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The structure and transport properties of LaTiO3+x epitaxial thin films grown on (001) SrTiO3 by pulsed-
laser deposition is examined. Four-circle X-ray diffraction indicates that the films possess the defect 
perovskite LaTiO3 structure when deposited in vacuum, with the higher X compounds forming at moder-
ate oxygen pressures. The crystal structure of the LaTiO3 films is tetragonal in the epitaxial films, in con-
trast to the orthorhombic structure observed in bulk materials. A domain structure is observed in the films, 
consisting of LaTiO3 oriented either with the [110] or [001] directions perpendicular to the substrate sur-
face. Z-contrast scanning transmission electron microscopy reveals that this domain structure is not pre-
sent in the first few unit cells of the film, but emerges approximately 2–3 nm from the SrTiO3/LaTiO3 in-
terface. Upon increasing the oxygen pressure during growth, a shift in the lattice d-spacing parallel to the 
substrate surface is observed, and is consistent with the growth of the La2Ti2O7 phase. However, van der 
Pauw measurements show that the films with the larger d-spacing remain conductive, albeit with a resis-
tivity that is significantly higher than that for the perovskite LaTiO3 films. The transport behavior suggests 
that the films grown at higher oxygen pressures are LaTiO3+x with 0.4 < x < 0.5. 

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

The fundamental properties and potential applications of conducting oxides are of significant interest 
[1–3]. Among the materials investigated is the (La, Sr)TiO3+x system [4–10]. LaTiO3+x is an interesting 
defect perovskite, with transport properties varying from insulating to metallic based on oxygen 
stoichiometry. These materials can be viewed as members of a homologous series An+1Bn+1O3n+5, where 
n = ∞ is LaTiO3. At room temperature, LaTiO3 possesses the orthorhombic GdFeO3 perovskite structure 
with a = 5.604 Å, b = 5.595 Å, and c = 7.906 Å [11]. LaTiO3 is a Mott insulator with a G-type antiferro-
magnetic ordered ground state and a Néel temperature of approximately 135 K. LaTiO3 is a semiconduc-
tor at high temperature, becoming an antiferromagnetic insulator upon cooling through the Néel tempera-
ture. When synthesized with moderate oxygen content, LaTiO3+x is metallic at high temperature, with a 
metal-insulator transition occurring at reduced temperature. For 0.1 < x < 0.2, the material is metallic at 
all temperatures and is structurally viewed as a disordered perovskite. At x = 0.2, bulk samples show 
phase separation, resulting in a disordered intergrowths of the perovskite and a laminar structure. At 
x = 0.4, an ordered monoclinic phase, La5Ti5O17, has been observed with a = 7.86 Å, b = 5.53 Å, 
c = 31.5 Å, and β = 97.2° [9]. This phase can be viewed as a 2D layered structure consisting of 
perovskite slabs connected by La cations. Transport measurements on bulk samples indicate that  
LaTiO3.4 is a p-type semiconductor. For x = 0.5, the material becomes ferroelectric, assuming the mono-
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clinic La2Ti2O7 layered structure made of two regular perovskite units stacked between two distorted 
units that share an additional oxygen layer. La2Ti2O7 exhibits a relatively high Curie temperature of 
1773 K [12]. The saturation polarization is 5 µC/cm2, and the coercive field is 45 kV/cm. Upon doping 
with Sr, bulk La1–xSrxTiO3 transforms from an antiferromagnetic p-type semiconductor to an n-type metal 
[13–15]. The crystal structure remains orthorhombic Pbnm up to x = 0.3, where it becomes orthorhom-
bic Ibmm. For x > 0.7, bulk La1–xSrxTiO3 becomes cubic. 
 Epitaxial film growth studies have explored the LaTiO3+x and (La,Sr)TiO3 system [16-20]. Using mo-
lecular beam epitaxy, it has been shown that phase formation in the LaTiOx system can be controlled via 
selection of oxidation conditions and temperature during growth. Pulsed-laser deposition studies suggest 
that only two phases, namely LaTiO3 and La2Ti2O7, occur in thin films [17]. The epitaxial growth of 
(La, Sr)TiO3 thin films has also been examined using pulsed-laser deposition. La0.5Sr0.5TiO3 films have 
been realized with resistivity on the order to 60 µΩ-cm at room temperature [20]. Interestingly, epitaxial 
La0.5Sr0.5TiO3 thin films have also been realized that are reasonably transparent and conductive [21]. In 
this case, films with a resistivity of ~350 µΩ-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 electrodes for ferroelectrics [22] and dielectric-base transistors [23], as well as for 
sensors [24]. 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 [25, 26].  
 In this paper, we examine the properties of LaTiO3+x epitaxial films on SrTiO3, focusing on the crys-
tallographic and transport properties as a function of the deposition conditions. The pseudo-cubic lattice  
parameter for LaTiO3 of 3.96 Å provides a relatively small lattice mismatch to SrTiO3 (a = 3.905 Å). 
The conductivity of LaTiO3 films is measured and correlated with the structure. The growth of LaTiO3 
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 T) to oxygen partial 
pressures of 10–2 T. Polycrystalline LaTiO3 targets were used as the ablation materials. Total deposition 
time was 0.5 to 1 hr with a laser repetition rate of 5 Hz. In most cases, the films were rapidly cooled in 
the growth pressure following deposition. Single crystal (001) SrTiO3 was used as the substrate material. 
The transport and structural properties of the LaTiO3+x thin films were then characterized. Transport was 
determined at room temperature using a van der Pauw configuration. X-ray diffraction was used to de-
termine crystallographic orientation and lattice spacing. Z-contrast scanning transmission electron mi-
croscopy (Z-STEM) was also employed to examine the structure of the films. 
 Using pulsed-laser deposition, epitaxial structures were grown on (001) SrTiO3. Four-circle X-ray 
diffraction was used to characterize the crystallinity and orientation of the films. Figure 1 shows a low-
resolution θ–2θ scan along the SrTiO3 (001) for a LaTiO3 film on SrTiO3. Note that the diffraction peaks 
are very close to the substrate (00ℓ) peaks. Figure 2a shows a X-ray diffraction φ-scan through the La-
TiO3 (112), showing that the film is epitaxial on the (001) SrTiO3 surface. The in-plane mosaic is 
∆φ ~ 2°. Figure 2b shows the out-of-plane rocking curve, yielding a mosaic spread of ∆θ ~ 1.3°. Based 
on the in-plane and high-resolution scans, the LaTiO3 film could be indexed as possessing two orienta- 
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Fig. 1  X-ray diffraction θ–2θ scans taken along the surface 
normal for a LaTiO3 film deposited on (001) SrTiO3 at 10–6 T and 
750 °C using pulsed laser deposition. 



