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Oxide p-n heterojunctions composed of La ¢;Ca;33:MnO; (LCMO) films with different thickness
and SrTiO5:Nb 0.1 wt % are fabricated and the effects of thickness on the interfacial potential are
experimentally studied. Excellent rectifying behavior of the junctions well described by the
Shockley equation is observed and the interfacial potential eV, is obtained for all of the junctions
based on an analysis of the current-voltage characteristics. The remarkable result of the present work
is the strong dependence of the interfacial potential on the thickness of LCMO films: eV, increases
from 0.5 to 0.72 eV as the thickness increase from 3.6 to 33 nm. The strain in the LCMO film, which
affects the carrier density through modulating the Jahn-Teller effect, is believed to be responsible
for the observation. © 2010 American Institute of Physics. [doi:10.1063/1.3515905]

By sandwiching a SrTiO; layer between Lag ¢Sty ;MnO;
and Lag 551 95Ti03, Sugiura1 fabricated the first manganite
p-n junction that shows a satisfactory rectifying property
in a wide temperature range, which stimulated the intensive
research on manganite p-n junction in the past decade.
Compared with the conventional semiconductor junction,
manganite-based p-n junctions are expected to exhibit much
more powerful functions. Indeed, in addition to the excellent
rectifying property, manganite junctions exhibit a lot of
interesting properties such as strongly bias-dependent
magnetoresistance and temperature-dependent photovoltaic
effect.”™ It is obvious that the physical properties of the
junction is mainly determined by an interfacial barrier. The
direct information about the interfacial potential is therefore
highly desired, especially for the manganite junctions that
show emergent phenomena. Based on the thermionic
emission model for the Schottky diode, Postma et al’®
analyzed the current-voltage characteristics of the
(La,Sr)MnO;/SrTiO5:Nb junction and obtained a Schottky
barrier of ~0.65 eV, where (La,Sr)MnO; is treated as a
metal. Alternatively, Sawa® studied the Pry ¢Cap4sMnO5/
SrTiO5;:Nb junction in the frame of the conventional semi-
conductor theory and obtained a similar value (~0.70 eV)
for the interfacial barrier. Subsequent work by Lu et al.” and
Wang et al.® show that the interfacial barrier can be tuned by
hole content for the La;_,Ca,MnQO5/SrTiO5:Nb junctions,
whereas it is insensitive to the metal-to-insulator transition
and the change in resistivity due to the variation of tolerance
factor.

According to the semiconductor theory, the interfacial
potential is mainly determined by the carrier density near the
interface. As is well known, a distinctive feature of manga-
nite is the strong charge-phonon correlation or the charge-
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lattice coupling. Therefore, the lattice distortion near the in-
terface of the junction may have a visible effect on interfacial
potential for the manganite junction. In this paper, we per-
formed a systematic study on the rectifying properties of
the Laj;Caj33MnO5; (LCMO)/0.1 wt % Nb-doped SrTiO;
(STON) p-n heterojunctions with different LCMO thickness.
The interfacial barrier is found to grow significantly with the
increase of film thickness when the latter is below 33 nm.
The strain relaxation in the LCMO film is believed to be
responsible for the increase of the energy barrier.

The LCMO/STON junctions were fabricated by growing
LCMO films of the thickness of t=3.6, 11, 33, 100, and 300
nm on the (001) STON substrates by the pulsed-laser depo-
sition technique. The temperature of the substrate was kept at
700 °C and the oxygen pressure at 100 Pa during the depo-
sition. The resulting sample was furnace-cooled to room
temperature in an oxygen atmosphere of 160 Pa after depo-
sition. As shown by the x-ray diffraction data, the LCMO
films are clean single phase and highly textured. The out-of-
plane lattice constant shows a monotonic increase with the
increase of film thickness. Assuming a constant cell volume
for the films of different thickness, we can calculate the in-
plane lattice constant a. Figure 1 shows the c/a ratio thus
obtained. The c¢/a ratio shows a monotonic growth with ¢ and
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FIG. 1. Lattice constant ¢/a of LCMO films dependence of the film thick-
ness. The solid line is a guide for the eye.
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FIG. 2. Current-voltage characteristics and semilogarithmic plot of the char-
acteristics of LCMO/STON junctions measured under different temperatures
between 150 and 360 K. LCMO thickness is [(a) and (c)] 300 and [(b) and
(d)] 11 nm.

the most rapid relaxation takes place below 50 nm. The
maximal change is 2% for the film thickness from 0 to 300
nm. This result clearly indicates the relaxation of lattice
strains in thick films.

