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PACS. 73.40.Lq — Other semiconductor-to-semiconductor contacts, p-n junctions, and hetero-
junctions.

PACS. 77.84.Dy — Niobates, titanates, tantalates, PZT ceramics, etc.

PACS. 72.20.Dp — General theory, scattering mechanisms.

Abstract. — The transport properties of a homogenous perovskite oxide p-n junction com-
posed of the p-type In-doped SrTiOs and n-type Nb-doped SrTiOs; have been studied by
solving one-dimensional steady-state carrier-transport equations based on the drift-diffusion
model. The energy band profile, electric-field intensity, and charge density are obtained for the
space charge region at various bias voltages. Furthermore, the rectifying characteristics of the
1-V curves are calculated and analyzed as a function of doping density. The theoretical results
are in good agreement with the experimental data, and more details in the understanding of
transport mechanism for oxide p-n junctions have been gained.

Since the colossal magnetoresistance in manganitesthe was observed, much attention has
been focused on the fabrication of all-oxide perovskite structures and devices, such as tunnel
junctions [1] and p-n junctions [2,3]. Strontium titanate SrTiOs (STO) with a relative dielec-
tric constant as high as 300 at room temperature (RT) [4,5] has been widely studied due to its
variety of applications [6]. Stoichiometric STO with a simple-cubic perovskite structure (lat-
tice constant a = 0.3905nm) is an insulator at RT with the band gap of 3.2eV [7,8], whereas
its electrical properties can be changed by doping with impurity atoms [9-13]. In the study of
thin-film growth, STO is very often used as the substrate for depositing other perovskite oxides
owing to the small in-plane lattice mismatch [14]. With its notable dielectric and doped semi-
conducting properties, STO can be utilized to develop field effect device [15] besides the use in
dynamic random-access memories, and high-density capacitors, etc. Furthermore, there are
many reports with good results in the optoelectronic characteristics of bulk STO [16], optical
property [6,17], resistivity characteristics, and surface spectroscopy studies [18] on the doped
STO. However, few studies have been carried out on the transport properties of the homoge-
nous p-n junction of STO. We utilized a computer-controlled laser molecular-beam epitaxy
(laser MBE) [19] to homoepitaxially fabricate the all-perovskite oxide p-type In-doped and
n-type Nb-doped STO junction. Moreover, the deposited SrTig glng2O3/SrTig.99Nbg 0103
(In-STO/Nb-STO) junction presents good I-V rectifying characteristics. To understand the
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physics properties of this kind of oxide p-n junction further, theoretical study has been ex-
pected since computer-aided simulation is one of the important processes in developing semi-
conductor devices.

In this paper, on the basis of the drift-diffusion model, we obtained electrostatic potential,
electron and hole concentrations by solving the coupled nonlinear differential equations of
current continuity and Poisson equations self-consistently using Gauss-Seidel iteration [20].
Under the applied bias voltage, the I-V characteristics of p-n junction were obtained and
compared with the experimental data. Finally, the changes of the I-V curves as a function of
doping density were discussed theoretically.

For a semiconductor, the behavior of carriers under the external fields can be described
by Poisson equation, electron and hole continuity equations on the basis of drift-diffusion
theory [21]. For one-dimensional steady-state, the Poisson equation is expressed as follows:

V@) 40— niw)+ N, W

dz2 ¢
where ¥(z) denotes the electrostatic potential, ¢ is the elementary charge, ¢ is the dielectric
constant, p(x) and n(z) are the hole and electron carrier densities. The net impurity concen-
tration N is equal to —N, (N, is the acceptor impurity concentration) in the p-region and
equal to +Ng (Ng is the donor impurity concentration) in the n-region with assumption of
complete ionization. The continuity equations for electrons and holes are given by

S iR - a) @)
S — R -G, )

where J,, and J, are current densities for electrons and holes, respectively, which are given by
the following equations:

Jn = —quan(x) dﬁf) + kpTpn dz(;) , (4)
d d
Jp = —qupp(x) ﬁfcx) — kpTp, Z(;), (5)

where p1, and g1, are the electron and hole mobilities, the symbol kp is Boltzmann’s constant,
and T is the temperature. In eqgs. (2) and (3), R(z) and G denote the recombination and
generation rates and are assumed to be specified by the Shockley-Read-Hall model [22,23]:

" Twolp(z) + 0] + Tpo[n(z) + 4]

where n; is the intrinsic carrier density, and 7,0 and 7, are the lifetime for electrons and
holes, respectively. Furthermore, the total conduction current is expressed by J = J, + Jp.
The electric-field dependence of mobilities is not considered here for simplification.

The boundary conditions can be specified as charge density p = 0 far away from the space
charge region of the p-n junction. The electrostatic potentials of the p and n side far away
from the space charge region are set to be 0 and V; — Vy;4s, respectively, where Vj is the built-
in potential difference and Vj;,s is the bias voltage. The Gauss-Seidel method is used to solve
egs. (1)-(3) iteratively with the primal state variables (¢(z),p(z),n(z)). In the iteration, the
energy band profiles and the electron and hole concentrations are updated by solving those
three equations self-consistently.
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TABLE I — Material parameters used in the calculation.

