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Abstract

The transport and structural properties of (La,Sr)TiO3 epitaxial thin films grown by pulsed-laser deposition is

presented. In particular, the potential use of (La,Sr)TiO3 as a conductive buffer layer for subsequent growth of high

temperature superconducting films for coated conductors is discussed. Van der Pauw measurements of film resistivity as

a function oxidation conditions show that, for undoped LaTiO3 films, the resistivity increases rapidly as background

oxygen pressure is increased, which is consistent with the formation of the LaTiO3þx phase. Sr doping of LaTiO3

significantly enhances the conductivity of thin film materials when synthesized under oxidizing conditions. The

transport behavior for Sr-doped LaTiO3 films correlates with structural data showing no significant shift in lattice

spacing as oxygen partial pressure is increased during film growth. In addition, the epitaxial growth of (La,Sr)TiO3 on

biaxially textured Ni alloy tapes is demonstrated. These results suggest that (La,Sr)TiO3 is a viable candidate as a

conducting buffer for superconducting film growth on biaxially textured metal tapes.

� 2003 Elsevier Ltd. All rights reserved.
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In recent years, significant interest has emerged re-

garding the fundamental properties and application of

conducting oxides [1–3]. Among the materials investi-

gated is the (La,Sr)TiO3 system [4–10]. LaTiO3þx is a

defect perovskite, with transport properties varying

from insulating to metallic based on oxygen stoichio-

metry. LaTiO3 is a Mott insulator with a G-type anti-

ferromagnetic ordered ground state and a Ne�eel
temperature of approximately 135 K. At high tempera-

ture, LaTiO3 is a semiconductor, becoming an antifer-

romagnetic insulator upon cooling through the N�eeel
temperature. When synthesized with moderate oxygen

content, LaTiO3�x is metallic at high temperature, with a

metal-insulator transition occurring at reduced temper-

ature. As oxygen is added, ordered phases are observed.

For 0:1 < x < 0:2, the material is metallic at all tem-

peratures. As more oxygen is loaded into the lattice,

intergrowths are introduced. At x ¼ 0:4, the material

again becomes a p-type semiconductor. For x ¼ 0:5, the
material becomes ferroelectric, assuming the monoclinic

La2Ti2O7 layered structure made of two regular per-

ovskite units stacked between two distorted units that

share an additional oxygen layer. La2Ti2O7 exhibits a

relatively high Curie temperature of 1773 K [11]. The

saturation polarization is 5 lC/cm2, and a coercive field

of 45 kV/cm. Upon doping with Sr, bulk La1�xSrxTiO3

transforms from an antiferromagnetic p-type semicon-

ductor to an n-type metal [12–14]. The crystal structure

remains orthorhombic Pbnm up to x ¼ 0:3, where it
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becomes orthorhombic Ibmm. For x > 0:7, bulk

La1�xSrxTiO3 becomes cubic.
Epitaxial film growth studies have explored the

(La,Sr)TiO3 system[15–19]. Using molecular beam epit-

axy, it has been shown that phase formation in the La-

TiOx system can be controlled via selection of oxidation

conditions and temperature during growth. The epitax-

ial growth of (La,Sr)TiO3 thin films has also been ex-

amined using pulsed-laser deposition. La0:5Sr0:5TiO3

films have been realized with resistivity on the order to

60 lX-cm at room temperature [19]. Interestingly, epit-

axial La0:5Sr0:5TiO3 thin films that are reasonably

transparent and conductive have also been realized [20].

