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We present a detailed investigation of the electrical properties of epitaxial La0.7Sr0.3MnO3/SrTi0.98Nb0.02O3

Schottky junctions. A fabrication process that allows reduction of the junction dimensions to current electronic
device size has been employed. A heavily doped semiconductor has been used as a substrate in order to
suppress its series resistance. We show that, unlike standard semiconductors, high-quality oxide-based
Schottky junctions maintain a highly rectifying behavior for doping concentration of the semiconductor larger
than 1020 cm−3. Moreover, the junctions show hysteretic current-voltage characteristics.
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I. INTRODUCTION

Perovskite-oxide Schottky junctions have recently at-
tracted much interest because of their potential as nonvolatile
memory cells. These systems show electroresistive �ER�
switching that is believed to arise from the change in
Schottky barrier height and/or width by trapped charge car-
riers at the interface states.1,2 Unlike ER switching observed
in many oxide films, in which an electric field generates
conductive filamentary paths,3,4 the interface-type switching
is expected to be strictly confined at the junction interface.
As a consequence, the latter is more promising for high-
density integration.

So far, Schottky-like systems reported in literature have
been patterned in large mesa �from 100�100 �m2 to several
mm2� with electrical contact to the top layer provided by
direct bonding within the junction area. Given the high re-
sistivity of the oxide semiconductors employed, the use of
such large junctions can easily lead to a misinterpretation of
the experimental data when large magnetic fields are applied.
The large size of the junctions employed in experiments
casts serious doubts on possible magnetoresistive effects in
these systems, too often naively reported5,6 and then refuted.7

Current density disuniformity induced by large magnetic
fields is likely to be the origin of the detected change of
magnetoresistance. A fabrication process that allows the defi-
nition of much smaller junctions, each of which provided
with connection wiring and contacting pads, is required to
test the potentials of these systems for applications.

Another problem that must be overcome toward the
launch of oxide-electronic devices is represented by the re-
sistive contribution of the active substrate. In order to obtain
highly rectifying Schottky junctions, the doping level of the
active substrate is kept below 1019 cm−3, as in standard semi-
conductors. Unfortunately, semiconductor oxides have much
larger resistivity as compared to standard semiconductors at
the same doping level. As a result, the resistance offered by
the substrate can be comparable to, or even larger than, that
of the junction in forward bias, resulting in an overall drop of
the performance of the device.

In the present study, we report on the fabrica-
tion and characterization of high quality epitaxial
La0.7Sr0.3MnO3/SrTi0.98Nb0.02O3 �LSMO/NSTO� Schottky

junctions with size ranging from 5 to 9 �m2. A detailed
analysis of the interface transport properties as a function of
temperature is presented. We show that highly rectifying
Schottky junctions can be fabricated by starting from heavily
doped n-type oxide substrates. The resistance offered by the
degenerate substrate is, in this case, small enough not to
affect the performance of the devices. We also show that, in
high-quality junctions, the ER switching does not disappear
for doping levels as high as that used here, in disagreement
with what is observed in similar systems8 of larger size.

II. FABRICATION PROCESS

The NSTO substrate was covered with 50 nm thick insu-
lating epitaxial SrTiO3 �STO� deposited by pulsed laser
deposition �PLD� except for narrow channels that were pre-
served uncovered by resorting to shadowing with copper
wires �see Fig. 1�a��. The pulse frequency was 5 Hz and the
laser fluency at the target surface was �5 J /cm2. The sub-
strate temperature was maintained at 650 °C throughout the
deposition and the oxygen pressure was 150 mTorr. The film
was postannealed for 10 min under the same conditions.
Wires of 70 �m in diameter could preserve channels of

