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TiO2/A1203 INTERFACES

Y. Gao, K. L. Merlde, H. L. M. Chang, T. J. Zhang, and D. J. Lain
Materials Science Division, Argonne National Laboratory
Argonne, IL 60439

ABSTRACT

TiO2 thin fdms grown on (1120) sappl'tirea: 800 °C by the MOCVD technique have been
characterized by transmission electron microscopy. The TiO2 thin f'flmsare single crystallh-te and
have the rutile structure. The epitaxM orientation relationship between the TiO2 thin films fR) and

the substrate (S) has been found to be: (101)[0i0]RIl(1120)[0001]S. Growth twins in the f'flms are
commonly observed with the twin plane {101} and twinning direction <011>. Detailed atomic

structures of the twin boundaries and TiO2/c_-A1203interfaces have been investigated by high-
resolution electron microscopy (HREM). When the interfaces are viewed in the direction of

[0i0]R/[0001]S,the interfaces are found to be structurally coherent in the direction of

[i01]R/[1 i00]S, in which the lattice mismatch at the interfaces is about 0.5%.

INTRODUCTION

The study of epitaxial growth of ceramic oxide thin films on various substrates has recently
received considerable attention [1-3] since the unique physical properties of the ceramic thin films
may be useful in electroific and optical device applications. The metal organic chemical vapor
deposifiora (MOCVD) technique, which has been applied with great success in the semiconductor
industry, can also be a potential technique for the epitaxial growth of oxide thin films. However,
the use of the MOCVD technique for the fabrication of epitaxial oxide films is still in its infancy.
Therefore, atomic-resolution characterization of the interface configuration is very important for
understanding the epitaxial growth and the fabrication processes.

In the present study, titanium oxide (TiO2) grown on (1120) sapphire (o_-A1203)was
chosen as a model system to study the epitaxial growth since the bulk structure and physical
properties of TiO2 are well characterized. In addition, these materials exhibit little interdiffusion
and no reaction at the g'ro,mh temperature used in this study. "Ihe present work is part of a larzer
investigation of the heteroepitaxial growth of cerro,ric oxide films and the orientation relationsh'ip
between the oxide films and their substrates [2-3]. The structure of the TiO2/A1203 interfaces and
defects in the TiO2 films were characterized using transmission electron microscopy (TEM) and
high-resolution electron microscopy (I-IREM), and the results of this investigation are presented in
this paper.

EXPERIMENTAL

TiO2 thin films were prepared hka cold-wall horizontal low-pressure MOCVD system.
Titanium isopropoxide (Ti(OC3H7)4) was used as metal-organic precurmr. The precursor vapor
was introduced into the reactor by high-purity nitrogen as carrier gas. The TiO2 thin films were

grown on (1120) A1203 at 800 °C. Other growth parameters have been described in detail
elsewhere [2].
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Cross-sectional specimens for TEM and HREM investigations were prepared using a
standard _Iechnique. In brief, the epitaxial surfaces of interest are glued face to face. Previously,
the cross-sectional specimens have been clamped until epoxy sets to insure good bonding. The
specimens are then mechanically polished and dimpled to obtain a thin area of about 15 l.tmin
thickness at the center of a 3 mm diameter. The final specimens for TEM and HREM observations
are obtained by ion thirming at liquid-nitrogen temperature,. The observations were performed on a
Philips 420 for electron diffraction analysis and on a Hitachi 9000 for high-resolution imaging.

,,

RESULTS AND DISCUSSION

Electron diffraction analyses indicate that the TiO2 thin films have the rutile structure and
grow with the (101) lattice plane parallel to the substrate surface. The TiO2 films are shown to be
single crystalline, and the epitaxial relationship between the TiO2 films fR) and their substrates (S)

has been determined to be: (101)[0]0]RII(1120)[0001]S. These results are consistent with X-ray
diffraction and Raman scattering data [2].

I
!

! Fig. 1 a) A cross-sectional, bright-field image of a Ti02 film. b) A selected-area diffraction

i pattern (SADP) which consists of a [0i0] SADP of rutile and a [0001 ] SADP of A1203. The extral
,, spots due to twinning are indicated by T. The twin boundaries are clearly shown in dark-field

images c) arid d), obtained using (i01) spot of rutile matrix and (200) twin spot, respectively.
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Fig. l(a) shows a cross-sectional, bright-field image of a Ti02 film. It can clearly be seen
that the TiO-,JAI203 interface is flat without any second phase. The film is single crystalline, and
contains a number of planar defects. The defects are either parallel to the interface or inclined by
about 60° with the interface. The parallel defects appear to be very sharp while tile inclined ones
contain a quite broad region of strain contrast. These defects cause extra diffraction spots in the

selected-area diffraction pattern (SADP) shown in Fig. l(b), which contains a [0i0] SADP of
rutile and a [0001 ] SADP of A1203. The SADP has been carefully analyzed, and completely
indexed. It has been found that the extra spots are caused by twinning in the film. The twin p'.ane
is (101) and the twinning direction is <011>. The twin boundaries have been observed using a

dark-field technique [4]. The matrix of the film appears bright ir Fig. 1(c) imaged using the (]01)
spot from the matrix, while the twin region becomes bright in Fig. l(d) obtained using the (200)
twin spot. Therefore, it is known that the parallel defects are twin boundarie',. However, it is still
not clear, from the diffraction analysis, what the inclined defects axe. HREM studies show that
these defects have a variety of origins. They can be twin-related defects, or surface-step-induced
defects. Some of ihe results are presented later in this paper.

