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A dense rutile TiQ thin film was synthesized by the thermal oxidation of a sputtered titanium metal
film in ambient air. The effects on optical properties of Jifdms of the crystal structure and
microstructural evolution at various oxidation temperatures were investigated. The Ti films
transformed into single-phase rutile Ti@t temperatures= 550 °C without going through an
anatase-to-rutile transformation. Instead, an additional crystally@ ghase was detected at 550 °C
only. An increase in the oxidation temperatures ranging between 700 and 900 °C led to an increase
in both the refractive index and absorption coefficient, but a decrease in the band gap &pgrgy (
According to the coherent potential approximation model, the band gap evolution of the oxidized
films was primarily attributed to the electronic disorder due to oxygen deficiency at a higher
oxidation temperature rather than the presence of an amorphous component in the prepared films.
© 2000 American Institute of Physids$0021-89780)07920-3

I. INTRODUCTION reduce the band energy of Tj@ a level allowing a better
quantum yield upon photon—electron conversibné.

Titanium dioxide has been eXtenSively studied in recent A very Simp|e method has been emp|0yed by means of a
decades: Its remarkable optical and electronic propertiesdirect exposure of Ti metal film to thermal oxidation for the
have received considerable attention for optoelectronic applitaprication of TiQ, film in this study. The sputtered Ti film
cations. Several techniques including chemical vapor depauas easily transformed to single rutile phase at temperatures
sition, spray pyrolysis, sol-gel coating, and rf magnetrongs Jow as 550 °C in air, without going through an anatase-to-
sputtering have been developed for Jifhin films fabrica-  rutile phase transformation. Therefore, optical properties
tions. The TiQ films prepared from these techniques exhibitsych as transmittanc& o), refractive indexn), absorption
a wide variety of structures and optical properfie. coefficient (), and optical band gapEjy) of the resulting

Three crystallographic modifications occur in B0 TiO, films were systematically examined in terms of the
brookite, anatase, and rutile. The former two modificationsstructural evolution of the sputtered Ti films after high-
are thermodynamically unstable, while the latter is stabletemperature oxidation at various temperatures.

The rutile phase has a greater densipy=@.25 g/cni) and
refractive index(n=2.75 atA=550nn) than the anatase
phase(p=3.89 g/cni andn= 2.54 at\ =550 nm). Generally,
TiO, films were deposited by a reactive rf magnetron sput-  Titanium films were prepared using a dc magnetron
tering with controlled partial pressures of Ar ang. ®riorto  sputtering system having a 30 diylindrical stainless-steel

a postdeposition annealing, the as-deposited, Tl exhib-  chamber. The target was a titanium digkirity 99.6%. The

its an amorphous structure. However, it transforms into aitanium was deposited at a constant dc power of 50 W onto
mixture of anatase and rutile phases at 700—900 °C anneak quartz substrate under a background pressure of 5
ing, a temperature regime essential for the anatase—rutilg 10 % Torr. A target—substrate distance was kept at a con-
transformation to occutA higher annealing temperature is stant of 70 mm. During this operation, an ultrahigh purity
normally required to achieve single-phase rutie'? (99.999% Ar gas was used. Under a sputtering pressure of 8

The optical properties of Tigthin films have been ex- mTorr, the sputtering time was 15 min and the substrate was
tensively investigatet®'® A postdeposition annealing of maintained at room temperature. Prior to each experiment,
TiO, films leads to densification of the deposited layers, acthe target was presputtered in an argon atmosp(9&.899%
companied by a microstructural coarsenirige., grain  purity) for 8 min to remove surface oxides on the target. The
growth and phase transformatjomherefore, a decrease in as-deposited Ti filmga thickness of~170 nm) were sub-
optical transmittance and an increase in refractive index ofected to postdeposition annealing at temperatures ranging
the TiG, thin films are frequently observed as annealed abetween 400 and 1000 °Crfd h in air.
higher temperatures:*®In addition to the optical properties, An UV-visible spectrophotometgHitachi, UV-3410
several attemptge.g., by doping have been employed to was used to characterize the optical properties of the result-

IIl. EXPERIMENTAL PROCEDURE
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FIG. 1. X-ray diffraction patterns of Ti film and Ti films oxidized in air at FIG. 2. X-ray diffraction patterns for Ti films following oxidation at 550 °C

different temperatures.

for various time periods.