In this case, films with a resistivity of �350 lX cm were

measured to possess a transparency of �70% over the

visible wavelengths.
As a metallic oxide, (La,Sr)TiO3 is being considered

for numerous applications, including conducting elec-

trodes for ferroelectrics [21] and dielectric-base transis-

tors [22], as well as for sensors [23]. Another potential

application of (La,Sr)TiO3 is in the development of

coated conductors based on epitaxial high temperature

superconducting (HTS) films deposited on metal tapes

[24,25]. The growth of epitaxial HTS films on biaxially

textured substrates eliminates high-angle grain bound-

aries and enables high superconducting currents. One

particular approach based on the use of rolling assisted

biaxially textured substrates (RABiTS) requires the

growth of oxide buffer layers on biaxially textured metal

surfaces [24]. These buffer layers must be epitaxial with

respect to the biaxially textured metal tape, chemically

robust, and suitable for subsequent superconductor film

growth. The specific interest in conducting oxides for

practical HTS conductors arises from the need to ac-

commodate current flow in the event of a local super-

current quenching event. Such an occurrence will lead to

detrimental failure of the conductor if a critical value of

power dissipation is exceeded. With the RABiTS process,

an obvious approach to redirecting large current flow

due to a local failure in the HTS film would be to shunt

the current through the metallic substrate. However, this

requires a continuous metallic interconnect between the

HTS film and the normal metal substrate. A conducting

buffer layer architecture would meet this requirement.
In functioning as a conducting buffer layer in an

RABiTS structure, the conductive oxide layer architec-

ture must satisfy a specific set of criteria [26]. First, the

buffer layer must be reasonably well lattice matched to

both the metal substrate and the superconducting film,

thus enabling epitaxy. Second, the material must be

conductive not only as deposited, but after subsequent

HTS film growth and oxygen annealing. Third, the in-

teraction between the buffer layer and the metal sub-

strate must be such as to minimize formation of any

native interfacial oxide that would serve as an insulating

barrier to shunted current flow. Among the conducting

oxide materials, (La,Sr)TiO3 appears to in satisfy these

criteria. At room temperature, LaTiO3 possesses the

orthorhombic GdFeO3 perovskite structure with

a ¼ 5:604 �AA, b ¼ 5:595 �AA, and c ¼ 7:906 �AA [27]. The

pseudo-cubic lattice parameter of 3.96 �AA provides a

relatively large (12%) lattice mismatch to Ni (a ¼ 3:524
�AA), although similar mismatched parameters have pro-

ven useful in other RABiTS architectures [28–32]. La,

Sr, and Ti have a high affinity for oxygen relative to Ni,

suggesting that native NiO formation at the interface

should be minimal.
In this paper, we examine the properties of

(La,Sr)TiO3 films relative to its use as a conductive

buffer layer for coated conductor applications. First, the

properties of (La,Sr)TiO3 thin films as a function de-

position conditions are examined, with a focus on elu-

cidating the effectiveness of Sr doping in maintaining

conductivity for films grown under oxidizing conditions.

In particular, the conductivity of La0:5Sr0:5TiO3 and

LaTiO3 films is measured and compared. The growth of

(La,Sr)TiO3 thin films was achieved using pulsed-laser

deposition. A KrF (248 nm) excimer laser was used as

the ablation source. Laser energy densities on the order

of 1–3 J/cm2 were utilized. Films were deposited at

temperatures ranging from 500–770 �C in pressures

ranging from vacuum (10�6 Torr) to oxygen partial

pressures of 10�2 Torr. Polycrystalline LaTiO3 and

La0:5Sr0:5TiO3 targets were used as the ablation materi-

als. Total deposition time was 0.5 to 1 h with a laser

repetition rate of 5 Hz. In most cases, the films were

rapidly cooled in the growth pressure following deposi-

tion. Single crystal (0 0 1) SrTiO3, as well as biaxially-

textured Ni and Ni–W alloy tapes (3 at.% W), were used

as the substrate material. The substrates were cleaned in

trichloroethylene, acetone, and methanol prior to load-

ing in the growth chamber. The metal substrates were

heated to the growth temperature in a 4% H2/96% Ar

ambient with a pressure of 100 mTorr. Prior to nucle-

ation, the hydrogen was evacuated. For consistent

growth of (0 0 1) oriented films, nucleation was per-

formed in vacuum at �650�C. After film growth, the

films were cooled in vacuum. The transport and struc-

tural properties of both LaTiO3 and La0:5Sr0:5TiO3 thin

films were characterized. Transport was determined at

room temperature using a van der Pauw configuration.

