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ABSTRACT
A heterojunction comprising a La1.9Sr0.1CuO4 thin film on a 0.5 wt. % Nb doped SrTiO3 single-crystal substrate was fabricated using mag-
netron sputtering deposition and ion milling etching techniques. Rectification has been observed in the current–voltage characteristics of the
heterojunctions from 30 to 300 K. The temperature evolution of the ideality factor implies the important role of barrier inhomogeneity at the
junction interface. A systematic study of capacitance as a function of frequency under different bias voltages at room temperature was also
carried out. The capacitance can be explained by deep-level defects in the space charge region.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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Heterojunctions composed of doped Mott insulators have gar-
nered strong interest for their importance in both scientific research
and potential technological applications.1–15 Increasing attention
has been paid to heterojunctions composed of a strongly corre-
lated perovskite oxide film and Nb doped SrTiO3 single-crystal sub-
strate because of the simplicity of the structure.3,4,8,16–19 The current
(I)–voltage (V) characteristics of these heterojunctions have proved
to be useful in determining superconducting gaps and Fermi level
positions in electron-correlated oxides.5,7,8,10,17,20,21 Moreover, com-
pared with traditional p–n or Schottky junctions where electron
correlation is weak, doped Mott insulators with strong electron cor-
relations may show different behavior in the transport properties,
particularly at high frequencies. This could be useful in applications
such as high-frequency rectifiers.22

In this paper, we report the synthesis of heterojunctions
comprising an epitaxial La1.9Sr0.1CuO4−δ (LSCO) thin film grown
on a 0.5 wt. % Nb doped SrTiO3 (NSTO) substrate. The LSCO
film was grown by magnetron sputtering, and the LSCO/NSTO
heterojunction was patterned by physical ion-milling. In-plane
electrical transport measurements have confirmed that LSCO is
p-type, whereas NSTO is n-type. Superconductivity in LSCO was
not observed due to a degree of oxygen deficiency. Out-of-plane
I–V measurement of the LSCO/NSTO heterojunction shows good
rectifying behavior, similar to a conventional p–n or Schottky
junction. The temperature evolution of I–V characteristics can be

explained by barrier inhomogeneity. Comprehensive capacitance
measurement over a broad range of frequency and bias voltage also
reveals the important role of deep-level defects in the space charge
region.

Instead of using the typical pulsed laser deposition and wet
chemical etching methods to grow and process superconducting
cuprates,10,17 we have fabricated and patterned our heterojunctions
by magnetron sputtering and physical Ar ion-beam etching. We
have prepared the LSCO sputtering target using the solid-state reac-
tion of precursors in air at 1050 ○C for 12 h.23,24 There are two
different terminations on the (001) STO surface: SrO termination
and TiO2 termination. To improve quality and reproducibility of
the epitaxial film growth, we followed the procedures in Refs. 25
and 26 to perform chemical and subsequently thermal treatment.
A full TiO2 termination of the NSTO substrate has been achieved.
Figure 1 shows the atomic force micrograph (AFM) of the morphol-
ogy of the NSTO substrate before and after chemical treatment and
annealing. As can be seen, the treated NSTO substrate shows a clean
terrace structure free of particulates. In addition, the step height of
the terrace is ∼0.4 nm, close to the lattice parameter of STO (0.39
nm). This indicates that only one termination (TiO2) is present after
the treatment.

Following the treatment of the NSTO substrates, LSCO films
have been deposited through magnetron sputtering with a base pres-
sure of 2 × 10−7 Torr. During deposition, the NSTO substrate was
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FIG. 1. Atomic force micrograph of the NSTO substrate (a) before and (b) after treatment. A cross section view of (b) is shown in (c), where atomically flat terraces with a
0.4-nm step are clearly visible. (d) XRD patterns of LSCO on NSTO substrate.

kept at a temperature of 800 ○C, and the sputtering gas is 25% oxygen
in argon with a total sputtering pressure of 20 mTorr.27 The film’s
thickness is controlled by the deposition time and verified by x-
ray reflectivity. The x-ray reflectivity measurement also shows small
surface roughness of the deposited LSCO films. We have measured
the structure of the LSCO by performing a θ–2θ x-ray diffraction
(XRD) profile using the Bruker D8 Discover x-ray diffraction sys-
tem. Figure 1(d) shows the XRD pattern of a typical epitaxial LSCO
film grown on the NSTO substrate. Only sharp (00n) peaks from
the LSCO and the NSTO (substrate) are visible, indicating a nearly
perfect c-axis orientation. All the peaks show good correspondence
with previous work.7,10 From the full width at half maximum of the
diffraction peaks, using the Scherrer equation,28 the crystal domain
size of LSCO is estimated to be 22 nm.