ing TiO, thin films. the crystal structure was determined byjs several hundred degrees loweenerally near or greater
x-ray diffraction (XRD) (MAC Science, M18X. Scanning  than 900°Q than formations synthesized from other
electron microscopyHitachi, S4000 was used for micro- ethods®111® The other feature is the appearance of an
structural examination. The thickness of Ti film and the r€-amorphous phase. As evidenced from XRD patterns, all

sulting TiG, films was measured by a surface profilfoan,  peaks presented lower intensities at 700 °C, implying the co-
DektaKST). Following annealing, the stoichiometry of the existence of amorphous titanium oxide with crystalline
films was performed by a Rutherford backscattering specytile. A further increase to 1000 °C resulted in an increase in
troscopy (RBS). The resistivity of the Ti@ films was ob- gjffraction intensity with an associated decrease in the amor-
tained from the current—voltage measurements of th?)hous background of the XRD patterns, indicating an im-
Pt—TiO,—Pt structures with a HP4156B semiconductor Paproved crystallinity of the films.
rameter analyzer. _ Notably, anatase TiDwas never detected in this inves-
The volume fraction of amorphous ) and rutile fr)  tigation, especially when subjected to the temperature range,
phases in the TiOfilms was determined according to the 700-1000 °C(where the anatase-to-rutile phase transforma-
method described by DeLoadit al'® Briefly, the volume  tion would occuy %113 A possible explanation is the for-
fraction of one component, rutile, in an uniform mixture is mation of significant quantity of oxygen vacancies in the
related to the integrated intensity of a specific reflectiongyidized film, known as the Mageli phase, which is known to
l(110)- The selection of a “standard” pure rutile film has to markedly accelerate the anatase-to-rutile transformation.
be strictly limited to the one with an identical preferred ori- yowever, this explanation appears unconvincing, simply be-
entation as the film state to be analyzed. In this case, thgyse traces of anatase Ti@re undetectable. To further
films annealed at 1000 °C were found to be entirely of theg|ycidate the phase evolution, the Ti film was annealed at
rutile phase, which was used as the standard rutile film fogsg °c for various time periods. Figure 2 indicates that,
further determination of the rutile volume fraction of THO again, traces of anatase Ti@ere undetected. Instead, the
films under different oxidation conditions. THg was de-  xRrp pattern displays a mixture of rutile TiOand TiO
fined as[l(110)/15(110)] for other film states, wheres110)iS  phases a4 h annealing. Following further annealing, the
the integrated intensity of the standard rutile film. Once theTiZO phase is thermodynamically unstable and transformed
fr was determined, the volume fraction for the amorphousg rytile structure. According to a study by Padmgal?*
phase {4) equaled 1-fg. layered structures of several Ti—O intermediate oxides are
generated from the surface to the interior of the film. How-
ever, other oxidé€ such as TjOs, Ti,Oz, and TiO were
undetected. In Fig. 2, an appreciable quantity of the amor-
phous phase was observed in the XRD patterns when an-
Figure 1 shows the XRD patterns of the Ti films oxi- nealed at 550 °C for 4 h. This amorphous phase was also
dized in air fo 1 h atvarious temperatures. When the tem- observed at higher temperaturdgg. 1). Suhailet al®® re-
perature was increased from 400 to 500 °C, a shift to the lowported a similar phenomenon in Ti@Ims prepared via dc
angle of the Ti(002 peak was clearly observed. This pro- reactive magnetron sputtering.
gressively low-angle shift indicated an enlargement of the  The RBS analysis of the stoichiometry of the films, an-
lattice volume via the incorporation of oxygen atoms fromnealed at 700—900 °C, revealed an O/Ti atomic ratio of 2. It
ambient air. Until annealed at 700 °C, a single rutile phasavas strongly believed that oxygen vacancies may also de-
appeared. The XRD patterns reveal two interesting featureselop, but such a relatively small concentration was probably
The formation of a single rutile phase Ti@t 700 °C, which  beyond the resolution, approximately 0.5%, of RBS analysis.

IIl. RESULTS AND DISCUSSION

A. Crystal structure
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TABLE I. Evolution of phase compositioffg andf,) and FWHM at(110) TABLE Il. Lattice parametersa andc) of the rutile TiO, films oxidized at
peak of the TiQ films prepared at different oxidation temperatures for 1 h. different temperatures, with the parameters of bulk single-crystal rutile

TiO,.
Temperature Diffraction angle () at FWHM (deg) of
(°C) fr fa rutile (110 peak rutile (110) peak Temperature
(0 a(R) c(A)
700 86.6 13.4 27.453 0.2358
800 89.5 105 27.451 0.1906 700 4.5863 2.9560
900 905 95 27.447 0.1856 900 4.5892 2.9561
1000 100 0 27.421 0.1716 1000 4.5925 2.9586
Single crystal 4.5933 2.9592

&The film oxidized at 1000 °C under ambient air presented an entire ok

predominant rutile phase and was applied as a standard film for the detefAt 1000 °C, the optical transmittance of the film is too weak and a further

mination of phase composition in other oxidized films. analysis of optical properties cannot be accurately determined by Swanep-
oel's method.

