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Single phase Ti@ thin films, of either rutile or anatase structure, have been prepared on
SrTiIO;(STO)(100 substrates byin situ pulsed laser depositiofPLD). Thermodynamically
unfavorable, for films deposited on STIDO) substrate directly, pure anatase Ji@l) films were
formed even when a rutile Ti{0110 substrate was used as a target. On the other hand, pure rutile
TiO,(110 films were obtained by oxidizing PLD TiN film-situ at temperatures higher than

700 °C. The optimized deposition conditions for preparing TiN and, Tillhs were reported. The
crystalline structure, surface morphology, and electronic structure of these films were examined. A
mechanism of the process of film formation is also proposed.2002 American Institute of
Physics. [DOI: 10.1063/1.1499522

I. INTRODUCTION epitaxial growth of pure anatase T@Ims is highly desir-
able because the anatase form has been shown to have higher
Titanium dioxide (TiO,) thin films have been studied photocatalytic activity than rutile for certain reactibi**
and used extensively® since it possesses many unusualChen et al’® have used the metalorganic chemical vapor
properties such as excellent optical transmitta(»85%) in  deposition technique to prepare monophasic anatase and
visible and near infrared wavelength, high index of refractionrytile films on STO and sapphire substrates, respectively.
(n=2.35 at 550 nm high chemical stability, and mechanical They showed that the pure anatase phase can be grown on
durability. The widespread applications of TiGilms in- STO(100 even when the substrate temperatifg was
clude: (a) antireflecting and protective coating on optical el- higher than 900 °C. This indicates that substrate structure can
ements(b) capacitors or gates in microelectronic devidey, play a significant role in controlling the heteroepitaxial
gas and humidity sensors, afd} optical waveguide in inte- growth of TiO, films.
grated optics. Recently, it has been found that, due to its The deposition of TiQ thin films by pulsed laser depo-
large dielectric constar{e, =105 at 4.2 K and low tangen-  sition (PLD) has been reported previousf.!® The struc-
tial loss (tan6=10"7 at 4.2 K),"® TiO, might be an impor- tural properties, crystallinity, and the surface morphology of
tant material in depositing highT. superconducting the TiO, films deposited on Si, MgO, and sapphire substrates
YBa,Cu;0; (YBCO) films for microwave applications. under various deposition conditions such as oxygen partial
Moreover, since YBC@O01) can grow on TiQ-templated Sr pressurePq, and substrate temperature were investigated.
TiO3 (STO(110 substrate, it is possible to grow Generally speaking, the structure of the obtained films is
YBCO(103/YBCO(001) biepitaxial ~junctions on a strongly dependent on the substrate used, substrate tempera-
STO110 substrate. Research toward this direction is inture, and the gas pressure. In this article, we shall first de-
progress. Finally, it is also a good buffer layer for obtainingscribe the optimized conditions for obtaining single phase
high quality CrQ° and LaSrMnQ'° films, which might be anatase and rutile TiOfilms deposited on STQ00) sub-
of vital importance for emerging spintronics applicatidn.  strate by PLD. The crystalline structure, surface morphology
Crystalline TiG exists in three phases: anatase, rutile,and electronic structure of these films, which were examined
and brookite. Single phase TjQhin films with well con- by x-ray diffraction (XRD), atomic force microscopy
trolled orientation and smooth surface morphology are esseffAFM), and x-ray absorption spectroscopfAS), respec-
tial for studying the properties of respective phases and fotively, will be presented. The phase formation mechanisms
practical applications. According to the phase diagram ofor each process are also elucidated.
TiO,,*? the rutile phase is thermodynamically preferred at
high temperature and it is expected that no pure anatase
phase can exist at temperatures higher than 650 °C. Howevé", EXPERIMENTAL DETAILS
The PLD system used for preparing the TiN and JiO

dAuthor to whom correspondence should be addressed; electronic mai](.”m.S is the same as _that reported_PreViOL}gBrieﬂ)’v a KI‘F
cchsieh.ep90g@nctu.edu.tw excimer laser operating at a repetition rate of 3—8 Hz with an
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FIG. 1. The XRD patterns of the TiN films deposited at varidys 600, FIG. 2. The XRD patterns of the TiN films deposited at variys: back-
650, 700, 750°C, and 800 °C. The pressure was kept at background pressud%und pressurésx 106 Torr), 10°%, 1073, 102, and 10'* Torr.ZTheTS

