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Influence of the dynamic lattice strain on the transport behavior of oxide

heterojunctions

J. Wang,? F. X. Hu, L. Chen, Y. Y. Zhao, H. X. Lu, J. R. Sun, and B. G. Shen
State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences,
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(Received 16 August 2012; accepted 4 January 2013; published online 18 January 2013)

All-perovskite oxide heterojunctions composed of electron-doped titanate La,Sr; _ (TiO3 (x=0.1,
0.15) and hole-doped manganite La, ¢,Cag 33MnO5 films were fabricated on piezoelectric substrate of
(001)-0.7Pb(Mg, 5Nb,/3)03-0.3PbTiO; (PMN-PT). Taking advantage of the excellent converse
piezoelectric effect of PMN-PT, we investigated the influence of the dynamic lattice strain on
transport properties of the heterojunctions by applying external bias electric fields on the PMN-PT
substrate. Photovoltaic experiments were carried out to characterize the interfacial barrier of the
heterojunction. A linear reduction in the barrier height was observed with the increase of the bias field
applied on PMN-PT. The value of the barrier height reduces from ~1.55 (~1.30) to 1.02 (1.08) eV as
the bias field increases from 0 to 12kV/cm for the junction of Lag 0Stg9Ti05/Lag ¢7Cap33Mn0O5
(Lag.15S19 85 Ti05/Lag 67Cap 33Mn0O3). The observed dependency of barrier height on external field can
be ascribed to the increasing release of trapped carriers by strain modulation, which results in a
suppression of the depletion layer and increases the opportunity for electron tunneling across the

depletion area. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788731]

Manganite-based heterostructures provide a pathway to
create attractive functional devices and combinations of fasci-
nating physical phenomena.'™ Some researches have shown
that manganite junctions exhibit many distinctive features
including magnetic field-dependent rectifying property,* bias-
dependent magnetoresistance,” and temperature-dependent
photovoltaic effect,’ which are absent in conventional junc-
tions. As well established, the properties of the junction are
mainly determined by the interfacial barrier (IB), which is
strongly influenced by interface states including structural and
electronic states. Much effort has been put into tuning the rec-
tifying behaviors of the junction by adjusting interface, for the
purpose of either fundamental research or practical applica-
tion. As well documented, the biaxial strain due to lattice mis-
match between film and substrate plays a very important role
in controlling the electrical transport and magnetic properties
of manganite thin films because of the strong electron-lattice
coupling.”'? Indeed, Lii et al. have found that the IB can
be tuned by chemical stress (hole contents) for La;_,Cay
MnO;/SrTiO3:Nb junctions.13 Moreover, the tensile stress in
the manganite film, imposed by substrate, was also found to
have an obvious impact on the height of the IB.'* Therefore,
if effectively controlling stress near the interface of the
manganite-based junction, one could obtain functional devi-
ces. However, such modulations through carrier doping or
thickness variation are badly controllable because of the ran-
domicity inhomogeneous and bad repeatability of the strain
relaxation progresses. In addition, the substrate induced static
lattice strain is always accompanied by many other parame-
ters, such as defects, microstructure, compositions etc. These
accompanying factors would obstruct the investigations of the
pure strain effect on properties of junctions.
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Recently, a linear and reversible tuning of the lattice
strain and, hence, the electronic properties of the thin films
by applying an electric field have been reported in perovskite
thin films epitaxially grown on ferroelectric relaxor
(1 — x)Pb(Mg;3Nb,/3)05-xPbTi05.”'*!>1® Taking advant-
age of such dynamically strain tuning method, one could
expect to modify, reliably and reversibly, the interface state
of the manganite-based junction such as carrier concentra-
tion and IB by varying the Jahn-Teller distortion and pre-
ferred occupancy of particular orbital.'” In this Letter, we
report the evolution of the rectifying and photoelectric prop-
erties with the dynamic strain modification.

