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RF-sputtered TiO, layers were thermally treated and the associated thin-film transistor properties
were studied. X-ray diffraction and x-ray absorption spectroscopy analyses indicate that as-grown
amorphous TiOy films crystallize to anatase at temperatures above 450 °C in air. Thin-film transistors
incorporating anatase active layers exhibit n-type behavior, with field effect mobility values near
0.11 cm?/Vs when annealed at 550°C. Such a phenomenon is suggested to originate from the
ordering of Ti 3d orbitals upon crystallization, and the mobility enhancement at higher annealing
temperatures may be attributed to the reduced grain boundary scattering of carriers by virtue of
enlarged average grain size. © 2011 American Institute of Physics. [doi:10.1063/1.3646105]

Thin-film transistors (TFTs) incorporating oxide semi-
conductors such as indium gallium zinc oxide (In-Ga-Zn-0)’
have been subject of intensive research during the past sev-
eral years for large area display applications. While the most
common materials involve compounds based on indium and
zinc such as In-Ga-Zn-0O, In-Zn-O (Ref. 2) or Zn—Sn-O,3 sev-
eral research groups have recently suggested titanium oxide
(TiO,) as a cost-effective n-type semiconductor.*> Deposi-
tion methods such as metal-organic chemical vapor deposi-
tion (MOCVD),® atomic layer deposition (ALD),” spray
pyrolysis,® and magnetron sputtering” were employed to
grow TiO, active layers, which were implemented into
working TFT devices.

In the above studies, titanium oxide was reported to
exist in the amorphous state®”* or in one of its crystalline
polymorphs, namely rutile'® or anatase.® It was shown that
TiO4 exhibits n-type transistor characteristics regardless of
the microstructure, and such a behavior is generally attrib-
uted to the generation of free electrons originating from an
oxygen deficient stoichiometry.'''> However, not much in-
formation is available on the conduction mechanism involv-
ing the electronic orbital structure of TiO,. It is well known
that the conduction band of TiOy consists of overlapping Ti
3d orbitals,'™"? yet detailed investigations on the ordering of
the 3d orbitals in the material bulk and their effects on elec-
trical conduction have not been performed up to date, espe-
cially concerning thin film transistors. In the present work,
the microstructure and electronic orbital ordering of TiOy
layers upon heat treatment in air are examined, and the asso-
ciated TFT behavior is analyzed.

Heavily doped p-type Si wafers with thermally grown
Si0, were used as substrates onto which TiO, films were de-
posited by radio frequency (RF) sputtering. An oxygen-
deficient 3-in. TiOj target (dark grey color) was used, and Ar
gas was used to perform the sputtering. The final thickness
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of the TiO, films was approximately 30nm. The active
islands were patterned using shadow masks, and subsequent
thermal treatments were performed in air for 30min at
450°C and 550 °C. After annealing, 100 nm-thick indium tin
oxide (ITO) source/drain electrodes were sputtered and pat-
terned again using shadow masks. The resulting device width
(W) and length (L) are 1000 um and 150 um, respectively.

Separate TiO4 films were prepared on identical sub-
strates and subjected to the same heat treatments as for the
TFT devices. X-ray photoelectron spectroscopy (XPS) and
Rutherford backscattering spectroscopy (RBS) analyses of
the TiOy films yielded a Ti:O ratio of approximately 1:1.7,
which reflects an oxygen deficient composition. The physical
and electronic structures of the thermally treated TiO, films
were observed using x-ray diffraction (XRD) and x-ray
absorption spectroscopy (XAS). The microstructure of TiOy
films was also observed by transmission electron microscopy
(TEM).

Figure 1 shows the x-ray diffractograms (Figure 1(a)),
the x-ray absorption spectrograms (Figure 1(b)), and plane-
view bright-field TEM images (Figures 1(c)-1(e)) of the
heat-treated TiO4 films. While the amorphous phase is pre-
served up to 300°C, a phase transition to anatase occurs at
450°C, as seen by the presence of the anatase (101) peak in
the corresponding x-ray diffractogram. The crystallization is
confirmed by TEM images, and once crystallized, the aver-
age grain size increases with annealing temperature, from
approximately 200 nm at 450 °C to about 400 nm at 550 °C.
An important feature in the XAS data is the splitting of the
3d orbital peaks as the material undergoes phase transition.
More discussion is provided below in conjunction with elec-
trical property analyses.

The TFT transfer curves were plotted by measuring the
drain current (Ip) with respect to gate voltage (V) in air,
maintaining a constant drain voltage (Vp) of 10V (Figure
2(a)). As the TiOy active layer crystallizes, semiconducting
switching behavior is obtained (when annealed at 450 and
550°C), whereas in the amorphous state, the device exhibits
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FIG. 1. (Color online) (a) X-ray diffractograms, (b) x-ray absorption spectra
and bright field TEM images of TiO4 films annealed at (c) 300°C, (d)
450°C, and (e) 550°C.

fully insulating characteristics. Typical pinch-off and hard
saturation are observed in the output curves (Ip vs. Vp) of a
working device (Figure 2(b)). Saturation field effect mobility
values of 0.07 and 0.11 cm?/Vs are obtained at annealing
temperatures of 450 and 550 °C, respectively.