By HREM it is found, in general, that when the (101)TiOTJ(1120)A1203 interfaces are

viewed in the direction of [0]0]R/[0001]_,, the interfaces typically are structurally coherent in the

direction of []01]R/[1 ]00Is. This is due to the small lattice mismatch (--0.5%) at the interfaces in
this direction. However, misfit dislocations are occasionally observed at the interfaces when
defects, e.g. surface steps, exist at the interface. A representative HREM image of the interfaces is
shown in Fig. 2(a). A large step (S) and two inclined defects (D) can be observed in the image.
In addition, other defects directly located at the interface are also visible, as indicated by letters O.
An enlarged image of area A in Fig. 2(b) shows that the segment of the interface consists of a
structurally coherent region (C) and a re,on where the perfect coherence is interrupted. The
interface at the coherent region can be easily recognized by viewing the image under a shallow
angle, leading to a slight lattice bending across the interface. A misfit dislocation is observed at the
defective region, as indicated by an arrow. A Burgers circuit has been performed around the
dislocation core, indicating a Burgers vector b = [a/2,a/2,c/2]. However, the dislocation appears
to be associated with the defects at and near the interface. By close inspection of the defects, one
finds that the defects are stacking faults in the film positioned one or two layers away from the
interface. By a careful examination of the image, one can also recognize a monolayer step at the
substrate surface, where the dislocation core is located. However, the interpretation of this defect
structure and possible compositional variations should be verified by carrying out detailed image
simulation, which is under active investigation. Nevertheless, it appears that the formation of the
misfit dislocations is largely a consequence of accommodation of the defects rather than the misfit
at the interface, since the spacing between the steps is considerably smaller than the dislocation
spacing required for accommodating the misfit. Another reason is that the observed dislocations
are always associated with the steps.

A small rigid-body translation at the inclined defect in area A, as shown by D in Fig. 2(b),
can be recogvSzed, when the image is viewed under a shallow angle, parallel to the interface. This
defect is terminated at a lattice dislocation. It is clear that the rigid-body translation is associated
with the end of the stacking fault, since the stacking fault can cause a slight lattice distortion in the
mille (tetragonal) structure. Similar riNd-body translations are also observed at the inclined defects
associated with surface steps.

Twins are commonly observed in the TiO2 thin films. Fig. 3(a) shows a HREM image of a
twin boundary. It can be clearly seen that the (101) growth plane is the twin plane and the

twinning direction is [i01]. A schematic diagram of the twin boundary is given in Fig. 3(b) for a
clear picture of twinning. The twins were also observed in the TiO2 (rutile) precipitates, which
grew from star sapphire [5]. Thus, the twins in the thin films are believed to be growth twins.

Since the twin boundaries can not terminate inside the lattice, they have to be connected
with a free surface, ,aninterface, grain boundaries, or other defects. In the TiO2 thin films, we
have observed a special defect, which is connected with the twin boundaries. The defects are
structurally coherent, except for a small rigid-body translation when viewed along the [001]
direction. A HREM image of such defects is shown in Fig. 4. The detailed chemical and
structural configuration of the defects is still under investigation by image simulation, and the
results wiU be reported separately.



Fig. 2 a) A HREM image of a TiO2/A1203 interface. A number of defects are visible, such as
surface step (S), inclined defects ('D) and other dei'ects (O). b) Enlarged image of area A in a)
shows coherent (C) and defective regions of the interface. A dislocation at the defective region is
indicated by an arrow.
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Fig. 3 a) A HREM image of a twin boundary; the twin plane is (101) and the twinning direction is

Ii 01]. A schematic diagram of the twinning is shown in b).

Fig. 4 A HREM image of the twin-related defects. A small fiNd-body translation can be observed
when viewing the defects along the [001] direction.

Crystallographic shears (CS) due to oxygen deficiency in TiO2 [6-8] have not been
observed in the present films. Blanchin et al. [6] carried out a extensive examination of the defect
structure in slightly reduced rutile to study under what condition, the CS planes are formed in the
TiO2._, while the point defects exist in the form of solid solution under other conditions. Based on
their study, they provided a temperature-composition diagram for these defects in the TiO2-8.
According to this phase diagram, the point defect solid solution rather than the CS planes will ,'.xist

at our growth temperature (800 °C) ff the oxygen deficiency (8) is less than 0.003. Therefore,
it may be concluded that the oxygen deficiency in the present TiO2 films is less than 0.003, since
no CS planes have been observed in the present films by our extensive HREM study.
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CONCLUSIONS

TEM and HREM studies indicate that TiO2 thin films grown on (1120) A1203 at 800 °C by
the MOCVD technique are single crystallLne rutile. The epitmxialorientation relationship between

the TiO2 thin films (R) and the substrate (S) has been found to be: (101)[010]RII(1120)[0001Is.
Growth twins in the films are commonly observed with the twin plane {101 } and twinning
direction <011>. When the interfaces are viewed in the direction of [010]R/[0001]S, most parts of

the interfaces are found to be structurally coherent in the direction of [101]RJ[1100Is, in which the
lattice mismatch at the interfaces is about 0.5%. The misfit dislocations observed occasionally at
the interface appear to be associated with the substrate surface steps, rather than the small lattice
mismatch at the interfaces.
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