The current-voltage (J-V) characteristics of the junction
were measured in the two-probe configuration. To get good
electric contact and to avoid the effect of current distribution
in the junction,4 three copper electrodes, one on the LCMO
film and two on the STON substrate, were deposited. The
LCMO film and copper electrodes were subsequently pat-
terned into squares with the size of 1 X1 mm? by the con-
ventional photolithography and chemical etching technique.
As representatives, in Fig. 2 we show the J-V curves of
LCMO (300 nm)/STON and LCMO (11 nm)/STON, mea-
sured in the temperature range from 150 to 360 K. Excellent
rectifying behaviors characterized by strongly asymmetric
J-V curves against electric polarity are observed. The current
is tiny in the zero-bias limit and remains small as the reverse
bias increases, whereas it grows steeply with voltage bias in
the forward direction. The increase in temperature has no
obvious effects except for a nearly rigid shift of the J-V
curve along the v-axis.

To obtain the information about interfacial potential, a
further analysis on the temperature dependence of the satu-
ration current, which is expected to vary exponentially
against the interfacial barrier, is required. Based on the semi-
conductor theory, the J-V relation of an ideal p-n junction
can be described by the formula J=J, exp(eV/nkgT) (Refs.
9 and 10) for eV>nkgT in the forward direction. The pref-
actor J;, is the reverse saturation current and it varies follow-
ing the relation J,T°*72 exp(—eV,/kgT), where eV, pa-
rametrizes the interfacial potential, kg is the Boltzmann’s
constant, n is the ideality factor, and 7y is a constant deter-
mined by D/7=TY (D is the diffusion coefficient and 7 the
lifetime of the minority carrier). The saturation current can
be obtained as the intercept in the y-axis of the extrapolated
log J-V relation. It is obvious that the precondition to get a
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FIG. 3. (Color online) The (a) temperature-dependent saturation current and
(b) ideality factor for all the samples with five typical thicknesses.

reliable J, is that the log J-V relation should be linear. For-
tunately, this condition is satisfied by the present junctions.
As shown in Figs. 2(c) and 2(d), an excellent linear depen-
dence of log J on bias voltage is observed in the whole tem-
perature ranges studied.

Figure 3 shows the temperature dependence of the satu-
ration current J, and the ideality factor n on temperature,
where 7 is determined by the slope of the log J-V curve. The
saturation current is quite small, indicating the high quality
of the junction. This is consistent with the fact that the ide-
ality factor is pretty small, varying between 1.0 and 1.5,
when the temperature changes between 200 and 360 K (n is
expected to be unity for an ideal p-n junction). Especially, for
the junction with 33 nm LCMO, n varies from 1.07 to 1.1.

Based on the J,,-T relation, a quantitative analysis on the
interfacial potential of the junction can be performed. A
simple calculation shows that In(J,/T3*"2)/(1/T)=—eVp/kp.
Based on this equation, eV, can be directly derived from the
slope of the In(Jy/T>*”?)=1/T curve if it is independent of
temperature, which is the case occurring above 200 K (1/T
<0.005 K~!) as shown in Fig. 3(a). The interfacial potential
thus obtained is shown in Fig. 4 as a function of film thick-
ness. It can be seen that the interfacial potential strongly
depends on the thickness of LCMO films: eV}, increases
from 0.5 to 0.72 eV for the thickness from 3.6 to 33 nm. It
should be pointed out that the parameter 7y is set to unity
without significantly affecting the final result (the prefactor
T*Y?2 is unimportant compared to the exponential term).