This implies that the amorphous phase may have an O/Td'Iized at 550
ratio relatively close to the crystallingutile TiO,) phase.

This finding seems unexplainable as, in the presence of
appreciable amount of suboxide layers, an overall O/Ti ratio For a low-temperature oxidation, a longer period is re-

must be substantially smaller than 2. Therefore, one poss'b”duired for the transformation of Ti to TiDas a result of

ltyis a _S|gn|f|_cant _short_enlng of the OX|dat_|on time to reach slower oxygen diffusion kinetic® as evidenced by the pres-
near-stiochoimetric ratio under the experimental control.

23 .o X ence of a crystalline 3O in Fig. 2. Further oxidation at
A study by Rogeret al.™ verified that the TiQ phase higher temperatures promotes crystallization of the amor-

growth rate heavily depends on temperature. According t%hous phase, resulting in an increase in both the quantity

tf}ishfou_lf.-layle r modr? . f't Is {)ossiblgito estimatr(]e the thicknes fr) and crystallinity(represented by a decreased full width
of the Ti0, layer (the first layer adjacent to the oxygen at- o'y mayimum, FWHM of the rutile phaséTable .

mospherg upon thermal oxidation in our films. Based on 10 | ists the lattice parameters of the oxidized films

:)hxy?en mtﬁ_sskbalance fa_p%F'Ck S q(ljfﬁ:_smn I?‘;Y’ t:e chak?ge Ralculated for different temperatures. The lattice parameters
€ layer thicknesgh) of TiO, on oxidation, at time, can be of single-crystal rutile TiQ are also tabulated. Obviously,

formulated as the lattice constants of the rutile TjGilms increased with

°C were essentially oxygen nonstoichiometric
and associated with the formation of a sufficient quantity of
ygen vacancies.

dh ADY? temperature and tended towards the single-crystal values,
at - (D2(1—W)’ (1) which corresponds to the findings in Table I. This seems

consistent with previous XRD analysiBig. 1). The crystal
whereD is the effective oxygen diffusion coefficierily is  structure of the oxidized films tends towards that of single-
the mass fraction of oxygen, arlis the surface area ex- crystal rutile with increasing temperature, which further sug-
posed to oxygen. gests a better arrangement of O and Ti atoms in the rutile
Following rearrangement and integration, the thicknesgrystals.
(h) can be estimated by

A(Dt)lIZ

_ ) B. Film morphology
2(1-W)*

h
Figure 3 illustrates the microstructural evolution of the
Equation (2) is a parabolic expression representing thefilms oxidized at different temperatures. The average grain
growth of the TiQ layer upon oxidation, and it is assumed size of the Ti film presented in Fig(& is approximately 60

this relationship is valid for the current system where thenm prior to oxidation. As the temperature was raised to
oxygen partial pressure is 0.2 atm. Following a substituting700 °C, the TiQ film did not significantly alter the grain

of the appropriate valueA=1 cn?, W=0.36,D which is  size, which has an average size of approximately S5§Fim
estimated to be the order of 1&cné/s at 700 °C, and 3(b)]. However, the grain size rapidly increases+®00 nm
=36003 into Eq.(2), the calculatedh is 468 nm,(which is  at 800 °C and to~155 nm at 900 °GFigs. 3c) and 3d)].
considerably thicker than the sputtered Ti filin fact, Rog-  The microstructure of the films oxidized at 700 °C is rela-
erset al?® suggested that the diffusion coefficibtshould  tively homogeneous in comparison to films oxidized at 800
be greater than the estimated value, (‘@n?/s), at 700°C. and 900 °C(where some larger grains can be se€Fhis

This finding implies that a thickness greater than 468 nm idinding suggests that these films are essentially inhomoge-
expected. Furthermore, a preferential path for the oxygemeous and, therefore, a higher surface roughness can be ex-
diffusion along the grain boundarpr through defect struc- pected. With increasing temperature, some small voids are
tures in the amorphous phasef the polycrystalline TiQ  present and enlarge. The presence of these small voids
film should also increase the oxidation rate. Therefore, wevithin the film structure provides alternative but direct con-
can infer that the Ti film was completely converted to aduits for the access of oxygen molecules flowing inward
near-stoichiometric Ti@film at 700 °C(and abovewithin 1~ from the ambient environment, supporting the hypothesis
h under ambient oxygen partial pressure. This may be thef an increasing oxidation rate as discussed in the previous
major reason for the absence of other oxides. The films oxisection.
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crystallinity (amorphous-crystalline) of the rutile phase
with increasing temperature may be one of the major causes
under current investigation.

