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Theoretical study on the transport property of p-Si/n-SrTiO5_;
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The transport property of p-Si/n-SrTiO;_s heterojunction has been obtained self-consistently with
the drift-diffusion model at the temperature range from 200 to 300 K by applying Richardson
current at the interface. The band structures, electric field intensities, and carrier distributions at
various bias voltages or temperatures are obtained from our calculation. Furthermore, the evolution
of the I-V behavior with the temperature is also obtained theoretically. From the good agreement
between our calculated results and the experimental data, we can conclude that the rectification
property in the perovskite-silicon p-n junction is owing to the drift-diffusion mechanism and the
transport property of Si substrate significantly contributes to the almost linear characteristic of the
I-V curves. © 2008 American Institute of Physics. [DOI: 10.1063/1.2890151]

I. INTRODUCTION

Since the high-7, superconduction and colossal magne-
toresistance were observed in the perovskite oxide,1 much
attention has been focused on the novel properties such as
ferroelectric, dielectric, ferromagnetic, and superconduction
in the perovskite oxides. Owing to these superior properties,
the perovskite oxides have been used in many application
fields.” To combine these excellent properties in the mono-
lithic configuration and to fabricate the oxide intelligent de-
vices, the all-oxide magnetic tunnel junction, p-n junctions,
field-effect transistors, and superlattices have been studied by
many groups.Sf11 Among them, the perovskite-silicon de-
vices, which combine the novel properties of perovskite ox-
ide with the traditional silicon based intelligence, are with
great potential application for the next generation of oxide
electronics.

As an important perovskite oxide, strontium titanate
(SrTiOj3), which has a high dielectric constant at room tem-
perature, has been expected to work as the dielectric capaci-
tor in the next generation for dynamic random access memo-
ries (DRAM) in very large scale integrated devices.'*" To
integrate the SrTiO; DRAM with the Si-based intelligent de-
vices, the excellent p-Si/n-SrTiO5_s heterojunction has been
fabricated by using the laser molecular-beam epitaxy.14 In
their work, the I-V curves of the p-Si/n-SrTiOs_s hetero-
junction show rectification property and almost linear char-
acteristic in bias larger than the threshold value at the tem-
perature range from 200 to 300 K. The slope of the I-V
curves becomes steeper with the increase of the temperature.

Though the transport property of perovskite-Si hetero-
junction has been obtained experimentally, the transport
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mechanism of such a perovskite-silicon p-n junction still re-
main unclear. To reveal the mechanism of the transport prop-
erty in the silicon based oxide heterojunction, we perform a
numerical analysis based on self-consistent calculation of
Poisson equation, drift-diffusion formula, and Richardson
model" in this work. Furthermore, owing to the much larger
resistance of the thick substrate of Si than that of SrTiO5_g,
the resistance of the substrate cannot be ignored anymore,
which was the case in the system of p-type In-doped and
n-type Nb-doped SrTiO; homogeneous p-n junction.16 So
the resistance of the substrate of Si will be also considered as
a series resistance here. The good agreement between the
measured and calculated I-V curves proves that the drift-
diffusion model can be employed to analyze the rectification
property and the threshold voltages in the system of
perovskite-Si p-n junction. Furthermore, the transport prop-
erty of Si substrate plays an important role for the almost
linear I-V curves of the Si/SrTiO5_s heterojunction.

Il. MODEL AND METHOD

In this paper, the transport process in the Si/SrTiO;_s
junction is analyzed on the basis of drift-diffusion model,
Poisson equation, carrier continuity equations, and Richard-
son current at the interface of the p-n junction.15 The elec-
trostatic potential ¢(x), the concentrations of electrons 7n(x)
and holes p(x) are obtained by solving the coupled current
continuity and Poisson equations self—consistently.16

In this p-n junction, the high density defect states are
assumed to be in the band gaps of the p-doped silicon and
the n-SrTiO5_g, thus the so-called Shockley—Read—Hall pro-
cess dominates the recombination process.17 The recombina-
tion rate is given as
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where 7, and 7,, denote the excess minority carrier hole and
electron lifetime, respectively, n; is the intrinsic carrier con-
centration, kp is the Boltzmann constant, 7 denotes the tem-
perature, E, is the energy of trapping centers, and E; is the
intrinsic Fermi level.

Expressions for J,(x) and J,,(x) in the homogenerous re-
gions are given, respectively, by

J(x) = = qu,n(x) d‘:;(X) + kBTMn—dn(x) : (2)
X dx
do(x d
Jp(x) == qu,p(x) Q;i ) —kgT, ZSC) , (3)

with w, and w, denoting the mobility of electron and hole,
respectively. The current density J,(x;) and J,(x;) across the
interface of the heterojunction x; are given by'5
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where A:(A:;), Aj_(AZ_), are the Richardson constants of
electron (hole) in the right and left sides of the heterojunc-
tion, respectively, E;r and £ are the bottom of conduction
band in the n-region and the top of valence band in the
p-region, respectively, and Ef, (E},) and E}, (E7) are the qua-
sichemical potentials of conduction band electrons (valence
band holes) in the right and left sides of the heterojunction,
respectively.

The boundary conditions of Poisson equation are set to
be 0 and V-V, at the p and n sides far away from the space
charge region, where V,; and Vy;,, denote the built-in poten-
tial and the applied bias voltage, respectively. The boundary
conditions for the concentration of hole and electron at the p
side are N, and n;(0)?/N,, respectively. n;(0) is the intrinsic
concentration at x=0. N, and n;(L)?>/N, denote the concen-
trations of electron and hole at the boundary of n side, re-
spectively, where n,(L) is the intrinsic concentration in the n
region.

