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Direct measurement of the interfacial barrier
height of the manganite p—n heterojunction®
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A manganite p—n heterojunction composed of Lag ¢7Sr9.33MnO3 film and 0.05 wt% Nb-doped SrTiO3 substrate is
fabricated. Rectifying behavior of the junction well described by the Shockley equation is observed, and the transport
properties of the interface are experimentally studied. A satisfactorily logarithmic linear dependence of resistance on
temperature is observed in a temperature range of 150 K-380 K, and the linear relation between bias and activation energies
deduced from the R — 1/T curves is observed. According to activation energy, the interfacial barrier of the heterojunction

is obtained, which is 0.91 eV.
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1. Introduction

Compared with the conventional semiconductor junction,
manganite-based p—n heterojunctions are expected to exhibit
much more powerful functions. Since Sugiura et al.!'l fab-
ricated the first manganite p—i—n junction by sandwiching an
SrTiO3 layer between Lag ¢Srg 1 MnO3 and Lag o5Sr( 95 TiO3,
manganite-based p—n heterojunctions have attracted consid-
erable attention. Subsequent studies show that, in addi-
tion to the excellent rectifying characteristic, manganite junc-
tions have a lot of amazing properties, such as strongly
bias-dependent magnetoresistance,!>! magnetic-field-tunable
photovoltaic effects, ! and magnetic-field-tunable capacitance
effects,® while a manganite-based transistor was fabricated
successfully in 2011. 6]

It is obvious that the physical properties of the junc-
tion are mainly determined by an interfacial barrier. The di-
rect information about the interfacial potential is therefore
highly desired, especially for the manganite junctions that
show emergent phenomena. Several successful attempts have
directly measured the interfacial energy barrier in manganite
junctions.[”"! Based on the thermionic emission model for
the Schottky diode, Postma et al.l!°! analyzed the current—
voltage characteristics of the (La, Sr) MnO3/SrTiO3:Nb junc-
tion and obtained a Schottky barrier of ~0.65 eV, where (La,
Sr) MnO3 was treated as a metal. Alternatively, Sawal’! stud-
ied the Prg¢Cap4MnO3/SrTiO3:Nb junction in the frame of
the conventional semiconductor theory and obtained a similar
value of ~ (.70 eV for the interfacial barrier. Subsequent work
by Sun!!!-12] showed that the interfacial barrier can be deduced
by analyzing the saturation current of the p—n heterojunction,
and tuned by the hole density for the La;_,Ca,MnO3/SrTiO3:
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Nb junctions, whereas it is insensitive to the metal-to-insulator
transition and the change in resistivity is due to the variation
of tolerance factor.

‘We notice that the previous work on the interfacial barrier
of a manganite p—n heterojunction is mainly based on the anal-
ysis of the saturation current. However, the saturation current,
which is obtained by linearly extrapolating the current-bias
curve to the zero bias, cannot be measured directly. Usually,
the obtained saturation current depends on the researcher’s
willing. Even from the same current-bias curve, the saturation
currents obtained by different researches are distinctly differ-
ent. Such deviations may bring errors to the analysis of the in-
terfacial barrier. In this paper, we attempt to analyze the inter-
facial barrier of a manganite-based p—n junction composed of
a Lag 67519 33Mn0O3 (LSMO) film and a 0.05-wt% Nb-doped
SrTiO3 (STON) substrate by directly measuring the resistance
of the heterojunction. The rectifying behavior of the junction
is well described by the Shockley equation. The relation be-
tween junction resistance and temperature is similar to that of
the traditional gapped semiconductor, and the interfacial bar-
rier of the heterojunction, which is 0.91 eV, is obtained.

2. Experiment

The LSMO/STON junction was fabricated by epitaxially
growing LSMO film of the thickness of ~200 nm on the
(001) 0.05-wt% Nb-doped STON single crystal substrate by
the pulsed-laser deposition (PLD) technique. The temperature
of the substrate was kept at 750 °C and the oxygen pressure at
60 Pa during the deposition. The as-deposited sample was fur-
nace cooled to room temperature in an oxygen atmosphere of
160 Pa. As shown by the X-ray diffraction data (not shown in
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this paper), only the (00/) peaks of the LSMO film and STON
substrate are observed, indicating that the LSMO film is clean
single phase and highly textured. The magnetic—paramagnetic
transition of LSMO film occurs at 380 K and the film is metal-
lic below 380 K, which is consistent with that of the reported
LSMO film.

The electrical measurements of the junction were per-
formed in the two-probe configuration. To obtain a good elec-
tric contact and avoid the effect of current distribution in the
junction,!3! three copper electrodes (one on the LSMO film
and two on the STON substrate) were deposited. The LSMO
film and copper electrodes were subsequently patterned into
squares of a size of 1 mmx1 mm by the conventional pho-
tolithography and chemical etching technique. The Cu—STON
and Cu-LSMO contacting resistances are both lower than 1 Q
at room temperature. Here we explain why the Cu is selected
as the electrode material. The Cu can be deposited on LSMO
and STON by PLD conveniently, and it can adhere to LSMO
and STON strongly. The contact between Cu—LSMO may be
regarded as a metal-metal contact, and the contact resistance
can be ignored. Usually, the contact resistance between Cu
and STON is very large. A special technology was adopted to
remove the Cu—STON contact resistance. Finally, the contact
resistance is small and will not affect the quantitative analysis
of the transport properties of the junction.

