Available online at www.sciencedirect.com

SCIENCE DIRECT® thi R
sl @ ﬁl%';@d]

LEIER Thin Solid Films 446(2004) 18-22

www.elsevier.com/locate/tsf

Epitaxial growth of anatase by reactive sputter deposition using water
vapor as the oxidant

B.-S. Jeond , D.P. Nortdn *, J.D. Budai , G.E. Jelli8on

3University of Florida, Department of Materials Science and Engineering, 106 Rhines Hall, Gainesville, FL 32611, USA
bOak Ridge National Laboratory, Solid State Division, Oak Ridge, TN 37831, USA

Received 18 December 2002; received in revised form 13 August 2003; accepted 26 August 2003

Abstract

The growth of TiQ films in the anatase crystal structure was investigated using reactive sputter depositiop with H O serving
as the oxidizing species. With water vapor, the formation of phase-pure anatase TiO thin films via epitaxial stabilization on
(001 LaAlO; was achieved, although crystallinity was slightly inferior to that obtained when O was employed. Films grown
using water vapor exhibited a rougher surface morphology indicating a difference in growth mechanisms. At low H O pressure,
the formation of a Tj §,_,; Magneli phase was observed. When hydrogen was employed during growth, mixed phase films of
rutile and anatase resulted. The development of crystallinity and phase as a function of deposition temperature and oxidan
pressure are discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction stable polymorph that can be realized in polycrystalline
films deposited at low temperaturdd—11. Despite

In recent years, there has emerged significant interestbeing metastable, single crystals of anatase have been
in the synthesis of Ti@ thin films. Wide bandgap realized via chemical transport reaction processes
semiconducting oxides, such as TiO , are useful for a [12,13. Undoped anatase is an anisotropic, tetragonal
number of applications, including transparent conducting insulator(a=3.78 A, c=9.52 A) with a bandgap of 3.2
oxides[1], chemical sensorf2—5], and optical compo- eV [14]. The static dielectric constant of anatase is
nents. TiQ occurs in three distinct polymorphs, namely reported as 31[15]. TiO, can be made an n-type
rutile, anatase, and brookite. Anatase and rutile have thesemiconductor withn ~10°/cm? via chemical substi-
same symmetry, tetragonal/dh 2/m 2/m, despite  tution or by Ti interstitials[16—19. Low temperature

having different structures. In rutile, the structure is electron Hall mobility on the order of 30—100 @AV s
based on octahedra of titanium oxide that share two has peen reported for rutile. Hall mobility of n-type

edges of the octahedron with other octahedrons andanatase has been measured as high as 20\es

form chains. It is the chains themselves that are arranged  There js significant interest in the synthesis of phase-
into a four-fold symmetry. In anatase, the octahedrons e anatase thin films, both for applications and fun-
share four ed_ges hence the four-fold axis. Rutile is the yamental studies. In catalysis, photocatalysis, and
thermodynamically stable phase at high temperatures,yy e sensitized solar cells, anatase has proven advanta-
and is the most widely studied. In polycrystalline films, geous over the rutile phas0-23. Controlling the

rUt”E ris the more common kphaseh_ort])s_erveg. himite_d electronic properties, surface structure, and morphology
work has been done on brookite, which is orthorhombic g ey elements in these applications. Recently, it has

with 2/m 2/m 2/m symmetry[6]. Anatase is @ meta-  pean reported that transition metal doped semiconduct-

*Corresponding author. Tel:+ 1-352-846-0525: fax:+1-352-846-  INJ_anatase can be ferromagnetic at room temperature
1182. [24]. This is of significant interest in the development
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magnetism may be carrier-mediated, there is interest in

manipulating carrier density in epitaxial anatase films. 60 y —

In addition, the realization of spin-based electronic :2_\50. ]
devices requires atomic-scale control of surfaces and <40l

interfaces. Numerous efforts have focused on the for- Qo 1
mation of anatase films that are phase pure and highly g 30} 1
crystalline[15,25—34. In general, epitaxial stabilization 2 o0l |
offers a means by which anatase thin films can be §

obtained on lattice-matched substrates, often for proc- S 101 1
essing conditions where the phase is thermodynamically

unstable in bulk. Understanding how growth conditions %oo 550 600 650 700 750 800
impact phase development, film morphology, and crys- temperature (°C)
tallinity is important in exploring these applications.