The commercial (001)-oriented 0.7Pb(Mg;,3Nby3)
03-0.3PbTiO3 (PMN-PT) single crystal was chosen as the sub-
strate due to its perovskite cubic structure (apyn.pr =4.017 A)
and outstanding ferroelectric and converse piezoelectric effects
(remnant polarization Pr~ 22.9 uC/cm?® and coercivity field
Ec ~2.8kV/cm), which makes it a nice platform in investigat-
ing the impact of substrate induced tensile strain on the trans-
port behaviors of manganite-based junction dynamically.”?
We selected Lag 67Cag33MnO3 (LCMO,ay cvo puk = 3.868 A)
and 15% (and 10%) La-doped SrTiO; (La,Sr;_,TiO5
(x=0.10,0.15)) (LSTO.a; s10.puic = 3.905A) to compose a
heterojunction. The former is a p-type degenerated semicon-
ductor while the latter is n-type with different carrier concen-
tration due to different doping level.'"® The samples thus
obtained will be denoted as LSTO(15)/LCMO and LSTO(10)/
LCMO, respectively. The LSTO-LCMO/PMN-PT junction
was fabricated by successively growing LCMO and LSTO
films with the thickness of t =30, 150 nm on the (001)-PMN-
PT substrate using pulsed laser deposition technique. The tem-
perature of the substrate was kept at 670 °C and the oxygen
pressure at 100 Pa and 50 Pa during the deposition of LCMO
and LSTO films, respectively. The crystalline structures of the
samples were determined by means of x-ray diffraction (XRD)

© 2013 American Institute of Physics
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FIG. 1. X-ray diffraction patterns of the LSTO(10)/LCMO heterojunction.
The inset shows a schematic diagram of the junction structure and the circuit
for electrical measurements.

80 100

using Cu-Ko radiation. Several Au pads were deposited
respectively on LCMO, LSTO, and the bottom of PMN-PT as
electrodes (junction area= 1 x 1 mm?). The dynamic and re-
versible strain modulation of LCMO film was achieved by
applying a bias field up to 12kV/cm across the PMN-PT sub-
strate (for protection, a 20 MQ resistor is presented in the
circuit, see inset of Fig. 1). The resistance of the PMN-PT,
measured using a Keithley 6517 A electrometer, was ~10 GQ,
and a negligible small leakage current was observed (less than
15nA under a 12kV/cm electric field). The inset of Fig. 1
shows the schematic junction structure and the circuit for elec-
trical measurements. Lasers with wavelengths between 532
and 780nm were used in the photovoltaic experiments. The
spot size of the laser is ~1 mm in diameter. The current-
voltage (J-V) characteristics of the junction, as well as photo-
current (/,) yielded by laser illumination, were measured at
ambient temperature by a Keithley 2611 SourceMeter.

Figure 1 shows typical 0-20 XRD patterns of the
LSTO(10)/LCMO junction, which indicates the single pseu-
docubic phase and high crystallinity for both layers. It was
found that the reflections of LSTO and LCMO, with degres-
sive intensities, appear in sequence at the right side of the
PMN-PT reflection, in accordance with the relation of
the lattice parameters apyN—prT>>ALSTO bulk>>aLCMObulk  and
the stack sequence of the junction LSTO-LCMO on the PMN-
PT substrate. The out-of-plane lattice parameter ¢ for LSTO
and LCMO were determined to be 3.897 and 3.820A from
respective positions of (002) reflection peak, indicating
that both films undergo compressive out-of-plane strains
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(SZZ = (Cﬁ]m - Cbulk)/cbulk =-0.21% for LSTO, —1.23% for
LCMO). Corresponding in-plane tensile strains were calcu-
lated as 0.35% and 1.57% by Poisson relation &, = —(1 — v)/
2ve,, using v=0.232 (Ref. 19) and 0.282.%° The obtained
lower in-plane strain of LCMO compared to the nominal mis-
match between LCMO and PMN-PT (~3.85%) reveals that
the strain of LCMO film has undergone a partial relaxation.
For the film of LSTO, a rough analysis of the relaxation state
can be made by estimating the in-plane parameter of the
strained LCMO taking into account the in-plane biaxial strain.
It was found that in-plane strain (0.35%) of the present LSTO
film is lower than the nominal mismatch between LSTO and
the strained LCMO (~0.58%), indicating that the film of
LSTO also undergoes a partial relaxation. Biegalski et al. has
measured the in-plane diffraction of the bilayer STO-LSMO
on PMN-PT (Ref. 21) using four-circle x-ray diffractometer.
The in-plane lattice parameters determined from diffractions
reveal that the film of STO (having a similar lattice parameter
compared to LSTO) exhibit a partial relaxation which is in
accordance with our results. It is noted that the film of
LSTO(10) shows little strain, which should be ascribed to the
relative small mismatch between LSTO and the strained
LCMO film. The relaxation of the LSTO film probably also
contributes to the small strain. Similar phenomena were also
observed in the sample of LSTO(15)/LCMO, which has out-
of plane lattice parameters of 3.899/3.821 A. The surface mor-
phology of the PMN-PT substrate, LCMO film, and LSTO/
LCMO was investigated by atomic force microscopy. The sur-
face roughness RMS was found to be 1.35, 1.51, and 1.81 nm
for PMN-PT substrate, LCMO film, and LSTO(10)/LCMO,
respectively. The small increase of roughness for both LCMO
and LSTO/LCMO indicates the films are well grown and the
interface between LCMO and LSTO and that between LCMO
and the PMN-PT substrate are satisfactory.