3. Results and discussion

To investigate the rectifying property of the heterojunc-
tion, the current-bias (I-V) characteristics are measured un-
der various temperatures, as shown in Fig. 1(a). The junction
exhibits an excellent rectifying property, as demonstrated by
the strong asymmetry of the /-V curves against the polarity
of the electrical bias. The current is negligibly small and re-
mains tiny in the initial stage of the application of electrical
bias in both directions, but grows rapidly when the bias volt-
age exceeds a threshold value of direction dependence. In the
forward direction, the threshold is a few tenths of a volt. How-
ever, the current is still tiny in the reverse direction until the
bias reaches 6 V, indicating that the heterojunction has an ex-
cellent anti-breakdown ability, which shows that the potential
acts as a diode. As temperature decreases, the -V curve ex-
hibits a simple expansion along the V-axis as occurring in the
conventional p—n junctions.

Based on semiconductor theory, the /-V relation of an
idealized p—n junction can be described by the Shockley for-

mula, as follows: [14-19]

I =~ Iyexp(eV /nkpT) (1

Current/mA

Jun
()

A |

o Bk B I B |

Currrent/mA

—_
(en)
| |
= @
e B N

Fig. 1. Current—voltage characteristics (a) and logarithmic (b) plot of
the characteristics of LSMO/STON junctions measured at temperatures
between 80 K and 380 K.

for ¢V > nkgT in the forward direction. Here, kg is the Boltza-
mann constant, 7 is the ideality factor, and the prefactor Iy the
reverse saturation current, which is related to interfacial bar-
rier. It is obvious that the precondition that the heterojunction
can be regarded as an idealized p—n junction requires that the
log(I)-V relation should be linear. Fortunately, this condition
is satisfied by the present junction. As is shown in Fig. 1(b),
an excellent linear dependence of log(/) on V is observed in a
temperature range from 150 K to 380 K. The saturation cur-
rent Ip obtained as an intercept on the y axis of the extrapo-
lated log(I)-V relation is quite small, say ~ 2.7 x 10~!1 A for
T =300 K, which indicates the high quality of the junction
and the negligible leakage current. This is consistent with the
fact that the ideality factor n (shown in Fig. 2), where n is de-
termined by the slope of the log(I)-V curve, is pretty small,
varying between 1 and 1.2 in a temperature range from 160 K
to 380 K (n is expected to be unity for an idealized p—n junc-
tion). That the ideality factor is very close to 1 implies that the
thermal emission is the dominating means of a carrier to over-
come the interfacial barrier, which makes it possible to obtain
the interfacial barrier by measuring the resistance of the het-
erojunction directly.

The dependences of resistance of the heterojunction on
temperature measured under various biases are shown in
Fig. 3. The resistivity increases monotonically and smoothly
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Fig. 2. Dependence of ideality factor n on temperature.
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Fig. 3. (color online) Dependences of resistance of LSMO/STON het-
erojunction on 1/7 measured under various bias voltages. The solid
lines are guides for the eye.

with the decrease of temperature with the increase of bias.
However, when the resistance data are a plot of logarithmically
versus 1/T, the resistance and 1/T is well logarithmically lin-
ear. The present R—1/T relation of the heterojunction is sim-
ilar to that of the traditional gapped semiconductor. Both of
which can be described by the formula R = Ryexp(Ea /ksT),
where Ep is the activation energy, which implies that the
heterojunction and semiconductor have similar basic physical
transport properties. Carriers must overcome a barrier to take
part in the transport process by thermal emission. The carri-
ers in the semiconductor need to overcome the energy gap be-
tween the valence and conduction band. However, in the het-
erojunction they must overcome the interfacial barrier, which
is an important and complex parameter of a junction. The Ex
values of present heterojunction under various measured bias
voltages can be deduced from the slopes of R—1/T curves, as
shown in Fig. 3. As shown in Fig. 4, a satisfactory linear de-
pendence of activation energy Ea on the bias is observed. The
interfacial barrier of the junction is obtained by extrapolating
the Ex-bias line to zero bias, which is 0.91 eV, and is slightly
larger than that of the manganite heterojunction obtained by
analyzing the I-V curves!! 12l and less than that obtained by

the technology of photo resistance. ']
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Fig. 4. (color online) Linear relation between activation energy and bias
(Ea-bias). The interfacial barrier is obtained to be 0.91 eV by extrapo-
lating the line to zero bias.

On the other hand, if the LSMO/STON heterojunction
is treated as a metal-semiconductor contact Schottky junc-
tion, then its current—voltage relation is described by the

function!4

Vv V-
I =Iexp <I;T> :CTzexp <6(kBYYD)> ,

where the prefactor C is a constant and Vp is the interfacial
barrier. Comparing with the exponential factor, the factor 72
changes very slowly, so it can be ignored. Then, the resistance
of the junction is R o< exp[e(Vp — V) /kgT| under a fixed bias
voltage. It is clearly seen that the activation energy deduced
from the In(R)-1/T curve is e(Vp—V), which is consistent with
the experimental results.

By analyzing the saturation current of the heterojunction,
the interfacial barrier is also obtained to be 0.85 eV, which is
slightly less than that from the resistance measurement. This
difference may be ascribed to the measurement error of satu-
ration current.

4. Summary

In the present paper, a manganite p—n heterojunction
LSMO/STON is fabricated by using the PLD technology and
the transport properties of the interface are experimentally
studied. The rectifying behavior of the junction is well de-
scribed by the Shockley equation. A satisfactory logarithmi-
cally linear dependence of resistance on temperature is ob-
served in a temperature range of 150 K—380 K, and the relation
between the bias and activation energy which is deduced from
the R—1/T curve is linear. According to the Ea-bias curve,
the interfacial barrier of the heterojunction is obtained to be
exactly 0.91 eV.
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