X-ray diffraction was used to determine crystallographic

orientation and lattice spacing.
Fig. 1 shows the X-ray diffraction low-resolution 2h

scan for the LaTiO3 film on (0 0 1) textured Ni. Based on

the in-plane and high-resolution scans for films on tex-

tured metal and on single crystal SrTiO3, the LaTiO3

film was indexed as possessing two orientations, namely

the LaTiO3 (1 1 0) perpendicular or the LaTiO3 (0 0 1)

perpendicular. There is no evidence for an orthorhombic

a,b splitting as has been reported for the bulk [27]. If the

peaks along the surface normal are indexed as (0 0 1)
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perpendicular, then the resulting tetragonal lattice pa-

rameters are a ¼ b ¼ 5:594 �AA, c ¼ 7:880 �AA. For this

orientation, the out-of-plane LaTiO3 [0 0 1] is along the

Ni[0 0 1], while the in-plane LaTiO3 is along the Ni

[1 1 0]. Alternatively, if the peaks along the surface

normal are indexed as (1 1 0) perpendicular, then

a ¼ b ¼ 5:572 �AA, c ¼ 7:910 �AA. For this orientation, the

out-of-plane LaTiO3 [1 1 0] is along the Ni [0 0 1], while

the in-plane LaTiO3 [0 0 1] is along the Ni [1 0 0]. The

two sets of lattice values are related by interchanging

ða; bÞ with c and scaling by
p
2. Both orientations exist

in the film with comparable volume fraction. Fig. 2

shows the rocking curves for the LaTiO3 (0 0 4)/(2 2 0)

and the (0 0 2) Ni substrate peaks. The out-of-plane

mosaic spread for the LaTiO3 film of Dh � 3:7� is sig-

nificantly narrower than that for the biaxially textured

substrates, measured in this case to be Dh � 9:7�. This
has been observed for other epitaxial oxides on biaxially

textured metal substrates. The improved alignment of

the film surface normal axis relative to the crystallinity

of the substrate reflects the influence of surface energy in

determining the surface normal of the film. Ironically, a

larger lattice mismatch between film and substrate ap-

pears to increase this influence of surface energy in ori-

enting the film crystallinity, thus leading to a narrower

out-of-plane mosaic relative to the substrate. Fig. 3

shows the in-plane u-scans for the LaTiO3 film and Ni

substrate. The presence of only three in-plane peaks in

the u-scan through the LaTiO3 (1 1 2) reflects the mea-

surement procedure in which the scan was performed

over a u-angle range of 300�. A wider scan over 360�
would have revealed a fourth peak. The full-width half-

maximum for the film peaks is Du � 9:6� is slightly

smaller than that in the substrate. While the epitaxial

growth of LaTiO3 on (0 0 1) Ni has clearly been

achieved, the stability of the LaTiO3/Ni interface is

limited to low oxygen conditions due to the phase

transitions that occur with increased oxygen content.

In addition to studying the epitaxial growth of

(La,Sr)TiO3 on biaxially textured (0 0 1) Ni and Ni al-

loys, the structural and transport properties of the

(La,Sr)TiO3 films on single crystal (0 0 1) SrTiO3 sub-

strates were also investigated. Epitaxial structures grown

on (0 0 1) SrTiO3 substrates were used to evaluate fun-

damental transport and structure properties. Both the

structural and transport properties of the LaTiO3þx films

were dependent on the oxidizing environment utilized

during growth. Fig. 4 shows the behavior of the LaTiO3

(0 0 4) peak as a function of oxygen pressure during

growth. The data indicates a discontinuous change in c-
axis spacing from 3.978 �AA for films deposited in vacuum

