
Thin Solid Films 422(2002) 166–169

0040-6090/02/$ - see front matter� 2002 Elsevier Science B.V. All rights reserved.
PII: S0040-6090Ž02.00719-8

Epitaxial stabilization of single crystal anatase films via reactive sputter
deposition

B.-S. Jeong , J.D. Budai , D.P. Norton *a b a,

University of Florida, Department of Materials Science and Engineering, 100 Rhines Hall, P.O. Box 116400, Gainesville, FL 32611, USAa

Oak Ridge National Laboratory, Solid State Division, Oak Ridge, TN 37831, USAb

Received 21 February 2002; received in revised form 4 July 2002; accepted 24 July 2002

Abstract

Single crystal-like TiO films possessing the anatase crystal structure have been realized on(001) LaAlO using reactive sputter2 3

deposition. The anatase polymorph could be epitaxially stabilized over a wide range of deposition temperatures and oxygen
pressures. Both in-plane and out-of-plane X-ray diffraction measurements reflect a high degree of crystallinity for the deposited
films. Thickness oscillations in the X-ray diffraction intensity and atomic force microscopy measurements indicate that the films
are remarkably smooth, with surface morphology that is limited by that of the substrate. This result illustrates the effectiveness
for epitaxy in stabilizing metastable phases, in particular for anatase, through matching of lattice spacing and nucleation chemistry.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

For many years, there has been significant interest in
the properties and application of semiconducting oxide
thin films. These materials find utility in a number of
applications, including transparent conductorsw1x, chem-
ical sensorsw2,3x, and optical components. Semicon-
ducting oxides of technological interest include In O ,2 3

SnO , ZnO, CdO and TiO . For titanium dioxide, three2 2

different polymorphs can be realized, each with distin-
guishing electronic, optical, and structural properties that
can be exploited. The crystalline phases of TiO are2

rutile (tetragonal,as4.585 A, cs2.953 A), anatase˚ ˚
(tetragonal,as3.784 A, cs9.515 A), and brookite˚ ˚
(orthorhombic,as9.184 A, bs5.447 A, cs5.145 A).˚ ˚ ˚
Rutile represents the stable phase at high temperatures,
and is the easiest to realize as phase-pure crystals or
thin films. However, for many applications, anatase
displays interesting properties and performance. The
refractive index for anatase is 2.55 as compared to 2.73
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for rutile. It possesses a bandgap of 3.2 eV and a static
dielectric constant of 31w4–6x. As with rutile, anatase
can be made an n-type semiconductor with a carrier
density,n, on the order of 10ycm via cation substi-19 3

tution or by Ti interstitialsw7–9x. Hall mobility has
been measured as high as 20 cmyV s with the effective2

mass of anatase,m*sm w5x. These properties for ana-e

tase yield attractive material performance in photocata-
lysis and dye-sensitized photovoltaicsw10x. In addition,
it has been recently reported that ferromagnetism is
observed at room temperature in transition metal doped
semiconducting anatase thin filmsw11x. This result is
particularly important in the development of electronics
based on the manipulation of electron spin. Spin injec-
tion through ferromagnetic semiconducting contacts
appears to be an effective means of introducing spin-
polarized electrons for novel spin-based electronic
device concepts.
For applications dependent on the semiconducting

properties of anatase, carrier transport will depend crit-
ically on crystallinity. Grain boundaries andyor second-
ary phase boundaries are unacceptable for optimizing
mobility and conductivity. As a low-temperature poly-
morph, polycrystalline anatase thin films are typically
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Fig. 1. X-ray diffraction scans for epitaxial anatase films grown in
various oxygen pressures at 7008C. Locations of diffraction peaks
for anatase(A) and rutile(R) phases are indicated. Peaks marked by
* are anomalous reflections from the substrate. The peak at;308 can
be assigned to a titanium sub-oxide, TiOw25x.x

realized via deposition at low temperature where crys-
tallinity is not optimal w12–15x. In most cases, poly-
crystalline TiO films possess either a mixture of rutile2

and anatase, or solely rutilew16–19x. For fundamental
studies of material properties, the synthesis of single
crystal, phase-pure anatase is highly desirable. Recent
efforts have shown that phase-pure anatase thin films
can be realized via epitaxial stabilization on single
crystal substratesw20–24x. In general, epitaxial stabili-
zation offers a means by which metastable phases can
be realized for conditions that would normally be ther-
modynamically unsuitable. Recent work on epitaxially
stabilized anatase has focused on pulsed-laser deposition
or molecular beam epitaxy. While yielding promising
results, neither technique is attractive for application.
For this reason, the synthesis of high-quality anatase
using deposition techniques that are amenable to large-
scale synthesis is highly desirable.

2. Experimental details

In this paper, we report on the epitaxial stabilization
of anatase on(001) LaAlO using reactive sputter3

deposition. Film properties are examined as a function
of deposition conditions. X-ray diffraction results indi-
cate that the TiO films are essentially single crystal-2

like anatase based on the in-plane and out-of-plane
rocking curves. Film morphology measurements indicate
that the films are extremely smooth as well. As reactive
sputter deposition is applicable to large-area deposition
and high throughput, these results will have significant
impact with regards to potential electronic applications
of anatase thin-film materials.
The film-growth experiments were carried out using

a reactive RF magnetron sputter deposition system
equipped with a load-lock for substrate exchange. A
quartz lamp heater provided substrate heating up to 750
8C. Two-inch diameter Ti disks were used as the sput-
tering targets. The target to substrate distance was
approximately 12 cm. The base pressure of the deposi-
tion system was on the order of 5=10 torr. Singley8

crystal (001) LaAlO was chosen as the substrate3

material as it provides an excellent in-plane lattice match
(as3.788 A) with c-axis oriented anatase. The(001)˚
LaAlO substrates were cleaned in trichloroethylene,3

acetone, and ethanol prior to mounting on the sample
platen with Ag paint. Oxygen was used as the oxidizing
species for the experiments reported in this paper. A
typical deposition time was 2 h. Sputter deposition was
performed at an Ar pressure of 15 mtorr and an RF
power of 250 W.