Additionally, since the enthalpyAH,) of oxygen va-
cancy formation f) in TiO, is endothermic?

TiO,+ AH - TiO, 3)

the population of the vacancy can be enhanced with increas-
ing temperature as

ns=Ngexp—AH2kT), (4)

where N, is the maximum number of sites pefro form
Schottky defects, k the Boltzmann constant (1.38
X 107 23J/K), andT the absolute temperature. By substitut-
ing AH=5x%10"1°J, we obtain ng/Ny=4.6x10"% at
700°C and 6.6 10 7 at 900 °C, over an order of magnitude
_ _ o _ greater in concentration than that at 700 °C. The actual popu-
E)'(%a:t”i'o r':’“;r(%ft;‘é‘gﬂrc""' (g"g's‘g?g 0(;"’;)] ;j)'dgeo%of'cted Tifilm, and following |atjon of the oxygen vacancies can be higher than the calcu-
’ ’ ' lated values due to the incorporation of impurities originated
from both target materials and environment; however, it is
difficult to quantify precisely. An earlier study by Blumen-
C. Optical properties thal et al?” revealed that an oxygen deficiency can be ex-
Figure 4 shows the spectra of optical transmittance O]tend_ed_to T'Q*X_ with x=0.01_(a value relatively cIo;e_ to
the TiO; films annealed at different temperatures. The poori€ limit of maximum resolution of the RBS analysigia
est transmittance, especially in the visible region, occurs a@n€aling TiQ between 900 and 1000 °C. When this is ap-
550 °C/4 h, suggesting the presence of a sufficient amount c;}hed to O‘ll.lr films, the concentration of oxygen defect W|II_ be
oxygen vacancies that have significantly absorbed the incie:19< 10" per n, much greater than the above calculation.
dent light?»?5 This finding seems consistent with the XRD Ther_efore, we believe that the oxygen vacancy _should play a
patterns illustrated in Fig. 2, indicating that the film follow- '0l€ In the observed spectra. The influence of microstructural
ing a 550 °C/4 h oxidation is oxygen deficient. The optica|coarseq|ng on light ;cgtterlng can be ignored as the transmit-
transmittance can be significantly improved while increasing@"ce displayed a similar trend in the longer wavelength re-
the oxidation temperature to 700 °C. However, it decreases gonas opserved in the short wavelength region. ObV'QUSIV’
800 and 900 °C. In this case, the optical transmittance is alsl 2PPreciable blueshift and the decrease of the transmittance
accompanied by an appreciable blueshift of the spectrum if'@Ximum in the low wavelength region at 900 °C suggest
the lower wavelength region. Suhat al® and other related € presence of an appreciable quantity of oxygen
reports attributedalbeit not unambiguousjythese results to defects;"* which is qualitatively consistent with that de-
several possibilities, primarily anatase—rutile transformationS¢'ibed in Eq.(4). In addltloon, the resistivity of the Tip
films densification, and the partial reduction of Jifims at  1ImS posgannealed at 900 °Crfa h increased from 2 1¢°
high temperatures. However, since such a phase transformi- 1% 100 cm under 0.2 atm oxygefair) ambient and 1

tion was undetected between 700 and 900 °C, an enhanc&df" ©Xygen ambient, respectively. These values are much
lower than the resistivity of single-crystal rutildaving a

value of~10?°Q cm at room temperatuf®, suggesting that
the increased electrical conductivity of the prepared ,TiO
films is due to electronic disorder caused by the oxygen
nonstoichiometry°—2 Since the oxygen vacancies can be
compensated by postannealing in oxygen ambieftthe

100

@ resistivity of the TiQ films can increase under a higher oxy-
by gen gas pressure. Therefore, it is strongly believed that there
c% 60 really exists an appreciable quantity of oxygen vacancies in
’é the TiO, film annealed at 900 °C/1 h in air.
2 409 100°C/ 1 1 Figures %a) and 5b) illustrate the refractive indexn)
e 800°C/ 1 h and absorption coefficieritr) (as a function of wavelength

207 7T 900°C/ 1h of the films oxidized at different temperatures, which were

"""" - 330¢C/4h derived from the transmittance spectra using Swanepoel's
0 T T T T T T 5 i i 1 1
0 00 1000 1500 2000 2500 method®® The increase in botim and « of the films with

raising annealing temperatufehich is consistent with pre-
vious investigations'131§ was considered as a result of the

FIG. 4. Optical transmittanceT) of the TiQ, films, prepared by oxidizing increa$95 in co_mpactness, crystallinity and oxygen defects of
at different temperatures, as a function of wavelength. the rutile TiG, films.