Transport measurements of the LCMO layer were made
by using a superconducting quantum interference device
(SQUID) magnetometer. Fig. 2(a) shows temperature depend-
ent resistance for the LCMO layer under different magnetic
field and bias fields. First, it was found that the insulator-metal
transition temperature Ty for the film moves from the bulk of
~250K (Ref. 22) to ~207 K due to the static tensile strain,
coinciding with previous reports.'>** Such reduction in transi-
tion temperature is due to the decrease of the in-plane transfer
integral for the ferromagnetic double-exchange coupling
through enlarged in-plane Mn-O-Mn bond. One also noted
that a magnetic field of 5T shifts the transition temperature
upwards by ~45 K and reduce the resistance considerably. On

FIG. 2. (a) Temperature dependence of the resist-
ance for the LCMO film when the PMN-PT sub-
strate is under a bias field of 0, 8, and 12kV/cm,
respectively. The results under 5T magnetic field
(0kV/cm) were also plotted; (b) Resistance of the
LCMO film at 300K as a function of the electric
bias field applied to the PMN-PT substrate under
OTand5T.
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the other hand, while a bias field, E, was applied on the PMN-
PT substrate, the resistance of the LCMO film (without any
magnetic field applied) decreases over a wide temperature
range as shown in Fig. 2(a). The decrease in resistance is par-
ticularly pronounced near Ty, where the resistance decreases
by ~21% for E=8kV/cm and ~35% for E=12kV/cm.
Moreover, Ty shifts towards high temperature by ~3 K and
~6K for E=8kV/cm and 12kV/cm, respectively. We attrib-
uted such reductions in the resistance and increases of Ty to
the strain effect induced by the bias field on the PMN-PT sub-
strate.'”!> Previous researches'”'> have revealed that the
bias-field-induced compressive strain in the PMN-PT sub-
strate could impose in-plane compressive strains on the
LCMO film and thus a decrease of the Jahn-Teller distortion,
thereby resulting in delocalization of charge carriers. Mean-
while, the bias-field-induced compressive strain can also cause
a decrease in the in-plane Mn-O-Mn bond length and an
enhancement in the hopping of carriers and double exchange
(DE) interaction, resulting in a reduction in resistivity and an
increase in Ty

Furthermore, we also measured the resistance in the
LCMO film as a function of the electric bias field E applied to
the PMN-PT substrate at 300K, and the results are shown in
Fig. 2(b). One could immediately find that the resistance at
300K decreases linearly with increasing bias field. Considering
that the bias-field-induced strain is linearly dependent on the
bias field,'>?" this result implies that the change in resistance,
and probably, the delocalized charge carriers due to bias-field-
induced strain is proportional to the modulation of the in-plane
strain. It is reasonable to anticipate that the external bias field
could be also used to modulate the interfacial barrier and trans-
port properties of the heterojunction composed of LCMO and
LSTO.