Parameter Value
Temperature (K) T =300
Band gap (eV) E,=32
Electron effective mass (mo) m;, = 16
Hole effective mass (mg) my, = 16
Dielectric constant (eq) e =150
Electron lifetime (s) Tno = 1079
Hole lifetime (s) Tpo = 1077

The model described in the above section is applied to the In-STO/Nb-STO junction. To
fabricate this junction, laser MBE [19] was used to deposit In-STO directly on 1% Nb-doped
STO substrate. The substrate temperature was kept at 610°C under 3 x 10~*Pa oxygen
pressure. The thickness of In-STO thin film is about 500 nm. Then the film was annealed for
30 minutes under the oxygen pressure of ~ 1 x 1072 Pa. During the deposition, an in situ
reflection high-energy electron diffraction (RHEED) was used to monitor the growth process.
The good RHEED pattern indicats the film had high crystallinity. The sample was character-
ized with X-ray diffraction (XRD), showing the film was of single phase. Through the X-ray
photoemission spectroscopy (XPS) and Hall measurement, Dai et al. [13] found In-ions in the
In-STO film were in the 3+ valence state and the charge carriers were p-type, showing the In
content is implemented on the B-site. The carrier mobility of the p-type In-STO film is about
6 cm?/Vs. The mobility of the n-type Nb-STO is about 8 cm?/Vs obtained in ref. [16] as the
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Fig. 1 — Energy-band diagrams under the positive and reverse bias voltages. The vertical solid
line represents the interface of the p-n junction. The solid, dotted and dashed lines correspond to
Vhias =0V, 0.5V, —0.5V, respectively.
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Fig. 2 — Distributions of electric-field intensity in space at various applied bias voltages. The solid,
dotted and dashed lines correspond to Vpigs = 0V, 0.5V, —0.5V, respectively.

parameter for simplification, which is consistent with the result in Moos’s paper [24]. Cham-
bers et al. [25] have reported that the conduction band offsets are 0.1+0.1eV and 0.0+0.1eV
for STO on n-Si and STO on p-Si, respectively. So we simply assume that the conduction
band offset between STO and Si is zero, then obtain the affinity energy of STO is about
4.05eV, equal to that of Si material. Other material parameters utilized in the present work
are listed in table I [7,26,27]. To determine the electrical behaviors, the sample was cut into
2 x 2mm? for the electrical measurements. And the current-voltage curve will be shown later.

The potential energy diagrams showing the effect of various bias voltages upon the energy
band configuration at a p-n junction are shown in fig. 1, with the parameters of N, = 7.34 x
10" em =3 and Ny = 1.63x 10 cm 3. When an external low voltage is applied to the junction,
the voltage dropping across the uniform n- and p-regions outside the space charge region is
negligible in comparison with the drop across the junction region itself. The solid, dotted and
dashed lines denote the shapes of the energy bands under the zero (0V), positive (0.5 V) and
reverse (—0.5V) bias, respectively. It can be seen from fig. 1 that the positive bias reduces
the potential barrier and the negative bias increases the potential barrier.

Accordingly, the distributions of electric-field intensity under various applied voltages are
given in fig. 2. Under the positive bias, the values of the electric-field intensity are smaller
than those without bias. Contrariwise, under the reverse bias, the values of the electric field
intensity become larger than those without bias. The charge density reaches a constant of
—qN, close to the interface in the p side and reaches a constant of ¢/N; close to the interface
in the n side, as shown in fig. 3. Furthermore, with the application of the bias voltage, the
space charge region will shrink or enlarge according to the positive or negative voltage, as
shown by the dotted line (0.5V) or dashed line (—0.5V).

In practical simulation, the current vs. voltage curves of the device are usually of interest,
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Fig. 3 — Distributions of charge density in space at various applied bias voltages. The solid, dotted
and dashed lines correspond to Viias =0V, 0.5V, —0.5V, respectively.

so the I-V characteristics are analyzed in the present paper. The theoretical and experimental
I-V curves of the p-n junction at the temperature 7' = 300 K are shown in fig. 4. The full
circles and triangles represent the theoretical and experimental results, respectively. Study of
1-V characteristics of the theoretical results shows a stronger asymmetry in the positive and
reverse bias voltages than that in the experiment. This feature is due to the neglect of the
leakage current in our calculation. The difference between the theoretical and experimental
curves may be attributed to many reasons, such as the neglect of the leakage current, the
approximation of the material parameters’ values, and the growth condition during the p-n
junction’s fabrication which induces the parameters of sample slightly deviate from references.

The studies on the effects of the doping density also have demonstrated that the junction
displays the rectifying characteristics, as shown in fig. 5. Comparing the theoretical I-V curves
for three different doping densities of N,, it is easy to find that the main difference between
those three curves is the current value under the large positive bias voltage. For instance,
when the applied voltage is 1.0V, the current is 6.04mA for N, = 7.34 x 10¥ cm~3 (open
squares), but decreases to 4.34mA for N, falling to 2.0 x 10'® cm™ (open triangles) and
increases to 6.85mA for IV, rising to 7.34 x 10*° cm~3 (open circles). With the increasing of
the doping density with indium, the value of the current across the junction goes up owing to
the reduction of resistivity originating from the enhancement of the carrier concentration [5].
The theoretical results are identical with the experimental measurement [3].

In summary, a theoretical model based on the drift-diffusion theory is presented to obtain
the current wvs. voltage characteristics of the In-STO/Nb-STO p-n junction by solving the
coupled nonlinear differential equations. The distributions of potential energy, electric-field
intensity, and charge density have been obtained at various bias voltages near the interface
region. In addition, the I-V curves are obtained and analyzed as a function of the doping
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Fig. 4 — Theoretical I-V curve (full circles) compared with the experimental data (full triangles).
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Fig. 5 — Calculated results of I-V curves for the STO p-n junction at the different doping densities

of N,. Open squares, triangles and circles correspond to N, = 7.34 x 10®¥ cm ™3, 2 x 10"® cm

7.34 x 10" em ™3, respectively.
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density. The agreement between theoretical and experimental results obtained in the junction
indicates that the present model can be used as a tool to study and simulate the perovskite
oxide semiconductor devices.
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