to 4.200 �AA for films deposited at 10�3 Torr. This change

in c-axis spacing is consistent with the insertion of

additional oxygen atoms within intergrowths as seen

in bulk studies. For comparison, the structure of

La0:5Sr0:5TiO3 films were also examined as a function of

film growth conditions. In contrast to the LaTiO3, no

significant shift in c-axis lattice spacing could be de-

tected using low resolution X-ray diffraction. Fig. 4b

shows the diffraction data for the (0 0 4) (La,Sr)TiO peak

for films grown at different O2 pressures. The lattice

Fig. 1. X-ray diffraction h–2h scans taken the surface normal

for an LaTiO3 film deposited on (0 0 1) biaxially textured Ni.
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Fig. 2. Rocking curve for: (a) the biaxially textured Ni sub-

strate and (b) epitaxial LaTiO3 film.
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spacing is essentially unchanged from that for the film

grown in vacuum.

The transport behavior of epitaxial (La,Sr) TiO3

films grown on SrTiO3 is indicated in Fig. 5, where the

room temperature resistivity is plotted as a function of

oxygen pressure during growth. For films grown in

vacuum, the resistivity for both LaTiO3 and

La0:5Sr0:5TiO3 epitaxial films grown in vacuum is low

and nearly identical, with a resistivity on the order of

10�4 X cm. This plot is for films grown at 750 �C. As the

oxygen partial pressure is increase to 10�4 Torr, the re-

sistivity of the LaTiO3 film increases by more than two

orders of magnitude to �0.026 X cm. At 10�3 Torr, the

resistivity is 0.26 X cm. This increase in resistivity with

oxygen pressure during growth correlates with a struc-

tural transition as is evident in the X-ray diffraction

patterns shown in Fig. 4. In contrast, the resistivity of

the La0:5Sr0:5TiO3 films is relatively insensitive to oxygen

partial pressure during growth. As seen in Fig. 5, the

resistivity of La0:5Sr0:5TiO3 films varies little as a func-

tion of oxygen pressure, increasing from 1· 10�4 X cm

when deposited in vacuum to 3 · 10�4 X cm at a partial

pressure of 10�4 to 10�2 Torr. As seen in the figure, the

transport properties of LaTiO3þx are quite sensitive to

Fig. 4. X-ray diffraction scans for: (a) epitaxial LaTiO3 and (b)

epitaxial La0:5Sr0:5TiO3 films grown on (0 0 1) SrTiO3 at 750 �C
in various oxygen pressures.
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Fig. 3. X-ray diffraction u-scan for: (a) the biaxially textured

Ni substrate and (b) epitaxial LaTiO3 film.

Fig. 5. Resistivity for LaTiO3 and (La,Sr)TiO3 films grown at

various oxygen pressures.
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oxygen content, thus making it unattractive as a con-

ductive buffer for RABiTS applications. However, the

addition of Sr to LaTiO3 should assist in maintaining

metallic conductivity under oxidizing conditions. Fig. 6

shows the X-ray diffraction data for a La0:5Sr0:5TiO3 film

grown on the Ni–W biaxially textured alloy substrate.

The film was grown at 650�C in vacuum (�10�6 Torr).

The film is epitaxial and c-axis oriented.
In conclusion, we have investigated the transport and

structural properties of LaTiO3 and La0:5Sr0:5TiO3

epitaxial thin films grown by pulsed laser deposition.

Epitaxy was achieved on biaxially-textured Ni and Ni

alloy substrates. Transport measurements show that Sr-

doping of LaTiO3 thin films is effective in stabilizing the

conducting properties when exposed to oxidizing con-

ditions at elevated temperatures. Future efforts will ad-

dress the growth of HTS films on these material, and the

subsequent conductivity of the layers with subjected to

high pressure anneals needed to optimal HTS properties.
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