— 6
(6X107° Torr). was kept at 800 °C.

energy density of 2-5 J/chwas used. Theotarget_ for prepar- hile keepingT, at 700 °C. The best TiN film&onsider the
ing TiN films was a hot-pressed Tik09.9%, purity pellet  ¢ystallinity) were obtained under the background pressure
while that for preparing anatase H@iIms was a 10-mm- 504 4T =700 °C. The resistivity versus temperature curve,
diam rutile TiG,(110 single crystal. Thels was monitored  yrp pattern, and AFM image of a typical PLD TiN film
by a thermocouple attached to the substrate holder. The Sy§anosited at the optimized conditions were shown in Figs.
tem was operated in the temperature range of 25-1000°G(4)_3c), respectively. The as-deposited film was about 60
and the nltrogedoxyg?? partial pressures range of back- nm thick and was shiny golden yellow in appearance. The
ground pressurésx 10™" Torr at 780 °G to 0.5 Torr to op-  registivity of the film[Fig. 3a)] was less than 20 cm at 77
timize the deposition conditions for various films investi- k The nearly perfect metallic behavior and the diminish-
gated in this study. _ _ ingly small residual resistance below 20 K are indicative of
The crystalline structure of the films was examined byaimost impurity-free crystallinity. The full width at half
XRD (Rigaku D/max-rc/ru20_0);) using C_:LKa r_adlatlon. The  maximum (FWHM) of the 6—26 diffraction peak for
surface mqrphology of the films was |nvest|gate(_j by meansiN (200 was about 0.18FFig. 3b)]. The surface morphol-
of AFM (Digital Instruments D_I 5000 and scanning elec- ogy as revealed by AFNFig. 3(c)], shows an average grain
tron microscopy. The electronic structure of the JidMS gz of about 50 nm with an atomically smooth surface. The

was examined by XAS, usingeéht m high-energy spherical q4t mean squarérms) roughness of the surface was esti-
monochromati¢tHSGM) beam line at Synchrotron Radiation 5ted to be about 0.2 nm.

Research CentdSRRO, Taiwan, Republic of Chiné The PLD TiN films were theiin situ oxidized at various
T, ranging from 500 to 900 °C for 60 min. The oxygen par-
Ill. RESULTS AND DISCUSSION tial pressure for the oxidation process was 5 Torr. Figuee 4

shows the XRD results for films annealed at different tem-
peratures. Foil¢ at (and belovwy 500 °C, the TiN200) peak

To prepare the rutile Ti9films, TiN films were depos-  persisted and no TiQpeak was found. This implies that the
ited on the STQLOO substrate at first, using a laser energy oxidation rate is too slow under the oxidation condition to
density of 5 J/crh and a repetition rate of 5 Hz. The depo- convert TiN film into TiO,. %! For T;=600 °C, the TiN200)
sition rate under these conditions was about 0.02 nm/pulsgeak disappeared but no apparent diffraction peak corre-
The blue plume could be easily observed during ablationsponding to TiQ was found. The Ti@ films formed at this
The T was varied from 600 to 800 °C and the nitrogen par-temperature might be amorphous. The pure rifilE) peak
tial pressuredy, was varied from background pressufe  appeared wheifs was raised up to 700 °C. The intensity of
% 10~ ® Torr at 700 °Q to 0.1 Torr. Figure 1 shows the XRD the peak increased and the FWHM of the peak decreased
patterns of the TiN films deposited at varioligwhile keep-  with increasingT. Figure %a) shows a typical AFM image
ing the pressure at background pressure. Figure 2 shows tloé TiN films oxidized at 800 °C. The grain size of the rutile
XRD patterns of the TiN films deposited at varioﬂi’:‘{,\,2 TiO, thus obtained is about 400 nm, which is much larger

A. Preparation of rutile TiO , thin films
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© 2.00 was varied from 25 to 1000 °@imited by heatey and the

Po, was varied from background pressugex 10 %) to 0.1

Torr. The deposition rate was about 0.05 nm/pulse.