3. Results and discussion

The epitaxial stabilization of anatase on LaAlO could3

be achieved over a large range of growth conditions. In

general, epitaxial anatase films were realized for growth
temperatures between 500 and 7008C and oxygen partial
pressure 10 FPO F10 torr. Fig. 1 shows X-rayy4 y2

2

diffraction data taken along the surface normal for films
deposited in various oxygen partial pressures at 7008C.
Epitaxial anatase is observed over the entire range of
pressures, with evidence for a small amount of secondary
rutile phase for the films grown atPO F10 torr.y4

2

Conductivity could be controlled via oxygen partial
pressure during film growth. The film deposited at
PO F10 torr exhibited a slight coloration indicatingy4

2

mobile carriers due to oxygen deficiency. Conductivity
measurement confirms that these films are semiconduct-
ing. A detailed study of carrier transport in these films
will be reported elsewhere.
Anatase films with excellent crystal quality as deter-

mined via CuKa X-ray diffraction were obtained at1

650–7008C with PO s10 torr. X-ray diffractionu–y3
2

2u scans for a film deposited atPO s10 torr arey3
2

shown in Fig. 2. The plot shows no evidence for rutile
as a secondary phase. X-ray intensity Laue oscillations
observed in the high-resolution scan shown in Fig. 2b
through the anatase(004) peak are due to the finite
number of TiO(001) planes in the thin film. These2

coherency oscillations are indicative of a film thickness
that is extremely uniform and a surface that is extremely
flat. From the spacing of the oscillation peaks, the film
thickness was calculated to be 705 A, which is in˚



168 B.-S.-S. Jeong et al. / Thin Solid Films 422 (2002) 166–169

Fig. 2. X-ray diffractionf-2f scans of anatase film grown at 7008C
in PO s10 torr, showing(a) low-resolution and(b) high-resolutiony3

2

(Ge111 analyzer crystal) scans, with the latter showing Laue intensity
oscillations indicative of a smooth film.

Fig. 3. X-ray diffraction(a) rocking curve through the(004) and(b)
f-scan through the(204) peak peaks.

Fig. 4. Atomic force microscopy image of anatase film. RMS rough-
ness is 2.1 nm.

agreement with surface profilometer measurements. The
low-angle shoulder near the LaAlO may indicate some3

interfacial reaction between the substrate and film and
can also be influenced by film-substrate interference
effects. The origin of the impurity peak atds2.523 Å
is also unknown, but may be strained rutile(101). Note
that the intensity scale is logarithmic, indicating that
only a small percentage of this impurity phase is present.
The rocking curve through the TiO(004) peak is2

shown in Fig. 3a. The full-width-half-maximum
(FWHM) is only 0.098, reflecting the high degree of
crystallinity for the film. The in-plane crystallinity of
the film was measured via af-scan through the TiO2
(204) peak as shown in Fig. 3b. The four-fold symmetry
of the diffraction peaks indicates a cube-on-cube in-
plane alignment of the(001) anatase film with the(001)
LaAlO substrate. The in-plane FWHMDfs0.108,3

again reflecting a high degree of crystallinity in the film.
The single crystal-like nature of the film is remarkable
considering that anatase is a metastable phase. From the
high-resolution X-ray diffraction data, the lattice para-
meters for the tetragonal film areasbs3.790 andcs
9.495 A. This indicates that the film is slightly˚
compressed in-plane and expanded along thec-axis
relative to bulk anatase lattice constants. In-plane com-
pressive strain is consistent with the film’s in-plane
spacing being clamped to that of the substrate lattice
spacing, which has a rhombohedral-distorted GdFeO3

structure withas3.788 A andas908 49. Note that the˚
films deposited at 7008C and PO s10 torr arey3

2

insulating.
For potential electronic and optical applications, sur-

face morphology is extremely important as it determines
optical scattering loss and heterojunction properties.
Atomic force microscopy(AFM) was used to measure

the film roughness. Fig. 4 shows an AFM image for the
film grown atPO s10 torr andTs700 8C. The RMSy3

2

roughness of the film is only 2.1 nm, which is on the
order of that observed for the LaAlO substrate. This3

result is consistent with the X-ray intensity oscillations
shown in Fig. 2 indicating that the film surface is
extremely flat.

4. Conclusion

In conclusion, single-phase(001) anatase thin films
have been realized via epitaxial stabilization on(001)
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LaAlO substrates using reactive sputter deposition. The3

crystallization of the films is excellent, with rocking
curves as narrow as 0.098. Film roughness was essen-
tially that of the substrate. This result should prove
enabling for future activities in understanding and
exploiting the electronic and optical properties of anatase
without the interfering effects of grain boundaries or
rutile secondary phase.
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