Wavelength (nm)
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2.80 tical band gaps of the films were determined. When the tem-
—0—700°C perature is increased from 700 to 900 °C, the valueEgf
—O—800°C decreased from 3.20 to 3.12 eV.
—&—900°C Similar band energy evolution has also been noticed in
several thin films including Tigh>***%and perovskite mate-
rials such as BaTi©® Martin et al1® assumed that such an
evolution in TiQ, films might be a result of the variation of
density and structural modifications. They also ascribed this
evolution to the electronic disorder induced by oxygen non-
| stoichiometry in sputtered films. Vasantkumeral3’ in-
2504 ferred the decrease in the band gap energy with increasing
| (@ temperature to be due to the lowering of interatomic spacing
(amorphous-crystalline). This was later confirmed experi-
mentally by Luet al®® in their study of BaTiQ applying the
Wavelength (nm) band gap model proposed by HarrisnHowever, in our
films the interatomic spacing increag@sble 1) (rather than
decreased as appeared in perovskite matgriaih an in-
creasing temperature. The band gap energy of our films can-
not be accounted for in relation to Harrison’s motfalvhich
obviously contradicts current observations. Instead, follow-
ing the model proposed by DeLoaeh al® [based on the
framework of coherent potential approximatiofCPA)
model, the optical band gap of a rutile polycrystalline film is
directly related to the structural and electronic disorders.

However, their study demonstrated only structural disorder
due to the presence of a substantial quari8ty vol %) of an
amorphous component. The band energy for those disor-

—— e ——— dered crystal filmgi.e., virtual rutile crystalcan be modeled
400 500 600 700 800 by a generalized equation

Wavelength (nm)

2.75 -
2.70 —
2.65 —
2.6()—-

2.55

Refractive Index (n)

245 . . , . , . . . :
400 500 600 700 800

100
80
60 -

40

o (X 10 cm™

20

FIG. 5. Effect of oxidation temperature o) refractive index andb) EQ(W'T):S'ZZ ev=3.14 Eo(W,T), ©
absorption coefficient of the Tifilms, in terms of wavelength.
where E4 is the optical band gap of the disordered crystal
andE,, the reverse slope of the exponential regipe., elec-
The optical band gapHg) of the TiO, films can be tronic disordey, which is proportional toNV?/B (whereW is
related to absorption coefficiefi) by an energy term, increasing with structural and compositional
5) disorder, andB is the sum of the valence and conduction
band half widths The value 3.22 eV is the band energy for
Figure 6 plots the relationship ofafiv)*? versus photon a virtual rutile phase. According to E¢), a structural dis-
energy(E) of the rutile TiG, films and the extrapolated op- order introduced by an amorphous component would in-
crease the value dE, and causes a decreaselg. How-
ever, their model cannot account for the variationggfin
1200 this study if based solely on structural disorder, as the values
o 700°C, Eg=3.20 &V of E4 (designated in Fig. )J6decreased with decreasirig,
1000 ~ ©  800°C, Eg=3.18 ¢V [i.e., increasing structural disorddifable )]. Therefore,
& 900°C, Eg=3.12eV based on the framework of E@6), the primary plausible
reason for this discrepancy results from electronic disorder,
that is, oxygen nonstoichiometry. Namely, the electronic dis-
order resulting from oxygen deficiency dominates the band
gap evolution rather than that induced solely by structural
disorder for the films prepared in this study. Thg calcu-
lated values based on E() together with the band energy
values(in Fig. 6) demonstrat&,=6.37x 10 eV at 700 °C,
Eo=1.27x10 2eV at 800°C, andE,=3.18x10 2eV at
27 28 29 30 31 32 33 34 23 26 37 18 39 40 900 °C, which indicates an increased electronic disorder with
increasing temperature. This finding is not only qualitatively
consistent with the CPA model described in E8). but also

FIG. 6. (@hv)?as a function of photon energy for the Tiims prepared provi_des alternative support for the argument revealed by
by oxidation at different temperatures. Martin et all®

ahv=consthv—Ey)?.

Photon Energy (eV)
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