖 ), (3)

with 𝐵, 𝐶, 𝑛(𝑥), 𝑝(𝑥) and 𝑛𝑖 denoting the radiative
recombination coefficient, Auger coefficient, electron
density, hole density and the intrinsic carrier density,
respectively. The parameters used in the calculation
are listed in Table 1.

Table 1. Material parameters used in the calculation
(Refs. [2,18–23]).

GaAs STO

𝐸g−well (eV) 1.42 3.2
Radiative coefficient (cm3s−1) 1.9× 10−10 1.0× 10−11

Auger coefficient (cm6s−1) 3.0× 10−30 1.7× 10−32

Electron mobility (cmV−1s−1) 8000 33
Hole mobility (cmV−1s−1) 400 10

Based on the opto-thermionic model, the refrig-
eration power dependence on the bias voltage in the
heterostructures of p-BTO/BTO/STO/BTO/n-BTO
and p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs is
obtained, respectively. The maximum refrigeration
power 𝑄max in both the heterostructures is at 𝑉max =
3.06 V and 𝑉max = 1.36 V, respectively.
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Fig. 2. The maximum refrigeration power versus the
doping density for (a) the p-BTO/BTO/STO/BTO/n-
BTO system at 𝑉max = 3.06V and for (b) the
p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system at
𝑉max = 1.36V, respectively.

The maximum refrigeration power 𝑄max versus the
doping density for the p-BTO/BTO/STO/BTO/n-
BTO and the p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-
AlGaAs system is plotted in Fig. 2, respectively. The
donor density in the n-doped region is set to be equal
to the acceptor density in the p-doped region for sim-
plicity, which is 𝑁donor = 𝑁acceptor = 𝑁imp.

As shown in Fig. 2, the maximum refrigera-
tion power 𝑄max in the p-BTO/BTO/STO/BTO/n-
BTO system increases from 22.96 W cm−2 to

33.40 W cm−2 with the doping density 𝑁imp in-
creasing from 1.0 × 1018 cm−3 to 5.0 × 1019 cm−3.
In the p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs
system, 𝑄max increases from 2.08 W cm−2 to
2.09 W cm−2 with the increase of the doping den-
sity from 1.0 × 1018 cm−3 to 5.0 × 1019 cm−3. It
is clearly seen that the maximum refrigeration
power 𝑄max in the p-BTO/BTO/STO/BTO/n-
BTO system increases nearly 50% while in the p-
AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system it
varies slightly with the doping density 𝑁imp increasing
from 1.0 × 1018 cm−3 to 5.0 × 1019 cm−3.
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Fig. 3. Spatial distribution of electron and hole densi-
ties in the well region with 𝑁imp = 1.0 × 1018 cm−3,
7.0 × 1018 cm−3, and 5.0 × 1019 cm−3 for (a) the p-
BTO/BTO/STO/BTO/n-BTO system at 𝑉max = 3.06V
and for (b) the p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-
AlGaAs system at 𝑉max = 1.36V, respectively. 𝐿𝑊 de-
notes the width of the well region.

To explain the different behavior of the maxi-
mum refrigeration power dependence on the dop-
ing density in the two systems, the spatial dis-
tribution of carriers in the well region with
𝑁imp = 1.0 × 1018 cm−3, 7.0 × 1018 cm−3 and
5.0 × 1019 cm−3 for the p-BTO/BTO/STO/BTO/n-
BTO system at 𝑉max (3.06 V) and for the p-
AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system
at 𝑉max (1.36 V) is plotted in Figs. 3(a) and 3(b),
respectively. As shown in this figure, the carrier den-
sities in the well region increases with the increase of
the doping density at 𝑉max.