Due to the large resistance of the substrate of Si in the
p-n junction, the resistance of the substrate cannot be ig-
nored in the calculation. So the total resistance of the p-n
junction should be the sum of the junction resistance and the

E,—Ei”’ W

resistance of the substrate. The former is calculated with the
drift-diffusion model and the latter is obtained from the ex-
perimental data."

lll. RESULTS AND DISCUSSION

On the basis of the drift-diffusion model, the energy
band diagrams at the bias of 0, =0.5 V are given in Fig. 1.
The space charge region located mostly at the p region of Si
as a result of the large concentration of SrTiO;_s which is
taken as 5.0 10" cm™ while the concentration of Si 1.5
% 10" cm™ from the Hall effect measurement (Table 1).!*

The distributions of electric field intensity under zero,
positive (0.5 V), and reverse (—0.5 V) bias are given in Fig.
2, respectively. As shown in this figure, the electric field
intensity under the positive bias is smaller than that with zero
bias, while under the reverse bias it is larger than that with-
out bias voltage. The distribution of carriers with various
temperatures at 200, 250, and 300 K are plotted in Fig. 3,
respectively. In this figure, the minority carrier density in-
creases with the increasing temperatures due to the effect of
thermal excitation.

The calculated /-V curves based on the drift-diffusion
model at the temperature range from 200 to 300 K are
shown in Fig. 4(a). It can be seen that the rectification prop-
erty has been obtained, but the theoretical current increases
nearly exponentially with the bias voltage above the thresh-
old voltage, while the measured currents shown in Fig. 4(b)
increase nearly linearly with the increase of the forward bias.
Comparing Fig. 4(a) with 4(b), there is a discrepancy be-
tween the calculated and experimental results. As mentioned
above, the resistance of the substrate is large enough com-
paring with the junction resistance. To study the effect of
resistance of the substrate on the transport process, the resis-
tance of the substrate of Si is considered as a series resis-
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FIG. 1. (Color online) Energy-band diagrams of Si/SrTiO;_; at the tem-
perature of 300 K under +0.5, 0, and —0.5 V on the basis of drift-diffusion
model. The space charge region is plotted in vertical lines.
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TABLE I. The material parameters used in the calculation.

Si SITiO;_s
Dielectric constant (&) 11.9* 300°
Electron mobility (cm?/V s) 13507 33¢
Hole mobility (cm?/V s) 500" 6
Band gap (eV) 1.12* 2.8¢
Electron affinity (eV) 4.05% 4.05°
Electron lifetime (s) 1.3x107% 1077
Bottom of the conduction band (eV) -4.05 -4.05
Top of the valence band (eV) -5.17 -6.85

“Parameters taken from Ref. 19.
®Parameter taken from Ref. 7.

“Parameter taken from Ref. 18.
dparameter taken from Ref. 20.
“Parameter taken from Ref. 21.

tance in the calculation. The temperature dependence on the
substrate resistance of Si obtained from the measurement is
represented in Fig. 5. The surface area of the substrate is
10X 10 mm?, and the thickness of it is 1 mm. It can be seen
that with the increase of temperature, the resistance of the
substrate decreases rapidly. Figure 4(c) shows the calculated
I-V curves at the temperature range from 200 to 300 K by
taking into account the effects of the substrate resistance
within the drift-diffusion calculation. It can be seen that the
theoretical I-V curves in Fig. 4(c) agree much better with the
experimental ones in Fig. 4(b). This result demonstrates that
the rectification property of the Si/SrTiOs_g p-n junction is
mainly due to the drift-diffusion process and the almost lin-
ear I-V curve is caused by the transport property of Si sub-
strate. In addition, the increase of forward current with in-
creasing temperatures is mainly contributed by the
temperature property of the resistance of Si substrate.

IV. SUMMARY

In summery, the band structures, electric field intensities
and carrier densities of perovskite oxide/Si p-n junction over
a range of temperature from 200 to 300 K have been ob-
tained self-consistently by taking into account the contribu-
tion of the Si substrate. The good agreement between the
calculated and experimental results of I-V curves demon-
strates that the rectification property in the perovskite-silicon
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FIG. 2. (Color online) Distributions of electric field intensity in space
charge region at various applied bias voltages at the temperature of 300 K of
Si/S1rTiO5_s heterojunction. The interface of the heterojunction is shown in
vertical dotted line.
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FIG. 3. (Color online) The distributions of the carrier concentrations of
p-Si/n-SrTiO5_g junction at zero bias at the temperature of 200, 250, and
300 K, respectively. The vertical dotted line denotes the interface of the p-n
junction.

p-n junction is owing to the drift-diffusion mechanism and
the transport property of Si substrate significantly contributes
to the almost linear I-V characteristics of the junction. We
believe that the present method should be useful to predict
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FIG. 4. (Color online) (a)The calculated -V curves of Si/SrTiO;_gs junction
on the basis of the drift-diffusion model over the temperature range of
200-300 K. The inset is the I-V curves at the voltage range from
0 to 0.7 V. The temperature range is from 200 K (right) to 300 K (left) at
the step of temperature as 10 K. (b) The experimental I-V curves of
Si/SrTiO5_s junction over the temperature range of 200—300 K from Ref.
14. (c) The calculated I-V curves of Si/SrTiOs_g junction on the basis of the
drift-diffusion model by adding a series resistance over the temperature
range of 200—300 K.
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FIG. 5. The temperature dependence of the substrate resistance of p-Si. The
surface area of the substrate is 10 X 10 mm?, and the thickness of it is 1 mm.

the property of perovskite-Si p-n junction for designing
promising perovskite/silicon microelectronic devices in the
future.
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