To prepare Ohmic contacts to the heterojunctions, the sam-
ples were first annealed in air at 450 ○C for 30 min. After thermal

annealing, Ti(10 nm)/Au(40 nm) films were sputtered onto the top
of the LSCO film and the back of the NSTO substrate to form Ohmic
contacts. We used conventional photolithography and physical Ar
ion-milling etching to create isolated 200 μm-diameter dot-shape
heterojunctions.

First, transport properties of the LSCO film and NSTO sub-
strate have been measured using the Quantum Design® Physical
Property Measurement System (PPMS) from 20 to 300 K. For these
in-plane transport measurements, including longitudinal resistivity
and Hall coefficient measurements, the LSCO film was grown on
the insulating SrTiO3 substrate and patterned into a standard Hall
bar structure. The NSTO substrate was measured using the van der
Pauw configuration and Au wire-bonded contacts. Figure 2(a) shows
the temperature dependence of the resistivity. From 350 to 20 K,
resistivity of NSTO drops by two orders of magnitudes and remains
metallic. On the other hand, LSCO is of metallic nature from 150
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FIG. 2. (a) Longitudinal resistivity vs temperature for LSCO film and NSTO sub-
strate. The inset shows the resistivity of the LSCO film in log scale vs T−1/4 (only
low-temperature data are included). The nearly linear relation confirms the three-
dimensional VRH. (b) Carrier concentration and (c) carrier mobility in LSCO and
NSTO vs temperature.

to 300 K and semiconducting like below 150 K. At low temper-
atures, as shown in the inset of Fig. 2(a), resistivity of LSCO fits
well with ρ(T) = ρ0e(T0/T)1/4

, indicating that the electrical transport
mechanism at low temperature is three-dimensional variable range
hopping (VRH).29 Superconductivity was not observed down to the
lowest measurement temperature of 5 K, which is likely due to a large
degree of oxygen deficiency in the sample.4

Hall measurements were also performed to measure the car-
rier type and concentration. From the sign of Hall coefficients, it is
confirmed that LSCO is p-type and NSTO is n-type. Temperature
dependence of Hall coefficients is shown in Fig. 2(b). As can be seen,
carrier concentration in LSCO reduces by nearly half as tempera-
ture drops from 300 to 50 K. In comparison, carrier concentration
in NSTO has a steady increase. It should be noted that carrier con-
centration in LSCO is actually higher than that in NSTO. Therefore,
the rather large resistivity of LSCO mostly originates from its low
carrier mobility, as shown in Fig. 2(c).

I–V characteristics of the LSCO/NSTO heterojunctions have
been measured in different temperature range of 10–300 K, where
a positive bias is a positive voltage applied to the top electrode in
contact with the LSCO film. Figure 3(a) shows the I–V curves of one
typical heterojunction. Rectification can be observed under all mea-
surement temperatures, and the forward bias threshold increases

with decreasing temperature. The conventional thermionic emis-
sion theory for the p–n or Schottky junction, which ignores strong
electronic correlations, may be used to describe the forward current
according to the following equations:30

I = I0[eeV/NkBT − 1], (1)

I0 = AA0T2eeϕB/kBT , (2)

where N is the non-ideality constant, A is the sample area, A0 is
the Richardson constant (1.202 × 106 A m−2 K−2), kB is the Boltz-
mann constant, and ϕB is the barrier height. Three sets of indepen-
dent measurement have been performed over a broad temperature
range. For each measurement, the barrier height ϕB and the non-
ideality constant N are extrapolated by fitting the I–V curve using
Eq. (1). As can be seen from Fig. 3(b), the barrier height ϕB fol-
lows a linear to quadratic relation with measurement temperature.
The ideality factor significantly deviates from unity, particularly at
low temperature. As shown in Fig. 2(c), the calculated ideality fac-
tor satisfies N = 1 + T0/T,8,30 with T0 ranging from 2300 to 7100
K. The deviation and temperature dependence of the ideality fac-
tor imply an important role of barrier inhomogeneity in the I–V
characteristics of LSCO/NSTO heterojunctions. The large ideality
factor and small barrier height at low temperature indicate that pure
thermionic emission theory may no longer be valid, and tunneling
effect must be taken into consideration.20 This is particularly the case
for LSCO/NSTO heterojunctions, where high carrier concentration
in both LSCO and NSTO should give rise to a very narrow space
charge region.