The current density-voltage (J-V) relations of both junc-
tions under selected bias fields, measured at ambient temper-
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ature, were presented in Figs. 3(a) and 3(b). One can
distinguish obvious rectifying characteristic, noting the
obvious asymmetric J-V curves. It was found that an increase
of bias field causes the curve shifts up under forward voltage
biases (directing from LCMO to LSTO), which indicates the
decrease in the junction resistance due to the external bias
field on PMN-PT. In Figs. 3(c) and 3(d), the forward junction
resistance Rjunciion at various forward voltage biases Vg,
defined as Rjunction(vbias):Vbias/-]interface7 was plOtted as a
function of the bias field. One can find that the junction re-
sistance, in both samples, decreases linearly with the external
bias field, E, at all V,;,,. This intriguing behavior suggests
that the concentration of effective holes near the interface of
LCMO film varies with the dynamic strain variation from
substrate. It has been reported that the piezoelectric lattice
strain of the PMN-PT substrate, resulting from the external
electric field, could transfer to the manganite film on it,15:16
In present system, a bias field of 12kV/cm could induce a
reduction of ~0.11% in in-plane strain for 30nm LCMO
film."> As well known, the reduction in in-plane strain would
weaken Jahn-Teller distortion and release trapped charge,
leading to a dramatic enhancement of the hole concentration
in LCMO film.

Xie et al.** has reported that the depletion layer of the
junction LCMO-STON will be suppressed if the released hole
concentration increases. It is reasonable to infer that similar
suppression of the depletion layer would appear in present
LSTO/LCMO heterojunctions due to the enhancement of car-
rier concentrations. As a result, the junction resistance
decreases with the external bias field. Moreover, one could
expect that the suppression of the depletion layer would result
in a reduction of the effective barrier height of the junction.

It is known that the technique of photovoltaic effect can
be used to investigate the junction in its equilibrium state and
avoid the adverse effect related to an external voltage.
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To investigate the influence of the dynamic strain on the inter-
facial barrier, we acquired photocurrent of the junction under
various bias fields, /,,, yielded by laser (wavelength from 532
to 780nm) illumination at ambient temperature. It was found
that the photocurrent, for a fixed wavelength, shows a remark-
able dependence on the bias field. Figs. 4(a) and 4(b) present
the photocurrents produced by the light of 532nm under a
bias field of 0 and 12kV/cm for both junctions. Sudden jumps
in photocurrent of both junctions are observed when the light
is on and off (indicated by arrows in Figs. 4(a) and 4(b)), sug-
gesting a fast response to light illumination. Moreover, one
can found that the photocurrent in both junctions increases as
the bias field on PMN-PT increases. The typical value for the
junction LSTO(10)/LCMO under a laser of 532nm is
~2.6nA/mW, for a bias field of 0, and ~10.4nA/mW, for
12kV/cm. This feature indicates a change in the barrier height
with the bias field, i.e., the strain variation in the film.

As well known, the information about the IB can be
extracted from internal photoemission spectra. According to
Fowler’s theory,”® the quantum efficiency R of the photoem-
ission, which is proportional to the photocurrent yielded by
each photon, is a simple function of photon energy: R o
(hv — ®,)* if Ep >>|hv — @, |>> 3kgT, where hv is the photon
energy and @, the interfacial barrier height. A direct calcula-
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tion shows that the depletion layer mainly develops in
LSTO. As a result, LSTO-LCMO can be well approximated
by a Schottky junction, and the Fowler equation could be
used safely. Figures 4(c) and 4(d) show the square root of
the quantum efficiency as a function of photon energy for
both LSTO(10)/LCMO and LSTO(15)/LCMO junctions
under various external bias fields. At first glance, the R -hy
slope increases with the increase of bias field, which might
be a consequence of the reduced annihilation of the extra
carriers. Moreover, one could also find that the x-axis inter-
cept of the R"*-hv curve shifts to low energies while the bias
field increases, indicating the IB deceases while the in-plane
strain decreases. The specific @, under different bias fields,
deduced from Fowler equation, are illustrated in the inset of
Figs. 4(e) and 4(f). It is worthwhile to note that the
LSTO(15)/LCMO exhibits a lower barrier than LSTO(10)/
LCMO, which is probably due to a relative thin depletion
layer resulting from the high carrier concentration of
LSTO(15).