348 K. H. Kim et al.: Epitaxial structure and transport in LaTiO3+x films on (001) SrTiO3 

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

0

200

400

600

800

1000

1200

1400

-150-100 -50 0 50 100 150

in
te

ns
ity

(a
rb

)

φ(deg)

(a)
φ-scan through LaTiO

3
(112)

   

0

2 104

4 104

6 104

8 104

1 105

1.2 105

1.4 105

20 21 22 23 24 25 26

in
te

ns
ity

(a
rb

)

θ(deg)

(b)

∆θ=1.3o

 

Fig. 2  X-ray diffraction a) φ-scan and b) out-of-plane rocking curve taken of a LaTiO3 film deposited on 
(001) SrTiO3 at 10–6 T and 750 °C using pulsed laser deposition. 

 
tions, namely domains with the LaTiO3 (110) perpendicular to the substrate surface or domains with the 
LaTiO3 (001) perpendicular. Note that there was no evidence of an orthorhombic a,b splitting as has been 
reported for the bulk. If the peaks along the surface normal are indexed as LaTiO3 (001) perpendicular, 
then the resulting tetragonal lattice parameters are a = b = 5.594 Å, c = 7.880 Å. For this orientation, the 
out-of-plane LaTiO3 [001] is along the SrTiO3[001], while the in-plane LaTiO3[001] is along the 
SrTiO3[110]. Alternatively, if the peaks along the surface normal are indexed as (110) perpendicular, 
then a = b = 5.572 Å, c = 7.910 Å. For this orientation, the out-of-plane LaTiO3[110] is along the 
SrTiO3[001], while the in-plane LaTiO3[001] is along the SrTiO3[100]. Note that the two sets of lattice 