To further understand correlation between heterojunction
quality and the ideality factor, we have performed I–V measure-
ments over many LSCO/NSTO heterojunctions at room temper-
ature. From the I–V curves, the ideality factor N and differential
resistance R0 at zero voltage were determined. For fair compari-
son, the resistance-area product R0A is used. As shown in Fig. 3(d),
a clear negative relationship between N and R0A can be observed.
By linear fitting, we have obtained N = 9.48–0.58 log R0A. Such cor-
relation implies that reduction in junction resistance and devia-
tion in the ideality factor from unity may have the same phys-
ical origin. The detailed physical mechanism behind this could
be related to the strong electron correlation and demands more
investigation. In addition, we have observed that over-etching and
intensive side-wall cleaning during the physical ion milling pro-
cess would improve the heterojunction quality. This may be under-
stood from the fact that physical ion milling unavoidably leads
to side-wall redeposition. The side-wall contamination may create
an undesired conducting channel. Through over-etching and side-
wall cleaning processes, most of the redeposited particles may be
removed.

Capacitance of LSCO/NSTO heterojunctions is critical for
understanding the physical properties as well as possible applica-
tions as high-frequency rectifiers. We have measured the capacitance
of LSCO/NSTO heterojunctions over a broad frequency range from
40 Hz to 5 MHz, through applying a sinusoidal voltage of 50 mV.
Measurement was performed at room temperature under different
DC bias voltages. A contour plot of capacitance under different bias
voltages and frequencies is shown in Fig. 4(a). At low frequency and
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FIG. 3. (a) I–V curves of LSCO/NSTO heterojunction at different temperatures. (b) Temperature dependence of ϕB of three different samples. The solid lines show the
quadratic fitting of the data. (c) Ideality factor N vs 1/T , which shows a linear relation. (d) N vs R0A in semi-log scale. The red dashed line shows the linear best fitting.

under forward bias, the heterojunction capacitance reaches peak val-
ues at ∼0.4 V, which can be understood from the series-resistance
effect.31 Under even larger forward bias, capacitance measurement
is hindered by the large shunt conductance. From the contour plot,
it is clear that capacitance of LSCO/NSTO follows different physical
mechanisms at low and high frequencies. Following Zohta’s work,32

we express the capacitance as

C(ω) = Ch f +
Cl f − Ch f

1 + ω2τ2
e f f

. (3)

Ch f = Aεε0
ld

originates from carrier accumulation (similar to a
parallel-plate capacitor), where A is the diode area and ld is the
width of the space charge region. Clf comes from ionization of deep
defect levels in the space charge region, and τeff is the effective relax-
ation time of these defects. As shown in Fig. 4(b), Eq. (3) gives a
good fit for the capacitance under all bias voltages. The extrapo-
lated Chf , Clf , and τeff are shown in Figs. 4(c) and 4(d). As shown in
Fig. 4(c), the low-frequency capacitance Clf follows 1

C2
l f
∝ (Vbi − V),

as expected for capacitance due to defect levels in the space charge

region of p–n or Schottky diodes.8,9,11,16,17,20 The built-in potential
Vbi is extrapolated as 0.91 V, close to ϕB from I–V curves at room
temperature and values reported in previous work.8,17 Both Chf and
τeff show a steady increase as bias voltage increases. The increase
in Chf is likely caused by the reduced space charge region width.
For applications as high-frequency rectifiers, more investigation on
capacitance in the GHz and even THz range would be necessary. In
addition, the heterojunction could be further optimized for minimal
capacitance.

In summary, we reported on the successful synthesis of high-
quality heterojunctions of epitaxial La1.9Sr0.1CuO4 thin films on a 0.5
wt. % Nb doped SrTiO3 single-crystal substrate using a magnetron
sputtering system. In the absence of the superconductivity in LSCO
films, the LSCO/NSTO heterojunctions shows a good rectification
ratio. The temperature dependence of the ideality factor implies the
important role of barrier inhomogeneity. At room temperature, we
carried out a comprehensive capacitance measurement over a broad
range of frequency and DC bias voltage. The frequency and bias volt-
age dependence of the junction capacitance can be well explained by
a p–n junction or Schottky diode with deep-level defects in the space
charge region. Our results demonstrate the feasibility of growing and
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FIG. 4. (a) Capacitance contour plot vs DC bias and frequency. (b) Frequency evolution of capacitance under different bias voltages. The solid lines show best fit by Eq. (3).
(c) 1/C2

l f vs bias voltage. The dashed line shows linear best fit. The x-intercept of the fitting line gives diffusion potential, which is 0.91 V. (d) Chf and τeff vs bias voltage.

patterning LSCO/NSTO heterojunctions and similar structures by
magnetron sputtering and physical ion milling.
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