In this paper, we report on the synthesis and properties
of epitaxial anatase, focusing on the use of water vapor
as the oxidizing species during reactive sputter deposi-
tion. In particular, we have investigated the use gf H O
and H, O/'H, in the growth of anatase films. Previous
work reporting highly crystalline anatase films via reac-
tive sputter deposition focused on the use of oxygen
[35]. The introduction of hydrogen-bearing species into
the growth process produces the potential to modify the
Ti valence state, thus introducing charge carriers. Here, 3. Results and discussion
we address the phase development, crystallinity, and
surface morphology of anatase as a function of oxidizing For films deposited using water vapor, anatase was
species, oxidation conditions, and temperature usingobtained with comparable deposition rate, but slightly

Fig. 1. Deposition rate of Ti© films on LaAlQ as a function of
substrate temperature, with,H O serving as the oxidizing species.

ture of the film was determined using X-ray diffraction
via a Cu Ka source. Surface morphology was deter-
mined using a Nanoscope Il instrument. Transport prop-
erties of oxygen-deficient Ti© anatase films will be
reported elsewhere.

reactive sputter deposition. inferior crystallinity, as compared to that achieved with
0O,. The epitaxial relationship between the film and
2. Experimental details substrate, as determined by four-circle X-ray diffraction,

was (00D[110l, sa0s//(00D[1100 1namse @S has been

The film growth experiments were performed in a reported elsewherd35,34. The deposition rate for
reactive radio frequenc¢RF) magnetron sputter depo- TiO, showed a slight dependence on substrate temper-
sition system equipped with a load-lock for substrate ature as is shown in Fig. 1. Growth rate was determined
exchange. A quartz lamp heater provided for substratemeasuring the final film thickness across a step using a
heating up to 750C. Two-inch diameter Ti sputtering surface profilometer. The rates are for an applied RF
targets were used. The target-to-substrate distance wapower of 250 W, PH,O0)=10"2 Torr, and a total
approximately 15 cm. The base pressure of the deposi-pressure of 15 mTorr. The background gas was either
tion system was on the order of>x80~8 Torr. For argon or a 4% k/96% Ar mixture. The deposition rate
epitaxially stabilized anatase film growth(001) did not change significantly when oxygen was used in
LaAlO; was chosen as the substrate as it provides aplace of water vapor. The increase in deposition rate
lattice mismatch on the order of 0.2%. For comparison, with temperature reflects the limiting surface reaction of
Si substrates were also used so as to produce polycrysTi with the oxidizing species to yield TiO , since the
talline films under the same conditions. The substratessticking coefficient of Ti should be near unity. For most
were cleaned in trichloroethylene, acetone and ethanolof the films discussed below, the deposition time was 2
prior to mounting on the sample platen with Ag paint. h, yielding a film thickness on the order of 350 nm.
The oxygen was provided through a mass flow control ~ The effectiveness of epitaxy in stabilizing the anatase
valve. A water source was created by freezing and crystal structure can be seen in Figs. 2 and 3, where the
evacuating a water-filled stainless steel cylinder that was X-ray diffraction patterns for Ti@ films deposited at
attached to the deposition chamber via a leak valve.various temperatures on either LaAIO or Si are shown.
Upon returning to room temperature, the vapor pressurefFor these films, the total pressure during deposition was
of water is sufficient to provide an H O source. As 15 mTorr, with 102 Torr of H O vapor pressure. For
mentioned before, the use of water vapor and hydrogenfilms deposited at a substrate temperature ranging from
in depositing oxide materials is useful in manipulating 500 to 750°C, the dominant TiQ phase observed on
the valence of cations in the depositing film. The (001) LaAlO;was(00D-oriented anatase. Fig. 4a shows
presence of hydrogen during deposition can result in the X-ray diffraction intensity as a function of deposition
oxygen deficiency and semiconducting behavior. Struc- temperature for the anatas@04) peak. The films
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Fig. 2. X-Ray diffraction patterns for TiO films deposited at an Ar S
. = 08}
pressure of 15 mTorr and a water vapor partial pressure of 10  Torr x
on LaAlO;. ¢ osf ¢
E 04l ® A(004)/[A(004) + R(200)]
deposited at the higher temperatures possessass S ' > AMODAMALDOHRTHN
lattice parameter that is essentially the same as bulk E oz
b4

