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Abstract

Single crystal-like TiQ films possessing the anatase crystal structure have been realif€d)draAlO; using reactive sputter
deposition. The anatase polymorph could be epitaxially stabilized over a wide range of deposition temperatures and oxyger
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 rutile. It possesses a bandgap of 3.2 eV and a static
dielectric constant of 314—6]. As with rutile, anatase

For many years, there has been significant interest incan be made an n-type semiconductor with a carrier
the properties and application of semiconducting oxide density,n, on the order of 1&/cm? via cation substi-
thin films. These materials find utility in a number of tution or by Ti interstitials[7—-9. Hall mobility has
applications, including transparent conductidds chem- ~ been measured as high as 20°¢m's with the effective
ical sensors[2,3], and optical components. Semicon- Mass of anatase;* =m, [5]. These properties for ana-
ducting oxides of technological interest include In O , tase yield attractive material performance in photocata-
SnQ,, ZnO, CdO and Ti® . For titanium dioxide, three lysis and dye-sensitized photovoltail0]. In addition,
different polymorphs can be realized, each with distin- it has been recently reported that ferromagnetism is
guishing electronic, optical, and structural properties that Observed at room temperature in transition metal doped
can be exploited. The crystalline phases of JiO are Seémiconducting anatase thin filnfa1]. This result is
rutile (tetragonal,a=4.585 A, ¢=2.953 A), anatase Particularly important in the development of electronics
(tetragonal, a=3.784 A, c=9.515 A), and brookite based on the manipulation of electron spin. Spin injec-

(orthorhombic,a=9.184 A, b=5.447 A, c=5.145 A). tion through ferromagnetic semiconducting contacts

Rutile represents the stable phase at high temperatures"flppe_arS to be an effective means_of introducing Spin-
olarized electrons for novel spin-based electronic

and is the easiest to realize as phase-pure crystals 05 .
thin films. However, for many applications, anatase el\:/lce conI(;e|3t§s. dependent on th conduct
displays interesting properties and performance. The or applications dependent on the semiconducting

refractive index for anatase is 2.55 as compared to 2.73!OrOperties of anatase, carrier transport will depend crit-

ically on crystallinity. Grain boundaries apor second-
“Corresponding author. Tel + 1-352-846-0525; fax+ 1-352-846- /Y Pphase boundaries are unacceptable for optimizing
1182. mobility and conductivity. As a low-temperature poly-

E-mail address: dnort@mse.ufl.ed¢D.P. Norton. morph, polycrystalline anatase thin films are typically
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realized via deposition at low temperature where crys-
tallinity is not optimal [12—-19. In most cases, poly-
crystalline TiQ films possess either a mixture of rutile
and anatase, or solely rutild6—19. 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 10?
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crystal substrate§20—-24. In general, epitaxial stabili- i~
zation offers a means by which metastable phases can 8
be realized for conditions that would normally be ther- ?
modynamically unsuitable. Recent work on epitaxially S
stabilized anatase has focused on pulsed-laser deposition £
or molecular beam epitaxy. While yielding promising 105, i
results, neither technique is attractive for application. S10° i P(0)=10"Tom}
For this reason, the synthesis of high-quality anatase 8
using deposition techniques that are amenable to large- 2
scale synthesis is highly desirable. g
(=
2. Experimental details | T B
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In this paper, we report on the epitaxial stabilization 26(deg)

of anatase on(001) LaAlO; using reactive sputter
deposition. Film properties are examined as a function Fig. 1. X-ray diffraction scans for epitaxial anatase films grown in

fd iti diti X diffracti Its indi various oxygen pressures at 700. Locations of diffraction peaks
Ol deposition conaitions. A-ray aifiraction results Indl- - ¢, ynatasgA) and rutile(R) phases are indicated. Peaks marked by

Qate that the TiQ films are stemia”y single crystal- « are anomalous reflections from the substrate. The peak3f can
like anatase based on the in-plane and out-of-planebe assigned to a titanium sub-oxide, TiR5].