It has been believed that the lattice strain has a strong
effect on the manganite films. The in-plane strain can en-
hance the Jahn—Teller effect, reducing the density of mobile
carriers in the manganite film. As a result, the resistivity
grows and the magnetization decreases. Both the theoretical
and experimental studies show that the strain effect plays a
dominant role when the thickness of the manganite film is
less than 30 nm.""™" It is interesting to note that this is ex-
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FIG. 4. Interfacial potential of the LCMO/STON junctions as a function of
the LCMO thickness. The solid line is a guide for the eye.
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actly the critical thickness observer in our experiments. It is
therefore reasonable to propose that the variation of the in-
terfacial barrier here has a close relation with the lattice
strains in the LCMO films. According to the semiconductor
theory, the interfacial potential is determined by the differ-
ence of Fermi levels of LCMO and STON. In fact, the thick-
ness of the depletion layer of the junction can also affect the
apparent interracial barrier. Electrons can only overcome the
barrier by thermal activation if the depletion width is thick
enough, whereas they can tunnel through the depletion layer
when the latter is thin enough. Electron tunneling causes a
reduction of the effective interfacial barrier. Based on the
simple formula, the depletion width of the LCMO/STON
junction can be estimated'*

p |: 2ND2818280VD :| 12
1= s
qN41(£1Ny; + £3Np))

p |: 2NA1818280VD :|1/2
2 = b
qNpa(81Nay + 8:Np)

where t,/1, is the depletion layer thickness of LCMO/STON,
go/e /e, is the permittivity of vacuum/LCMO/STON,
N,/ Np, the hole/electron density in LCMO/STON, and V,,
the interfacial potential. In a previous work, Xie'® had stud-
ied the dependence of the depletion width on the hole con-
tent in LCMO for the LCMO/STON junctions. Here we can
estimate the thickness of the depletion layer by adopting the
parameters &,=30, £,=300, and Np,=3.25X10%® m™. The
total thickness of the depletion layer is 26 nm for the hetero-
junction with 300 nm LCMO film, postulating that 100%
carriers are stimulated under weak Jahn-Teller effect (N,
=5.34x 10" m~3). For the junction with 11 nm LCMO film,
however, it is more complex. If there are only 10%, 3%, 1%,
and 0.3% carriers stimulated under the strong Jahn-Teller
effect,16’17 the calculated depletion layer thickness is 22, 18,
15, and 14 nm, respectively. That is to say that the depletion
thickness of the LCMO/STON heterojunctions decreases
with the stronger Jahn-Teller effect in LCMO film, providing
a possibility for the electrons to tunnel through the depletion
layer of LCMO/STON heterojunctions easier, then leading
up the effective interfacial potential to the lower. Such a
conclusion can be proved by the ideal factor n shown in Fig.
3(b). For the LCMO (300 nm)/STON junction, n approxi-
mately equals unity, implying that the depletion is very thick
and the electrons pass through the interface only by over-
coming the interfacial barrier. Also, the n of LCMO (3.6
nm)/STON junction, between 1.2 and 1.5, indicates that the
depletion is not thick enough so that a part of the electrons
can go through the interface by tunneling. It should be
pointed out that when the carrier density of LCMO film de-
creases further, the total calculated depletion layer will in-
crease. However, this is meaningless when the depletion
layer in the LCMO side exceeds film thickness.
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In conclusion, the transport properties of LCMO/STON
heterojunctions with various LCMO thickness, which are of
excellent rectifying characteristic, are experimentally stud-
ied. The interfacial potential of the junctions is evaluated
using the model of conventional p-n junction, which has a
great dependence on the thickness of LCMO films while the
thickness of the film is lower than 33 nm: eV, increases from
0.5 to 0.72 eV as the thickness enhances from 3.6 to 33 nm
and it is a constant of 0.72 eV as the thickness of film further
increases. The strain in the LCMO film, affecting the carrier
density by modulating the Jahn—Teller effect, is believed to
be responsible for the observation. The present work shows
that the transport properties of a manganite-based hetero-
junction can be modulated by changing the thickness of the
manganite layer.
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