FIG. 1. �Color online� Schematic of the fabrication process: �a�
insulating STO is deposited on the NSTO substrate; �b� 4 �m wide
channels are opened in the insulating STO by resorting to shadow-
ing with copper wires; �c� LSMO is deposited and covered with Pt;
�d� junctions and wiring are defined by standard UV photolithogra-
phy and argon ion milling.
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4 �m in width uncovered �Fig. 1�b�� if a complete contact
between the wire and the substrate was achieved. A large
area on the NSTO substrate was also preserved for electrical
contact by resorting to a metallic shadow mask. A 100 nm
epitaxial LSMO layer was then grown by PLD after remov-
ing the shadow wires �Fig. 1�c��. Deposition and postanneal-
ing conditions were the same as for the STO film. The
LSMO layer was covered with a 50 nm thick polycrystalline
platinum �Pt� layer to provide ohmic contact. Standard UV
lithography and argon ion milling were used to define the
junctions in a cross-type configuration �Fig. 1�d��. Connec-
tion wires and contact pads are isolated from the active sub-
strate by the insulating STO. Epitaxial STO has been proved9

to have a leakage current smaller than 1�10−6 A/cm2 for an
electric field up to 1 MV/cm.

The current-voltage characteristics could be measured in
our devices in both two-probe and four-probe configurations.
Yet, as demonstrated in the following, the Pt layer was ca-
pable to shorten the additional resistance due to the LSMO
wiring. Additional resistance due to the substrate is negli-
gible because of the high level of its donor carrier concen-
tration, NNSTO�0.02 �1/u.c.�=3.3�1020 cm−3, correspond-
ing to a measured resistivity of 3.5 m� cm at room
temperature.

III. RESULTS AND DISCUSSION

Current density-voltage �J-V� and capacitance-voltage
�C-V� characteristics were recorded by a two-probe method
in a range of temperatures T=20–400 K. Figure 2 shows the
J-V characteristics of a 1.5�4 �m2 junction at various T.
The junctions show a very highly rectifying behavior and a
hysteretic regime �Fig. 3� sets in when the forward bias cur-
rent �JF� is increased up to 50 kA/cm2. The hysteresis is
stable over repeated sweeps. In Fig. 2, the change of voltage
with respect to the temperature �dV /dT� is linear and equal
to dV /dT=0.1 mV/K, independently of the forward bias
current. This very low sensitivity to the temperature is in
agreement with the behavior expected for a Schottky diode.10

The J-Vs were insensitive to magnetic fields up to 0.7 T,
as expected from an oxygen stoichiometric LSMO/NSTO
junction.7

In a Schottky diode model, JF can be expressed as10

JF = JS exp� qV

nkBT
� , �1�

JS = A*T2 exp�−
q�B

kBT
� , �2�

where q is the electron charge, kB the Boltzmann’s constant,
T the temperature, A* the Richardson’s constant, �B the bar-
rier height, and n an ideality factor �equal to unity in a purely
thermoionic emission regime�. Equation �1� is a good ap-
proximation under the restriction V�kBT /q. The Richard-
son’s constant will be taken as A*=4�m*kB /h3

=156 A cm−2 K−2, corresponding to an effective mass of the
electrons for the NSTO11 m*=1.3m0 with m0 being free elec-
tron mass. The �ln JF� /V characteristics �see inset of Fig. 2�
show only a slight bending, for large current densities, from
the theoretical straight lines expected from Eq. �1�. The cur-
rent JF is far from saturating, hence indicating a negligible
ohmic series resistance. From the slope of the straight lines,
n can be deduced as n= �q /kBT���V /� ln JF�, and from the
intercept of ln JF at V=0, �B can be extracted. The calculated
values are plotted in Fig. 4. The ideality factor indicates a
significant increase of the tunneling contribution when re-
ducing the temperature. This tunneling contribution is sig-
nificant in all the range of temperatures investigated
�n=1.73 at T=400 K�. The changing of the ratio between
tunneling and thermoionic current components is best shown

FIG. 2. �Color online� J-V characteristics at various T. The inset
shows the characteristics in forward bias on a logarithmic scale. For
the sake of clearness, only the characteristics at T=20 and 400 K
are shown on linear scale.

