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Electrical modulation of radio frequency (RF) sputtered TiO2%x ﬁlms were investigated as a function of Au swift heavy ion irradiation dose at room
temperature. The prepared TiO2%x ﬁlms were irradiated with 130 MeV Au swift heavy ion in the range from 1 ' 1011 to 5 ' 1012 ions/cm2. As the Au
ion irradiation dose increased up to 1 ' 1012 ions/cm2, the electrical mobility of TiO2%x ﬁlms were dramatically increased 3.07 ' 102 cm2 V%1 s%1
without the change of carrier concentration. These changes in electrical properties of Au irradiated TiO2%x ﬁlm, are related to the modiﬁcation of
electronic structure such as crystal ﬁeld splitting of Ti 3d orbital hybridization and sub-band edge states below the conduction band as a function of
Au swift heavy ion irradiation dose. © 2016 The Japan Society of Applied Physics

1.

Introduction

Thin ﬁlm transistors (TFTs) using transparent oxide semiconductor (TOS) such as indium–gallium–zinc-oxide (IGZO)
have garnered considerable interest for next generation active
matrix displays, ﬂexible and transparent electronics applications due to high mobility of these material, despite their
amorphous structure (>10 cm2 V−1 s−1), high transparency in
the visible light region caused by wide band gap (>3.5 eV),
and device fabrication even at low temperature.1,2) Also,
TOS-TFTs are representative candidates to replace the conventional amorphous=poly Si-TFTs, since they have thermal
and chemical stability.3,4) Although IGZO-TFTs can satisfy
the requirements as active channel layer of switching in
devices due to their high mobility and high transparency, the
high cost of indium and gallium in IGZO channels remains a
critical drawback.5–7) Several research groups have suggested
titanium oxide (TiO2−x) as a cost eﬀective n-type semiconductor, due to simple stoichiometry, high transmittance in
the visible region, a high dielectric constant, and multifunctionality.8–11) Moreover, the photoelectric properties of
TiO2−x have allowed to be used in a variety ﬁeld applications,
such as a solar cells, optical ﬁlters, and photocatalyst.12–14)
However, if these applications are to be realized, key issues
related to the modulation method of TiO2−x electrical properties, such as the carrier concentration and the mobility at
low temperature, should be considered. In order to modulation of TiO2−x electrical properties, various research groups
have investigated to modify the electric and optical properties
of the TiO2−x thin ﬁlms using the impurities doping, ion implantation, thermal annealing under the various ambient.15,16)
Unfortunately, these methods are not suitable for active
channel layer because of physical structural damage, needs a
subsequent curing process, and requires high temperatures to
transform the crystal structure, which can generate unnecessary and uncontrollable defect states. Among the various post
process methods, ion irradiation using light or heavy ion, is
an suitable method to modify the structural, the electrical
and the optical properties of the material at room temperature.17,18) Especially, in the case of heavy ions lose their
energy by elastic collisions with the target nuclear in the
materials as well as by inelastic collisions that result in the

electronic excitation of the target atoms in the materials, thus,
those can eﬀectively transfer and control the larger energy
under the smaller irradiation dose and the minimization of ion
collision damage, compared to light ion irradiation.19–21)
In this study, the electrical mobility of swift heavy Au ion
irradiated TiO2−x ﬁlms are modulated by Au ion irradiation
dose at the room temperature, and the relevant material
properties such as physical and electronic structures are also
analyzed. Origins of change in electrical mobility of TiO2−x
ﬁlms are investigated by the crystal ﬁeld splitting and subband edge states below the conduction band as a function of
Au ion irradiation dose.
2.