The crystallization itself does not account for the insula-
tor to semiconductor transition, since many previous reports
indicate semiconducting behavior in rutile,lo anatase,8 or
amorphous®’? TiO, TFT devices. It may then be assumed
that the charge carrier density is of significant importance.
Direct Hall measurements were attempted, and a carrier den-
sity of approximately 10'* cm ™ was obtained for the active
layer annealed at 550 °C. For the as-grown film and the ones
annealed at comparatively lower temperatures, the carrier
density was below the instrument’s detection limit so could
not be measured. As an alternative way, the TiO, bandgap
and the relative position of the Fermi level with respect to
the valence band maximum were analyzed by spectroscopic
ellipsometry (SE) and XPS, as listed in Figure 3. The Fermi
energy positions for the amorphous as-grown TiO, and the
one annealed at 450 °C are comparable, and rough calcula-
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FIG. 2. (Color online) (a) Transfer curves of TiO, TFT devices annealed at
different temperatures and (b) output curves of the device with TiOy
annealed at 500 °C.
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FIG. 3. (Color online) Schematic energy level diagrams reflecting the rela-
tive position of the Fermi level (Eg) with respect to the conduction band
minimum (C.B.) and valence band maximum (V.B.) at different annealing
temperatures. The corresponding values of the bandgap (E,) and the relative
energy difference between Er and V.B. (AEyg), and between Er and C.B.
(AEcp) are indicated below the diagram.

tions provide estimate carrier densities in the order of
10'' cm ™ for both. The effect of carrier density on the con-
ducting behavior is, therefore, of minor importance in the
present case.

The most compelling origin of the insulator to semicon-
ductor transition may, thus, be attributed to the d orbital
ordering, as observed in the XAS spectra. Normalized oxy-
gen (O) K, edge spectra were analyzed in order to examine
the electronic structure of the conduction band in TiO,. The
relative intensities of the XAS peaks reflect the qualitative
changes in molecular orbital bonding symmetry.'* The O K,
edge spectra of TiOy are directly related to the oxygen p-pro-
jected states of the conduction band, which consists of four
unoccupied hybridized orbitals, t>, (Ti 3d + O 2pn), e, (Ti
3d + O 2po) and two features corresponding to Ti 4sp + O
2p."> At annealing temperatures above 450 °C, considerable
crystal-field splitting occurs in the 3d and 4sp orbitals, espe-
cially for the e, states, which are related to the transition
from TiO, to Ti,O5 with oxygen deficient stoichiometry.'®
This may be interpreted in such a way that molecular orbital
ordering and the generation of oxygen vacant sites contribute
to the enhanced electronic charge transport in TiOj.

Once the semiconducting behavior is achieved, the field
effect mobility enhancement by increasing the annealing
temperature from 450 to 550°C may be attributed to the
increased average grain size. Scattering effects at grain
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FIG. 4. (Color online) (a) Transfer curves shifting towards positive Vg val-
ues upon positive bias stress, with a slight recovery 1 day after the stress
experiment. (b) The shift in threshold voltage (AVy,) upon bias stress.
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boundaries is well known to impede charge transport across
the active material bulk,'” and once the density of such scat-
tering centers is reduced, the mean free path of the charge
carriers increases and so results in improved electrical
conduction.

Besides the electrical performance, the behavior of the
device upon bias stress was evaluated under positive bias
stress, with a gate bias of 10 V while preserving a drain volt-
age of 10V. Transfer curves were measured after 10, 100,
1000, and 3600s of bias stress and then the stress was
released. As illustrated in Figure 4(a), the transfer curves shift
towards positive gate voltages with stress time, and after
releasing the stress, a recovery in the negative direction is
observed after 1 day. A linear relationship is obtained between
log (V) and log (t) in Figure 4(b), which typically results
from charge trapping at the semiconductor/gate insulator
interface.'® The slight recovery of the transfer characteristics
without any external applied field or heat treatment is indica-
tive of charge detrapping from shallow traps near the semi-
conductor/gate insulator interface, which necessitates
relatively small energies. TiO, TFT devices may, thus, be
considered to behave in a similar fashion as other oxide semi-
conductor devices based on indium and zinc compounds.

To summarize, TiO, films were sputter-deposited and
annealed at different temperatures, with which TFT devices
were fabricated. An electrically insulating amorphous struc-
ture persisted in the as-grown layer and at annealing temper-
atures up to 300 °C. Upon annealing at 450 °C and above, a
structural phase transition occurred to anatase and semicon-
ducting behavior was observed. The insulator to semicon-
ductor transition is interpreted in terms of d orbital ordering,
which provides highly conductive paths to charge carriers.
Once the phase transition is achieved, higher annealing tem-
peratures result in increased average grain size and carrier
density, which is accompanied with field effect mobility val-
ues up to 0.11 cm?/Vs upon thermal treatment at 550 °C.
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