A clear suppression of the IB by external bias field was
found in both junctions (see Figs.4(e) and 4(f)). Biegalsk
et al*" has found that the change in the in-plane strain of the
film with the external electric filed applied on the PMN-PT
substrate is identical to that in the substrate strain. Taking this
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into account, one may conclude that the present result demon-
strates the impact of the reduction in the tensile strain of
LCMO on the IB of the junction. As discussed above and
revealed by previous repons,lo_12 the further relaxation of the
LCMO film (the reduction of the tensile strain) caused by the
substrate strain due to the converse piezoelectric effect would
cause an enhancement of the hole concentration in LCMO,
resulting in a suppression of depletion layer. Such suppression
of depletion layer would increase opportunities for electron
tunneling across the depletion area and results in a reduction
in the effective barrier height. Thus, the variation of the hole
concentration near the partial-relaxed LCMO/LSTO interface
and the interfacial barrier could be regarded as a function of
the PMN-PT substrate strain since their direct cause, the in-
plane strain, is a uniform response of the PMN-PT substrate
strain induced by external electric fields. Furthermore, one
could find, interestingly, that the modulation of the IB is also
nearly linear in the investigated range of E. Considering that
the nearly linear relationship between reversible strain and
E," alinear dependence of the IB on strain is reasonable. To
provide an intuitive estimation of the influence of the strain on
interfacial barrier, we calculate the gauge factor (d®,, /de,y),
defined as the ratio of the change in barrier height and the in-
plane strain variation. Gauge factor values of ~492 and 190
for junctions of LSTO(10)/LCMO and LSTO(15)/LCMO are
obtained from the data of photovoltaic experiments, respec-
tively, taking into account that the in-plane strain variations in
the films are similar to the substrate strain changes ~0.11%
for E=12kV/em.">'® The clear discrepancy in obtained
gauge factors for two junctions might relate to the different
Fermi level and energy band structure due to the different
doping content of La in LSTO layers.

So far, our discussion on the strain effect on the barrier
is focused on the LCMO films. The in-plane dynamic strain
of the substrate upon bias field may also transfer to the
LSTO (La,Sr; _ TiO5 (x =0.10, 0.15)) film,*' resulting in a
reduction of in-plane tensile strain in LSTO. However, the
strain effect on LSTO is not clear at the moment. A similar
investigation27 on the tensile strain effect for SrTiO5; (STO)
film indicated that the in-plane tensile strain would lower the
electron effective mass of the SrTiOj film, resulting in an
increase of electron mobility. We notice that LSTO and STO
have similar lattice and parameters. For a preliminary discus-
sion, we assume similar effect may also occur in the LSTO
film. The bias field-induced strain would reduce the in-plane
strain in LSTO and enhance the electron effective mass,
especially at the interface with LCMO, hence reducing the
electron mobility. However, the possible change of electron
mobility in LSTO upon bias field does not imply any change
of carrier concentration, thus its influence on the barrier of
LCMO/LSTO junction should not be significant. In other
words, the change of electron mobility may only affect the
carrier’s moving speed, and should not affect the height of
barrier. Thus the strain change of LSTO film due to the bias
field may not play a dominant role in modifying the barrier
height, and the change of the interfacial potential barrier
should mainly come from the contribution of LCMO film.

In conclusion, the influence of strain modulation on the
transport properties of manganite-based junction LSTO-
LCMO/PMN-PT has been investigated by the converse

Appl. Phys. Lett. 102, 022423 (2013)

piezoelectric effect in (001) PMN-PT. It was found that the
IB of the junction, extracted from photovoltaic effect, has a
nearly linear dependence on the external bias field applied
on PMN-PT. Such interesting correlation between the inter-
facial barrier and the external bias field can be mainly
ascribed to the stimulation of trapped carriers due to the ten-
sile strain reduction in the LCMO film caused by external
bias field.

This work was supported by National Basic Research
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