Figure 6 shows thd@ g dependence of XRD patterns of
the TiG, films at Po,=0.01 Torr. Figure 7 shows theoP
dependence of XRD patterns of the filmsTat=800 °C. It
was found that when the TiOfilms was deposited on
STO(100) by direct ablation of the TiQtarget, the anatase
phase was formed over a wide range of deposition param-
eters. Pure anatase Ti@llms were obtained fofl ¢ ranging
from 200 to 1000°C andPg2 ranging from backgrounds
% 10" %) to 0.1 Torr. However, the best films were obtained at
T,=800°C and P02=10*2 Torr. Figure %b) shows the
AFM image of an 60-nm-thick Ti@thin film deposited at
the above-mentioned conditions. The surface morphology
FIG. 3. (a) The resistivity vs temperature curvég) the XRD pattern, and  shows an average grain size of about 50 nm. The rms rough-
(c) the AFM image of the TINLOO film deposited on STAOD substrate. — aqq of the surface was about 0.25 nm. It seems that, al-
The PLD deposition conditions weik;=700 °C and at background pres- . . . '
sure. The scanned area of the AFM image was®<2 um and the dark-  though the phase is different, the surface is very smooth for
to-light vertical scale was 5 nm. both PLD TiN transferred TiQand PLD TiG films.

As an independent check, both forms of Fifdms were
further examined by means of XAS measurements. The XAS
than that of the original TiN films. A greater variation in experiments on the @sand Ti2p spectra were performed on
roughnessrms roughness-0.8 nim can also be observed in the 6 m HSGM beam line at the SRR&EThe spectra were
the figure. The change of surface roughness may have reecorded in both total-electron yie[dEY) mode and x-ray-
sulted from the large volume expansion during oxidation. fluorescence yield mode, which revealed the surface and
bulk properties, respectivef. Figures 8a)—8(e) and 9a)—
. ' — 9(e) show the Qls and Ti2p spectra for(a) standard rutile
B. Preparation of anatase TiO  thin films TiO, powder, (b) rutile TiO,(110) substrate(c) TiO, films

In order to reduce particulates landing during PLD, atransformed from PLD TiN films(d) standard anatase TjO
10-mm-diam rutile TiQ(110 single crystal substrate was powder, and(e) direct PLD TiO, films, respectively. The
used as the target. The laser parameters for depositing Tiposition and intensity of the peaks in the spectra have been

1.00 2.00 ym
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FIG. 5. (a) The AFM image of the rutile Ti{110) films oxidized from PLD
TiN films. The T was kept at 780 °C anB, was kept at 5 Torr(b) The
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FIG. 6. The XRD patterns of the PLD TiJilms deposited at variouss :
200, 300, 700, 800, 900, and 1000 °C. TRg, was kept at 0.01 Torr.
(Rerutile TiO,, A:anatase TiQ).

STO(100 substrate. As mentioned in Sec. |, without taking
the substrate effect into account, rutile is the thermodynami-
cally stable phase of TiQat temperatures higher than 650 °C
and should be the predominant phase above this temperature.
However, for the case of TiOfilms deposited on STQ00)

AFM image of the anatase Ti0Y) films prepared by PLD directly. The directly, anatase Ti@was formed even whefis=1000 °C.

Ts was kept at 800 °C andpwas kept at 0.01 Torr. All the images are 2
umx2 um and the dark-to-light vertical scale is 5 nm.

calculated and assigned 3f.2° For the Ols spectra, it can

be roughly divided into two regions. The first region covers
the energy range 530—-537 eV and is attributed to tigp O
state hybridized to T3d states. The T3d region is split by a
crystal field effect and is characterized as a doublet. The
second region, above 537 eV, is attributed to th2pQtates
hybridized to Téspbands. As shown in Fig. 8, although the
peaks lying in the first region have no significant difference
between rutile and anatase, there does exist differences in the
peaks lying in the second region. At this higher energy re-
gion, rutile exhibits three peaksl, C2, andC3 while ana-
tase shows only two peaksl andC2. On the other hand, the
significant difference in the ™p spectra(Fig. 9 for rutile

and anatase is the relative intensity of peBksandP2. The
intensity of pealP1 is higher than that of peaR2 for rutile
while the opposite trend is true for anat&3é° The obtained
intensity variations of these spectra are consistent with those
measured by Brydsoet al?® and de Grootet al?’~?° and
evidently indicate that the TigXilms are indeed pure anatase
or rutile phase.