crystals. However, at the lower growth temperatures,
there is a distinguishable shift to longer lattice spacing

for both the anatase and rutile components, indicating a
defect structure. Plotted in Fig. 4b are the relative_ ratios Fig. 4. X-Ray diffraction data for Ti9 on LaAlQ using+ O. Shown
of the (004) anatase peak to tH@00) and(111) rutile are(a) the anatas€004) peak intensity andb) the relative intensity

peaks. Anatase is clearly the dominant JiO phase with of anatase peaks to the rutile peaks.

the strongest relativé004) anatase peak at a growth

temperature of 750C. In contrast, the diffraction data he predominant phase ©01) anatase, although some
for polycrystalline TiQ films deposited on silicon sub-  inor peaks attributable to rutile are evident. From a

strates are predominantly rutile, particularly at the ele- high-resolution§—2¢ scan through the anatag604)
vated temperatures, with only a minority anatase {he |attice parameters for the anatase film deposited at
component present. The exceptions to this are the films,qqoc and 103 Torr of H O are determined to be-
deposited a’'<500 °C, where the crystallinity is poor , _3 78 A =9.522 A, which is essentially that report-
and the anatase structure appears more prominent. Clea%d for bulk material. Ad-scan rocking curve through
ly, the epitaxial nucleation of Ti© on a lattice-matched o (004) yields aA#=0.58 full-width-half-maximum.
substrate provides a robust processing window for reaI-Fig_ 5 shows thef-scan through the anatag@04)}
izing anatase phase selection and crystallinity. peaks showing that the film is in-plane aligned. The
Epitaxy of the films with respect to the substrate was f|l.width half-maximum (FWHM) for the in-plane
examined using four-circle X-ray diffraction. A low- peaks is 0.6 The in-plane and out-of-plane mosaic
resolution 6—26 scan along the Ti©(00D) shows that  \yigths for anatase grown using water vapor are some-
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Fig. 3. X-Ray diffraction patterns for TiD films deposited at an Ar
pressure of 15 mTorr and a water vapor partial pressure of 10  Torr Fig. 5. The o—scan through the anatase {204} peaks, showing in-
on Si. plane alignment for the films grown using,H O.
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Fig. 6. The X-ray diffraction patterns for films deposited with 15 . . o o
mTorr Ar (no hydroge as a function of water vapor pressure. The Fig. 7. X-Ray diffraction patterns for TiO films deposited in the
anatasdéA) and rutile peaks are indicated, with Rtutile (200) and presence of both H O andH .
R2=rutile (111). The asterisks indicate the Magneli phase peaks.
H,O and H,. A significant fraction of the rutile phase
what broader than that observed for films grown using 'S observed in the films. The maximum anatase phase
density is realized at a deposition temperature of approx-

oxygen as the oxidant. Anatase films deposited using. S . X
oxygen display out-of-plane and in-plane mosaic spreads!mately 650°C. A detailed study of transport properties

on the order of 0.1 [35]. This slight degradation in in semiconducting Ti@ films are ongoing and will be

crystallinity does not significantly impact the stabiliza- repl)orte((jjdgt!sewthere. allinit | ined th
tion of the anatase crystal structure. n addition to crystailinity, we aiso €xamine €