FIG. 3. �Color online� Hysteretic J-V characteristic recorded at
room temperature. Three consecutive sweeps are shown. The for-
ward bias current �JF� and the absolute value of the reverse bias
current �JR� are reported on two different scales for the sake of
clearness.

FIG. 4. �Color online� Ideality factor n and barrier height �B as
calculated by Eq. �1�. The lines are guides to the eyes.
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by the reverse current density �JR� as a function of V �mag-
nified in Fig. 5�. With the tunnel current component becom-
ing dominant, the JR /V becomes sharper, resulting in a non-
monotonic voltage at a fixed reversed bias as a function of T
�inset in Fig. 5�.

The barrier height in Fig. 4 decreases to an unphysically
small value, indicating a loss of the validity of the model
expressed by Eq. �1�. Since electron tunneling takes place,
the barrier height as calculated by Eq. �1� is physically mean-
ingless.

The behavior of a Schottky junction when tunneling sets
in has been widely studied.12,13 At very low temperatures and
for sufficiently thin barriers �i.e., highly doped semiconduc-
tors�, electrons can tunnel directly from the conduction band
of the semiconductor into the metal �direct tunneling�. The
forward bias current density in the direct tunneling regime
�JF

t � as a function of V can be expressed as12

JF
t = JS

t exp� qV

E00
� , �3�

E00 =
qh

4�
� NNSTO

m*	NSTO
�1/2

, �4�

where h is Planck’s constant, 	NSTO is the permittivity of the
semiconductor, and JS

t is only slightly dependent on the tem-
perature and can be considered constant.

At intermediate temperatures, electrons are thermally ex-
cited and tunneling occurs around an energy level above the
Fermi level �thermally assisted tunneling�. The situation is
depicted in Fig. 6.

The forward bias current density in the thermally assisted
tunneling regime �JF

th� as a function of V can be expressed
as12

JF
th = JS

th exp�qV

E0
� , �5�

E0 = E00 coth�E00/kBT� , �6�

JS
th =

A*T2�1/2E00
1/2�q��B − V� + 
�1/2

kBT cosh�E00/kBT�
exp� 


kBT
−

q�B + 


E0
� ,

�7�

where 
 is the energy difference between EF and the conduc-
tion band bottom of the semiconductor. By comparing Eq.
�5� with Eq. �1�, the values of E0 as a function of T can be
simply calculated from those of n as extrapolated from the
J-V curves by assuming valid the model expressed by Eq.
�1�,

� � ln JF
th

�V
�

T
=� � ln JF

�V
�

T
⇒ E0 = nkBT . �8�

The calculated values are shown in Fig. 7. The saturation
limit can be estimated to be E00=54.8 meV by fitting the
experimental data with Eq. �6�.

If 
 is much smaller than q�B, from Eq. �7�, the slope of
ln�JF

th cosh�E00/kBT� /T� vs 1/E0 gives −q�B. Equation �7�
does not hold when the devices approach the direct tunneling
regime.7 Besides, in heavily doped semiconductors, the con-
dition 
�q�B is hardly fulfilled at any temperature. For in-
stance, in our devices, assuming a carrier concentration in-
dependent of the temperature, 
= �h2 /8m*�*�3NNSTO/��3/2

=0.13 eV, that is of the same order as the expected barrier
height. An estimation of �B must be obtained by measuring
the capacitance in reverse bias as a function of the voltage.

Figure 8 shows 1/C2-V characteristics recorded at various
T. In a Schottky diode a linear relation is expected,10

FIG. 5. �Color online� J-V characteristics in reverse bias at
various T. The inset shows the voltage at a fixed bias
Jbias=−0.2 kA/cm2 as a function of T. FIG. 6. �Color online� Schematic potential profile for the

Schottky junctions in forward bias.