Experimental methods

TiO2−x thin ﬁlms with ∼50 nm were deposited without the
substrate heating by radio frequency (RF) sputtering system
on thermally grown SiO2 (100 nm)=heavy doped p-type Si
wafers. An oxygen-deﬁcient 3-in. TiOx target (dark grey
color) was used for the sputtering, at an RF power and
process pressure of 75 W and 10 mTorr, respectively. Then,
TiO2−x ﬁlms were irradiated with 130 MeV Au ion beam at
room temperature using 15UD Tandem Accelerator at
Inter University Accelerator Centre (IUAC), New Delhi,
India, with diﬀerent Au ion irradiation dose of the 1 × 1011,
5 × 1011, 1 × 1012, and 5 × 1012 ions=cm2, respectively. The
swift Au ion irradiation was performed under high-vacuum
condition (base pressure 2 × 10−6 Torr) and the beam current
was kept very low (at 0.1 pnA) to avoid heating and the
ion beam was uniformly scanned over 1 cm2 area using a
magnetic scanner. Incident angle of the ion beam was kept
slightly away from surface normal of the sample to avoid the
channeling eﬀects. Figure 1 are the simulated approximate
temperature as a function of Au ion acceleration energy.
These results were calculated by the simulation of phonon
scattering energy based on nuclear and electron cross
section of stopping, using stopping and range of ions in
matter (SRIM) code. The Au irradiated TiO2−x ﬁlm with the
acceleration energy at 130 MeV could be induced by the local
activation with the approximate temperature of 441 °C.
The electrical properties such as carrier concentration,
mobility and resistivity of as-deposited and irradiated TiO2−x
ﬁlms were examined by using Hall measurement system with
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Fig. 1. (Color online) Approximate calculation of process temperature as
a function of Au ion acceleration energy.

the permanent magnet of 0.55 Tesla at room temperature.
The changes of physical properties, including crystallization,
chemical composition was measured by X-ray diﬀraction
(XRD), and Rutherford backscattering (RBS). The surface
morphology was studied using an atomic force microscope
(AFM) and scan area was each 5 × 5 µm2 at a scanning frequency of 0.5 Hz. The detailed electronic structures, related
to changes in conduction band and band edge state below
the conduction band, were investigated by synchrotron X-ray
absorption spectroscopy (XAS) with total electron yield
(TEY) mode in the 10D soft X-ray beam line at the Pohang
Accelerator Laboratory in Korea. Sub-band edge states below
the conduction band were examined at incident angles of
65, 70, and 75° at photon energies of 0.75–6.4 eV by using
spectroscopic ellipsometry (SE) with a rotating analyzer
system and an auto retarder.
3.
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Results and discussion

Figure 2 shows the carrier concentration, and mobility of
the irradiated TiO2−x ﬁlms as a function of Au ion irradiation
dose. In as-deposited TiO2−x ﬁlm, the carrier concentration
and mobility were 7.41 × 1013 cm−3 and 2.2 cm2 V−1 s−1 with
n-type semiconductor characteristic, respectively. As the
Au ion irradiation dose is increased until 1 × 1012 ions=cm2,
the mobility was increased to 3.07 × 102 cm2 V−1 s−1. However, when the Au ion irradiation dose increased up to
5 × 1012 ions=cm2, the mobility was dramatically decreased
to 8.86 × 101 cm2 V−1 s−1 with small deviation of carrier
concentration (1013–1014 cm−3). Therefore, the variation of
mobility is main factor of enhancement of electrical properties as a function of Au ion irradiation dose. These remarkable changes in electrical properties could be associated to
the changes of various ﬁlm properties by Au ion irradiation,
such as physical properties, chemical composition, and
electronic structure.
Changes in physical structure and composition of TiO2−x
ﬁlms depending on Au ion irradiation dose, were investigated
using XRD and RBS measurements, as shown in Figs. 3(a)
and 3(b). The preferred orientations and their qualitative
comparison are comparable, because all of XRD spectra were
measured by θ–2θ X-ray diﬀractometer and normalized by
Si(400) from Si(200) substrate, regardless of Au ion irradiation dose. These indicate that the diﬀerent Au ion irradiation
dose have no eﬀects on the change of physical structure,

Fig. 2. (Color online) Electrical properties, including carrier concentration, and mobility for as-deposited and irradiated TiO2−x ﬁlms as a function
of Au ion irradiation dose.