In addition to investigating phase dependence on TiO; film morphology for films deposited using H O

temperature, the effect of water vapor partial pressurew'th qnd W.'thOUt H . and _compared_ these to films
on crystallinity was also explored. Fig. 6 shows the X- deposited with oxygen. Atomic force microscopy images

. . . . of films deposited in @ , H O-KH , and H O clearly
[xlgﬁr;f t;%% o[:vcat\t;trrr:sléo;qflllorprs A?e:tozlt;gtgﬂ v%lgor indicate a significant change in nucleation and growth
3

pressure ranging from 10 to 10  Torr. The films when H, O is used. For the films deposited in O , films
deposited at the highest water vapor pressure considered© extremely smooth, V\."th a root mean squﬁ?MS)
(P(H,0)=10-2 Tom were phase-pure anatase with roughness of 2.1 nm. With H O and,H O-H ambients,
2 . . the RMS roughness was 18.5 nm and 30 nm, respec-
little or no evidence of rutile peaks. At a water vapor

pressure of BH,0)=10-* Torr, the phase assemblage tively. For electronic applications, the roughness will

L o . significantly limit the utility of films grown using H O.
change_'s significantly. Additional peaks in the X-rgy For catalysis, the enhanced surface area realized with
diffraction pattern reflect the presence of crystalline

s i . rough films could prove advantageous. The RMS rough-
'V'ag’?e" phgses O.f the type, Ti,[37,39. Given the_ . ness also increased with increasing deposition tempera-
density of diffraction peaks observed for these triclinic

. . . . i .~ tures. Fig. 8 shows the RMS roughness, measured with
phases, it is not possible to unequivocally identify which
phase is present. The most likely candidates age [Ti O

and TiO,;. Note that the Magneli phdsg displays 30 —_—
some degree of preferred texture. ~ o HJAr .
Similar film-growth experiments were performed with £ 251 . A "
sputter deposition occurring in the presence gf H O and ‘%T 20t |
hydrogen. For these experiments, the Ar sputter gas was 2 ¢ =
replaced with a 4%k} 96%Ar mixture, yielding a H §> 15¢ 1
pressure of & 10~ 4 Torr. The motivation for investi- € 10} . - |
gating the effect of hydrogen and,H O on growth and 2
properties is the possibility of increasing the carrier T SF e ]
density in TiQ films via oxygen vacancies. In fact,

860 550 600 650 760 750 800

films deposited with H O and hydrogen did show an Temperature (°C)

apparent increase in oxygen vacancies, based on dark

coloration of the films and increased conductivity. _ . . .

Unfortunately. the introduction of hvdr n al | d%/ Fig. 8. RMS data for TiQ films deposited on LaAlO at various
ortunately, the oduction o hydrogen also 1ed 10 g pgyrate temperatures. For these experiments, total pressure was 15

mixed-phase _ﬁlms- Fig. 7 Sh0W$ the X-ray diffraction mtor, RF power was 250 W, and water vapor pressure was' 10
patterns for TiQ films deposited in the presence of both Torr.
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AFM, as a function of deposition temperature for films
grown by H, O and H O with hydrogen.
In conclusion, we have investigated the epitaxial

stabilization of TiQ possessing the anatase structure on

(001) LaAlO; using reactive sputter deposition. Phase-

pure anatase can be achieved using either water vapor

or oxygen as the oxidizing species, although crystallinity
was slightly degraded for films grown with water vapor.
The use of hydrogen during growth to manipulate Ti

valence appears possible, although controlling phase

formation remains challenging. Future activities will

focus on understanding the electronic, doping, and

optical properties of these films.
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