FIG. 7. �Color online� Energy E0 as a function of T. A value of
E00=E0�0�=54.8 meV is estimated by fitting the data with Eq. �6�.

HIGH-QUALITY ALL-OXIDE SCHOTTKY JUNCTIONS… PHYSICAL REVIEW B 76, 075122 �2007�

075122-3



1

C2 = 2
VB0 − V

q	NSTONNSTO
, �9�

where C is the capacitance per unit area and VB0 is the
built-in potential at zero bias. At the highest temperatures, a
slight deviation of the characteristics in Fig. 8 from the linear
behavior is ascribable to the increase of the leakage current
in reverse bias with a consequent loss of reliability of the
measurement when increasing the reverse bias voltage. From
the intercept of the straight lines with the V axis, a built-in
potential of VB0=0.83±0.05 V can be estimated. The intrin-
sic barrier height �neglecting the rounding off due to image
force� can be estimated as13 �B0=VB0+
 /q=0.96 eV. �B0 is
not significantly dependent on T, confirming that the de-
crease of �B with T in Fig. 4 reflects a change in the energy
of the thermal assistance, not properly considered by Eq. �1�,
rather than a change in the barrier height.

From the slope of the straight lines the product
	NSTO�T�NNSTO�T� can be extracted. If NNSTO can be consid-
ered constant with T and equals the nominal carrier concen-
tration, 	NSTO�T� can be deduced as plotted in Fig. 9, nor-
malized to the vacuum permittivity 	0.

	NSTO is much smaller than the permittivity of undoped
STO, in all the range of temperatures investigated, as well as
much less temperature dependent. This is well known14,15 to
be due to the electric field dependence of 	NSTO in the deple-
tion layer of NSTO-based Schottky junctions and, therefore,
will not be discussed here. Instead, we want to point out that
this reduction of permittivity is not large enough to drive the
junction to behave as an ohmic contact �direct tunneling re-

gime at all temperatures�, even for doping levels of NSTO as
large as that of the LSMO.

LSMO is a heavily doped p-type semiconductor that,
below about room temperature, can be regarded as a metal
with a carrier concentration NLSMO�0.1 �1/u.c.�=1.65
�1021 cm−3. At the interface with NSTO, a p /n junction is
formed with a built-in depletion layer that extends in the
LSMO�NSTO� layer over a length,

WLSMO�NSTO� =	2	LSMO�NSTO�VB0

qNLSMO�NSTO�
. �10�

The junction has the feature of a one side abrupt p++ /n
junction, i.e., a Schottky junction, as long as the condition

WLSMO � WNSTO ⇔
	LSMO

NLSMO
�

	NSTO

NNSTO
�11�

is satisfied. Although for NNSTO=3.3�1020 cm−3, 	NSTO be-
comes of the order of several tens of 	0, the permittivity of
the LSMO is smaller than 10	0 even at room temperature,16

and is likely to become smaller near the interface because of
the presence of a large electric field. Therefore, condition
�11� remains well satisfied in a large range of T, even for
doping levels of the NSTO as large as the one used in this
work.

Finally, let us observe that, from Fig. 9, the permittivity
	NSTO in the limit T=0 K must be �30	0. This implies,
through Eq. �4�, that at T=0 K the effective carrier concen-
tration is �3.3�1020 cm−3, which confirms the assumption
made of an effective carrier concentration equal to the nomi-
nal one, in all the range of temperatures investigated, as ex-
pected for a heavily doped semiconductor. This also excludes
that the formation of the Schottky barrier is due to an effec-
tively smaller value of the carrier concentration in the NSTO
close to the interface due to oxygen deficiency.

IV. CONCLUSIONS

In conclusion, we have fabricated small high-quality epi-
taxial Schottky diodes of a heavily doped p-type semicon-
ductor �LSMO� on a heavily doped n-type substrate �NSTO�.
Electrical transport across the interface is dominated by ther-
mally assisted tunneling for temperatures up to 400 K. De-
spite the heavy doping of both the electrodes, the devices
maintain a highly rectifying J-V characteristic in a large
range of temperatures. This is ascribed to the large permit-
tivity of the NSTO substrate as compared to that of the
LSMO film. The permittivity of the NSTO remains one order
of magnitude larger than that of the LSMO, even for very
heavy doping concentrations of the substrate.