The radiative power and the dissipa-
tion power versus the doping density in
the p-BTO/BTO/STO/BTO/n-BTO system at
𝑉max(3.06 V) and the p-AlGaAs/AlGaAs/GaAs/
AlGaAs/n-AlGaAs system at 𝑉max(1.36 V) are plot-
ted in Figs. 4(a) and 4(b), respectively. It can
be seen that in the p-BTO/BTO/STO/BTO/n-
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BTO system the radiative power and the dissi-
pation power increase dramatically with the in-
crease of the doping density while in the p-
AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs opto-
thermionic system they are nearly constants. This
should be the reason that the maximum refrigera-
tion power 𝑄max in the p-BTO/BTO/STO/BTO/n-
BTO system increases nearly 50% and that in the
p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system
varies slightly with the doping density increase. From
Eqs. (2) and (3), it can be seen that the Auger recom-
bination rate is more sensitive to the carrier densities
than the radiative recombination rate. Therefore, in
the p-BTO/BTO/STO/BTO/n-BTO system, due to
the small Auger coefficient of STO, the increasing
rate of 𝑄rad is much larger than that of 𝑄dis with the
doping density 𝑁imp increasing from 1.0 × 1018 cm−3

to 5.0 × 1019 cm−3. On the other hand, in the p-
AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system,
owing to the large Auger coefficient of GaAs, the in-
creasing rate of 𝑄rad is nearly the same as that of
𝑄dis with the increase of the doping density 𝑁imp

from 1.0× 1018 cm−3 to 5.0× 1019 cm−3. The compe-
tition between radiative power and dissipation power
results in the small increase of the maximum refrig-
eration power. In conclusion, the different behavior
of the maximum opto-thermionic refrigeration power
dependence on the doping density of the two systems
is due to the different Auger coefficients of the two
systems and the competition between radiative power
and dissipation power.
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Fig. 4. Radiative power and dissipation power versus
the doping density in (a) the p-BTO/BTO/STO/BTO/n-
BTO system at 𝑉max = 3.06V and in (b) the
p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system at
𝑉max = 1.36V, respectively.

In summary, the maximum refrigeration power

dependence on the doping density is obtained
in the p-BTO/BTO/STO/BTO/n-BTO and the
p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs sys-
tems, respectively. It is found that the refrig-
eration power in the p-BTO/BTO/STO/BTO/n-
BTO system is much larger than that in the
p-AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs sys-
tem. The maximum refrigeration power in
the p-BTO/BTO/STO/BTO/n-BTO system in-
creases more than 10 W cm−2 while that in the p-
AlGaAs/AlGaAs/GaAs/AlGaAs/n-AlGaAs system
is nearly a constant with the doping density increas-
ing from 1.0 × 1018 cm−3 to 5.0 × 1019 cm−3. It is
found that the different Auger coefficients and the
competition between radiative power and dissipation
power lead to the different behavior of the maximum
refrigeration power dependence on the doping density
of the two systems.

At the end of study, we should mention that the
oxygen vacancy of perovskite oxides should play an
important role in opto-thermionic refrigeration. Fur-
ther study on the refrigeration power including the
nonradiative recombination resulting from the oxygen
vacancy is expected, as well as experimental investi-
gations.
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S 2003 J.Appl. Phys.94 5976

[3] Yang G Z, Lu H B, Chen F, Zhao T and Chen Z H 2001
J. Crystal Growth 227–228 929

[4] Wang C C, Liu G Z, He M and Lu H B 2008
Appl. Phys. Lett. 92 052905

[5] Wang N, Lu H B et al 1999 Appl. Phys. Lett. 75 3464
[6] Eisenbeiser K et al 2000 Appl. Phys. Lett. 76 1324
[7] Wertz E T and Li Q 2007 Appl. Phys. Lett. 90 142506
[8] Mahan G D 1994 J.Appl. Phys.76 1362
[9] Pringsheim P 1929 Z.Phys. 57 739

[10] Jia Y H, Zhong B, Ji X M and Yin J P 2008
Chin. Phys. Lett. 25 85

[11] Ding K and Zeng Y P 2008 Chin. Phys. Lett. 25 1878
[12] Jia Y H et al 2008 Chin. Phys. Lett. 25 3779
[13] Mal’shukov A G and Chao K A 2001 Phys. Rev. Lett. 86

5570
[14] Han P, Jin K J et al 2006 J.Appl. Phys. 99 074504
[15] Horio K and Yanai H 1990 IEEE Trans. Electron Devices

37 1093
[16] Sze S M 1981 Physics of Semiconductor Devices (New York:

Wiley)
[17] Abakumov V N, Perel V I and Yassievich I N 1991 Non-

radiative Recombination in Semiconductors (Amsterdam:
North-Holland)
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