C. Discussion

Intensity(arb. units)

L 10"Torr
10°Torr
J 10°Torr
L 10"Torr
A
\ 10°Torr
< |8 gl g
g e of =
« 1] o | background
T T T v T
30 45 60 75 20
206(degrees)

FIG. 7. The XRD patterns of the PLD Tidilms deposited at varlouBo
From the above results, it is clear that either pure anatasgckground pressur@x 10 Tor), 10°5, 104, 103, 102, and 101

or pure rutile TiQ films have been evidently obtained on the Torr. The T, was kept at 800 °C(Rirutile TiO,, A:anatase TiQ).
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(@)
STO(100)

anatase rutile
TiO,(001) TiO,(001)

Sr:oTi:e0:0 Ti:e O:0 Ti:e 0:0

FIG. 10. (a) The three-dimensional view of the crystallographic structures
of STO(100), anatase TigX001), and rutile TiQ(001). (b) The (001 planar
structure of STO, anatase TiQand rutile TiO2.

Fig. 10@), STO is cubic witha=b=c=23.904 A, while ana-
tase and rutile TiQ are tetragonal witta=b=3.785 A, c
=9.515 A for anatase; an@i=b=4.593 A, c=2.959 A for
rutile, respectively. The in-plane lattice mismatch between
STO(100 and anatase TiQis ~3% while that between
STQ(100 and rutile TiG is ~15%. Moreover, by comparing
the planar atomic configuration among STIO0), anatase
TiO,(001), and rutile TiGQ(00) planes[Fig. 1Qb)], it is
clear that the similarities exhibited between the $IW)

It suggests that anatase may be kinetically stable under thighd anatase Tig001) may also play an important role. In
deposition condition. This additional stability can be under-thjs scenario one expects that during the initial stage of film

stood by examining the lattice constants a0@1) planar
structures of the STO and anatase Ji®igure 10 shows the
crystallographic structures of STO and }iOAs shown in
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FIG. 9. The XAS spectra of the Pp spectra for(a) standard rutile TiQ
powder,(b) rutile TiO,(110 substrat€used as a target for PLD TiQilms),
(c) TiO, films transformed from PLD TiN films(d) standard anatase TjO

powder, ande) direct PLD TiG, films.

growth the arriving Ti and O atoms will tend to align them-
selves with the existing Ti and oxygen sublattices of the STO
substrate. This process naturally leads to the formation of
(001) anatase phase despite that it is not a thermodynami-
cally favorable phase. It is remarkable that the anatase
TiO,(00)) film can be stabilized by ST@O00) substrate and
sustained to such high temperatures.

Now let us consider the case of the oxidation of PLD
TiN films. Since the oxidation proceeds into the bulk from
the surface, this process is expected to have much weaker
relevance to the effect of substrate. Therefore, the rutile TiO
phase is the preferred phase when the TiN is oxidized at
temperatures higher than 650 °C. If we further compare the
crystallographic structure of TiNOO1) and rutile TiQ(110
(as depicted in Fig. 21 we found that the relative configu-
ration of Ti atoms remains almost intact with only a slight
change in interatomic distance. Since a much higher activa-
tion energy is required for moving the Ti atorffghe oxida-
tion ought to proceed by keeping Ti atoms remaining in the
vicinity of their original location while the migration and
desorption of N atoms and the intake of O atoms and forma-
tion of rutile Ti—O bonding take place. In this scenario, rutile
TiO,(110) is the most preferred phase and orientation for the
oxidation of TiIN(100 films.

IV. SUMMARY

Two phases of Ti@ thin films—rutile and anatase—
have been prepared on SrE@GTO)(100 substrates byn
situ PLD. The anatase phase was prepared by pulsed ablation
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