While removing the series resistive contribution of the
substrate, our devices maintain a reproducible hysteresis in
the J-V characteristics, which can be exploited for nonvola-
tile memory applications.
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FIG. 8. �Color online� 1/C2-V characteristics measured at a fre-
quency of 1 kHz.

FIG. 9. Permittivity of the NSTO in the depletion layer, as es-
timated from the slope of the 1/C2-V characteristics.

RUOTOLO et al. PHYSICAL REVIEW B 76, 075122 �2007�

075122-4



*Author to whom correspondence should be addressed; FAX:
�852-2333-7629; antonio.ruotolo@mac.com

1 A. Sawa, T. Fujii, M. Kawasaki, and Y. Tokura, Appl. Phys. Lett.
85, 4073 �2004�.

2 T. Fujii, M. Kawasaki, A. Sawa, H. Akoh, Y. Kawazoe, and Y.
Tokura, Appl. Phys. Lett. 86, 012107 �2005�.

3 A. Baikalov, Y. Q. Wang, B. Shen, B. Lorenz, S. Tsui, Y. Y. Sun,
Y. Y. Xue, and C. W. Chu, Appl. Phys. Lett. 83, 957 �2003�.

4 K. Szot, W. Speier, G. Bihlmayer, and R. Waser, Nat. Mater. 5,
312 �2006�.

5 J. R. Sun, C. M. Xiong, T. Y. Zhao, S. Y. Zhang, Y. F. Chen, and
B. G. Shen, Appl. Phys. Lett. 84, 1528 �2004�.

6 H. B. Lu, G. Z. Yang, Z. H. Chen, S. Y. Dai, Y. L. Zhou, K. J. Jin,
B. L. Cheng, M. He, L. F. Liu, H. Z. Guo, Y. Y. Fei, W. F. Xiang,
and L. Yan, Appl. Phys. Lett. 84, 5007 �2004�.

7 T. Susaki, N. Nakagawa, and H. Y. Hwang, Phys. Rev. B 75,
104409 �2007�.

8 T. Fujii, M. Kawasaki, A. Sawa, Y. Kawazoe, H. Akoh, and Y.
Tokura, Phys. Rev. B 75, 165101 �2007�.

9 J. Guillan, G. Tartavel, E. Defay, L. Ulmer, L. Galéra, B. André,
and F. Baumé, Integr. Ferroelectr. 67, 93 �2004�.

10 S. M. Sze, Physics of Semiconductor Devices, 2nd ed. �Wiley,
New York, 1981�.

11 T. Shimizu and H. Okushi, J. Appl. Phys. 85, 7244 �1999�.
12 F. A. Padovani and R. Stratton, Solid-State Electron. 9, 695

�1966�.
13 C. Y. Chang and S. M. Sze, Solid-State Electron. 13, 727 �1970�.
14 T. Yamamoto, S. Suzuki, K. Kawaguchi, and K. Takahashi, Jpn. J.

Appl. Phys., Part 1 37, 4737 �1998�.
15 S. Suzuki, T. Yamamoto, H. Suzuki, K. Kawaguchi, K. Takahashi,

and Y. Yoshisato, J. Appl. Phys. 81, 6830 �1997�.
16 A. V. Boris, N. N. Kovaleva, A. V. Bazhenov, A. V. Samoilov,

N.-C. Yeh, and R. P. Vasquez, J. Appl. Phys. 81, 5756 �1997�.

HIGH-QUALITY ALL-OXIDE SCHOTTKY JUNCTIONS… PHYSICAL REVIEW B 76, 075122 �2007�

075122-5