preserving the amorphous structure. Similarly, the physical
composition of Ti and O (Ti : O ¼ 32:2 : 67:8 at. %) has no
changes depending on the Au ion irradiation dose within the
detection limit of RBS. Surface morphology measured by
AFM shows the smooth surface for as-deposited and irradiation ﬁlms with root mean square (RMS) roughness of ∼1 nm,
as shown in Fig. 3(c). As a result, the changes of electrical
properties have no dependence on the physical properties
and composition, regardless of Au ion irradiation into
TiO2−x ﬁlms.
Figure 4 show the electronic structure for O K edge in the
conduction band measured by XAS. The normalized intensities of O K-edge spectra of TiO2−x ﬁlms directly reﬂect the
molecular orbital hybridization between Ti orbital with 3d,
4sp states and O orbital with 2p states based on the local
atomic bonding symmetry.22) The qualitative energetic order
of the corresponding hybridized molecular orbital between
Ti 3d, 4sp, and O 2p are characterized, as 2t2g (Ti 3d;
O 2pπ) < 3eg (Ti 3d; O 2pσ) < 1a1g (Ti 4s; O 2pσ) < 3t1u
(Ti 4p; O 2p).23) As Au ion irradiation dose increased, the
ratio of orbital hybridization was changed with the enhancement of eg in 3d orbital and a1g, t1u in 4sp orbital under
the crystal-ﬁeld splitting. In order to determine the detailed
molecular orbital ratio as a function of Au ion irradiation
dose, Fig. 4(b) represents the relative ratio of eg=(eg + t2g)
and 4sp=(3d + 4sp) based on the ﬁtted results with Gaussian
peaks comprised of two 3d orbital states and two 4sp orbital
states. The interesting ﬁnding is that the noticeable crystalﬁeld splitting of conduction band states was observed in the
3d, 4s, and 4p orbital of TiO2−x layers even in the amorphous
phase semiconductor, which had a relatively larger eg states
and 4sp states with the increase of Au ion irradiation dose
up to 1 × 1012 ions=cm2, then, the crystal-ﬁeld splitting was
reduced in case of more Au ion irradiation dose, similar to
as-deposited ﬁlm. The increase of the eg states indicates the
enhancement of molecular orbital symmetry of z2 and x 2 − y2
in 3d orbital, which induce the uniform distribution of d
orbital states, compared to as-deposited TiO2−x ﬁlm. This
change of d-orbital ordering can enhance the charge transport
due to the symmetric distribution of unoccupied states in
the 5-fold directional 3d orbital.24,25) The other increase of
relative ratio of the 4sp orbital also could cause an increase in
the possibility of charge transport in terms of an enhancement
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Fig. 3. (Color online) (a) XRD patterns, (b) RBS spectra, and (c) surface morphology using AFM for the as-deposited and irradiated TiO2−x ﬁlms as a
function of Au ion irradiation dose.
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Fig. 4. (Color online) (a) Normalized O K-edge XAS spectra, (b) relative
eg=(eg + t2g) states ratio of Ti 3d and relative 4sp=(3d + 4sp) molecular
orbital ratio of calculated by the Gaussian ﬁtting results as a function of Au
ion irradiation dose.

of the spherically symmetric s-orbital compared to the directional d orbital.26) These combination of molecular orbital
ordering for 3d and 4sp orbitals are strongly correlated to the
dramatic modulation of electrical mobility as a function of
Au ion irradiation dose.
Figure 5 shows the sub-band edge states below the conduction band examined by SE measurement. The orbital band
gap of various irradiated ﬁlms represented no changes near
∼3.5 eV. However, the sub-band edge states below the conduction band were drastically increased in the irradiated ﬁlm
above the Au ion dose of 5 × 1012 ions=cm2. The sub-band

Fig. 5. (Color online) Absorption coeﬃcient of the as-deposited and
irradiated TiO2−x ﬁlms as a function of Au ion irradiation dose.

edge states are regarded as electrical defect states because
those can trap and scatter the charge by the unoccupied states
in the electronic structure, which induces the degradation of
electrical charge transport. XAS and SE results suggest that
the modulation of electrical mobility depending on the Au
irradiation dose, is caused by the modiﬁcation of electronic
structure in the conduction band and of sub-band edge states
below the conduction band.
4.

Conclusions

Electrical mobility of radio frequency sputtered TiO2−x
ﬁlms were investigated as a function of swift heavy Au
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ion irradiation dose from 1 × 1011 to 5 × 1012 ions=cm2 at
room temperature. In irradiation dose of 1 × 1012 ions=cm2,
the mobility of irradiated TiO2−x ﬁlms was enhanced to
3.07 × 102 cm2 V−1 s−1 without the modiﬁcation of physical
properties. This remarkable change of mobility of TiO2−x
ﬁlms is strongly associated to the changes of electronic
structure in the conduction band, and sub-band edge states
below the conduction band. Noticeable crystal-ﬁeld splitting
and ordering of Ti 3d orbital hybridization, and dominance
of orbital mixture of Ti 3d and 4sp in the conduction band
enhance the charge transfer within the conduction band as a
function of Au ion irradiation dose. In addition, the increase
of sub-band edge state below the conduction band are
strongly correlated with the decrease of electrical mobility.
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