rocking curves. Film morphology measurements indicate
that the films are extremely smooth as well. As reactive general, epitaxial anatase films were realized for growth
sputter deposition is applicable to large-area depositiontemperatures between 500 and 7@0and oxygen partial
and high throughput, these results will have significant pressure 10*<Po,<10 2 torr. Fig. 1 shows X-ray
impact with regards to potential electronic applications diffraction data taken along the surface normal for films
of anatase thin-film materials. deposited in various oxygen partial pressures at°T0
The film-growth experiments were carried out using Epitaxial anatase is observed over the entire range of
a reactive RF magnetron sputter deposition systempressures, with evidence for a small amount of secondary
equipped with a load-lock for substrate exchange. A rutile phase for the films grown aPo,<10* torr.
quartz lamp heater provided substrate heating up to 750Conductivity could be controlled via oxygen partial
°C. Two-inch diameter Ti disks were used as the sput- pressure during film growth. The film deposited at
tering targets. The target to substrate distance wasPo,<10~* torr exhibited a slight coloration indicating
approximately 12 cm. The base pressure of the deposi-mobile carriers due to oxygen deficiency. Conductivity
tion system was on the order of<8l0~2 torr. Single measurement confirms that these films are semiconduct-
crystal (001) LaAlO; was chosen as the substrate ing. A detailed study of carrier transport in these films
material as it provides an excellent in-plane lattice match will be reported elsewhere.
(a=3.788 A with c-axis oriented anatase. THO01) Anatase films with excellent crystal quality as deter-
LaAlO; substrates were cleaned in trichloroethylene, mined via Cukx, X-ray diffraction were obtained at
acetone, and ethanol prior to mounting on the sample 650—700°C with Po,=10"3 torr. X-ray diffraction6—
platen with Ag paint. Oxygen was used as the oxidizing 20 scans for a film deposited ao,=10"2 torr are
species for the experiments reported in this paper. A shown in Fig. 2. The plot shows no evidence for rutile
typical deposition time was 2 h. Sputter deposition was as a secondary phase. X-ray intensity Laue oscillations
performed at an Ar pressure of 15 mtorr and an RF observed in the high-resolution scan shown in Fig. 2b

power of 250 W. through the anatas€004) peak are due to the finite
number of TiQ(001) planes in the thin film. These
3. Results and discussion coherency oscillations are indicative of a film thickness

that is extremely uniform and a surface that is extremely
The epitaxial stabilization of anatase on LaAlO could flat. From the spacing of the oscillation peaks, the film
be achieved over a large range of growth conditions. In thickness was calculated to be 705 A, which is in
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Fig. 2. X-ray diffraction$-2¢ scans of anatase film grown at 760 Fig. 3. X-ray diffraction(a) rocking curve through th€é004) and(b)
in Po,=10"° torr, showinga) low-resolution andb) high-resolution ¢-scan through thé204) peak peaks.
(Gelll analyzer crystabcans, with the latter showing Laue intensity
oscillations indicative of a smooth film. the film roughness. Fig. 4 shows an AFM image for the

film grown atPo,=10"2 torr andI’'=700°C. The RMS

agreement with surface profilometer measurements. Theroughness of the film is only 2.1 nm, which is on the
low-angle shoulder near the LaAlO may indicate some order of that observed for the LaAlO substrate. This
interfacial reaction between the substrate and film and result is consistent with the X-ray intensity oscillations
can also be influenced by film-substrate interference shown in Fig. 2 indicating that the film surface is
effects. The origin of the impurity peak &t=2.523 A extremely flat.
is also unknown, but may be strained rutilé1). Note
that the intensity scale is logarithmic, indicating that 4. Conclusion
only a small percentage of this impurity phase is present.
The rocking curve through the TiO(004) peak is
shown in Fig. 3a. The full-width-half-maximum
(FWHM) is only 0.09, reflecting the high degree of
crystallinity for the film. The in-plane crystallinity of
the film was measured via &-scan through the Ti©
(204) peak as shown in Fig. 3b. The four-fold symmetry
of the diffraction peaks indicates a cube-on-cube in-
plane alignment of th€001) anatase film with th€001) 5 um
LaAlO; substrate. The in-plane FWHM®=0.1C,
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 awe=5=3.790 andc= v
9.495 A. This indicates that the film is slightly
compressed in-plane and expanded along d¢kexis
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 GdfeO
structure witha=3.788 A anda=90° 4. Note that the
films deposited at 700°C and Po,=10"2 torr are
insulating. 25

For potential electronic and optical applications, sur- Scan position (um)
face morphology is extremely important as it determines
optical scattering loss and heterojunction properties. Fig. 4. Atomic force microscopy image of anatase film. RMS rough-
Atomic force microscopy(AFM) was used to measure ness is 2.1 nm.

In conclusion, single-phasé01) anatase thin films
have been realized via epitaxial stabilization @01)
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LaAlO; substrates using reactive sputter deposition. The
crystallization of the films is excellent, with rocking
curves as narrow as 0.09Film 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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