values are related by interchanging (a, b) with c and scaling by 2 . Both of these orientations exist in 
the film with comparable volume fraction. This is evident in that the LaTiO3(111) peak is observed at 
two different χ positions (angle from surface normal) as seen in Fig. 3. Thus, the LaTiO3 films are 
twinned, consisting of two distinct domains.  
 The interface and twin structure were further examined using Z-STEM. Figure 4 shows the (Z-STEM) 
image of an epitaxial LaTiO3/SrTiO3 interface grown at 750 °C in vacuum. Note that the first few unit 
cells of LaTiO3 grown on the (001) SrTiO3 surface are untwinned, indicating an epitaxial stabilization of 
the perovskite phase. However, as the layer thickness exceeds ~3 unit cells, twinning is observed in the 
LaTiO3+x,  indicating a relaxation of strain and the formation of a domain structure. This is consistent 
with the X-ray diffraction data, showing two distinct orientations for the film grains. 
 

1 102

2 102

3 102

4 102

5 102

23 24 25 26 27 28

in
te

ns
ity

(a
rb

.u
ni

ts
)

2θ(deg.)

χ = 26.5o(a)

  

0 100

2 102

4 102

6 102

23 24 25 26 27 28

in
te

ns
ity

(a
rb

.u
ni

ts
)

2θ(deg.)

χ = 63.4o
(b)

 

Fig. 3  X-ray diffraction scan of the LaTiO3 (111) taken at χ values of a) 26.5° and b) 63.4° for a LaTiO3 
film deposited on (001) SrTiO3 at 10–6 T and 750 °C using pulsed laser deposition. 
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 As reported for bulk materials, the structural and transport properties of the LaTiO3+x films depend 
strongly on the oxidizing environment utilized during growth. Figure 5a shows the X-ray diffraction data 
from the θ–2θ scan for LaTiO3+x films grown at 700 °C in an oxygen pressure of 10–3 T. Here, the film 
diffraction peaks for lattice planes parallel to the substrate surface clearly shift to lower angle as the 
oxygen pressure during growth is increased from vacuum to only 10–3 T. Figure 5b shows the shift in the 
low-angle peak as O2 is increased during growth. This data indicates a discontinuous change in d-spacing 
from 3.98 Å for films deposited in vacuum to 4.20 Å for films deposited at 10–3 T. Previous studies of 
epitaxial LaTiO3+x films have assigned this shift in d-spacing to the growth of the La2Ti2O7 phase [17]. 
The phase progression from LaTiO3 to LaTiO3.5 involves the insertion of an oxygen intergrowth along 
the original perovskite (110) plane. 
 In addition to structure, we have also measured the transport properties of the LaTiO3+x films as a 
function of oxygen pressure during growth. As oxygen pressure is moderately increased, the resistivity 
of the deposited films increases rapidly. The transport behavior of epitaxial LaTiO3 films grown on 
SrTiO3 is indicated in Fig. 6, where the room temperature resistivity is plotted as a function of oxygen 
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Fig. 5  X-ray diffraction θ–2θ scan taken along the surface normal for LaTiO3+x film deposited at 750 °C 
on (001) SrTiO3 at a) 10–3 T oxygen pressure. Also shown b) are the diffraction peaks at low angles, indi-
cating the shift in d-spacing with the introduction of oxygen during film growth. 

Fig. 4  Z-contract STEM image of a 
SrTiO3/LaTiO3 interface showing twin 
formation. 
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pressure during growth. For films grown in vacuum, the resistivity is low, on the order of 10–4 Ω cm. 
This is consistent with the formation of the LaTiO3 perovskite phase. As the oxygen partial pressure is 
increase to 10–4 T, the resistivity of the LaTiO3+x film increase by more than two orders of magnitude to 
~0.026 Ω cm. At 10–3 T, the resistivity is 0.26 Ω cm. This increase in resistivity with oxygen pressure 
during growth coincides with a structural transition as is evident in the X-ray diffraction patterns shown 
in Fig. 5. However, the transport properties do not agree with the formation of stoichiometric La2Ti2O7 
as this should be an insulating ferroelectric. Instead, the films are semiconducting, which is more consis-
tent with films with 0.4 < x < 0.5. 
 In conclusion, we have investigated the transport and structural properties of LaTiO3+x epitaxial thin 
films grown by pulsed laser deposition. These results show that LaTiO3 thin films exhibit a domain 
structure with a tetragonal structure. The transport properties are sensitive to the oxidation conditions 
during growth. 
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