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TiO2 nanofilm growth by Ti ion implantation and thermal annealing in O2 atmosphere∗
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TiO2 nanofilms on surface of fused silica were fabricated by Ti ion implantation and subsequent thermal
annealing in oxygen ambience. The silica glasses were implanted by 20 kV Ti ions to 1.5× 1017 ions/cm2 on
an implanter of metal vapor vacuum arc (MEVVA) ion source. Effects of annealing parameters on formation,
growth and phase transformation of the TiO2 nanofilms were studied in detail. Optical absorption spectroscopy,
Raman scattering spectroscopy, X-ray photoelectron spectroscopy, scanning electron microscopy and transmis-
sion electron microscopy measurements were done to figure out formation mechanism of the TiO2 nanofilms.
The formation of TiO2 nanofilms was due to out-diffusion of the implanted Ti ions to the substrate surface,
where they were oxidized into TiO2 nanoparticles. Formation, phase, and thickness of the TiO2 nanofilms can
be well tailored by controlling annealing parameters.
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I. INTRODUCTION

Since TiO2-photoassisted electro-chemical water splitting
was reported by Honda and Fujishima in 1972 [1], titanium
oxides have attracted much attention due to their wide ap-
plications, such as photocatalysis for environmental treat-
ments and hydrogen production, dye-sensitized solar cells for
photovoltaics, sensors, smart windows, and display devices,
etc. [2–5]. Conventional TiO2 powder catalysts are disadvan-
tageous in the needs of stirring in the reaction and separation
(after reaction). TiO2 thin films make it possible to overcome
the disadvantages and extend industrial applications. A va-
riety of techniques were used to prepare TiO2 thin films, in-
cluding sol gel processing [6], spray pyrolysis [7, 8], mag-
netron sputtering [9], and chemical vapor deposition [10].
Photocatalytic TiO2 films prepared by wet chemistry process
(e.g., sol gel method) show good photocatalytic performance,
but their mechanical durability is not good enough for practi-
cal applications such as self-cleaning glasses for window and
automotive mirror. In addition, they are generally inferior for
applications requiring large area films [11]. While applica-
tions of these TiO2 films are limited due to their unsatisfac-
tory stability and reliability, TiO2 films fabricated by physical
methods generally have higher film adhesion and stability for
practical uses [12].

Nanomaterials, nanoparticles and nanofilms can be fab-
ricated by ion implantation. Metal oxide semiconductors
are produced by a solid phase growth process of metal
ion implantation and subsequent thermal oxidation, such as
ZnO [13–16] or TiO2 [17, 18] nanomaterials by Zn or Ti ion
implantation. Nanofilms made by ion implantation, due to
their formation under high temperatures, usually show good
adhesion and stability. In this paper, TiO2 nanofilms in the
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solid phase growth process of Ti ion implantation are formed
into fused silica substrate and subsequent thermal annealing
in oxygen ambience. Effects of the implantation and an-
nealing parameters on the formation, phase and growth of
the TiO2 nanofilms are studied, so as to understand mech-
anisms of TiO2 nanofilm formation. The nanofilm thickness
and phase can be well tailored by controlling the implantation
and annealing parameters.

II. EXPERIMENTAL

A. Sample preparation

High purity silica slides (20mm × 20mm × 1mm) were
implanted by 20 kV Ti ions to 1.5× 1017 ions/cm2 on an im-
planter of metal vapor vacuum arc (MEVVA) ion source. The
samples were kept rotating in a horizontal plane during ion
implantation, with the sample holder being cooled by cir-
culating water. The implanted samples were annealed un-
der O2 atmosphere in a conventional tube furnace. Group
1 of the samples were annealed for 2 h at 500 ◦C, 600 ◦C,
700 ◦C, 800 ◦C, 900 ◦C and 1000 ◦C. Group 2 were annealed
at 800 ◦C for 2, 4 and 6 h.

B. Sample characterization

Optical absorption spectra of the samples were mea-
sured on a UV-vis-NIR dual-beam spectrophotometer (Var-
ian Cary5000) in wavelength range of 200–800 nm. Sur-
face morphologies of the implanted samples before and after
thermal annealing were examined by using a scanning elec-
tron microscopy (SEM, FEI Sirion). Raman scattering spec-
tra were measured using a micro-Raman microscope (Jobin-
Yvon LabRAM HR) equipped with a cooled CCD detector
under a backscattering geometry to identify the crystalline
phase of TiO2. The excitation source was the blue line
(488 nm) of an Ar+ laser powered at 5mW, with its scan den-
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sity varying from 100 to 1200 cm−1. Microstructural charac-
terization of the as-implanted and annealed samples was per-
formed on a JEOL 2010 (HT) transmission electron micro-
scope (TEM) operated at 200 kV. X-ray photoelectron spec-
troscopy (XPS) analysis was done on a Kratos XSAM800
XPS system with Mg Kα (1253.6 eV) as the radiation source
under a vacuum of 6× 10−7 Pa.

III. RESULTS AND DISCUSSION

A. Optical absorption spectra of Ti ions implanted samples
versus annealing temperature

Figure 1 shows optical absorption spectra of the as-
implanted sample and the samples annealed for 2 h at 500–
1000 ◦C. In the absorption spectra of the as-implanted
sample, the background absorption increases drastically in
the UV and visible regions. This is due to absorption of
implantation-induced point defects and the Ti nanoparticles
formed in silica substrate. Annealed at 500 ◦C, the back-
ground absorption reduces drastically due to the defect an-
nihilation by thermal annealing. Also, an abrupt absorption
edge appears, due to presence of anatase TiO2 [19, 20], which
was formed upon post-implantation annealing at 500 ◦C. For
all the annealed samples, the spectra present a trend that
the absorption edges shift to longer wavelength with the in-
crease of annealing temperature, implying an increase in
mean sizes of the TiO2 nanoparticles. It is interesting to
note that the sample annealed at 1000 ◦C differs obviously
from other annealed samples in spectrum with a greater shift
of absorption edge to longer wavelength. This remarkable
shift of absorption edge suggests that phase transformation
of TiO2 from anatase to rutile may occur at 1000 ◦C. Such
shifts of the maximum absorption and absorption edge in-
duced by the phase transformation are similar to the results
in Refs. [20, 21].

Fig. 1. (Color online) Optical absorption spectra of samples im-
planted to 1.5× 1017 Ti ions/cm2 and annealed at 500–1000 ◦C for
2 h.

B. SEM images of Ti ions implanted samples versus annealing
temperature

Surface morphologies of the samples were investigated by
SEM. Figure 2 shows the SEM images of the Ti ions im-
planted samples annealed for 2 h at 500, 600, 700, 800, 900
and 1000 ◦C.

On the whole, the surface morphology changes obviously
for the samples annealed at different temperatures. At 500 ◦C,
some small-sized nanoparticles began to appear, indicating
the TiO2 nanoparticles formed at 500 ◦C. At 600 ◦C, a smooth
and homogenous film was formed, with many near-spherical
nanoparticles distributed compactly on the substrate surface.
The sizes of TiO2 nanopartices increase with the annealing
temperature, with the mean diameter of particles being 25.3,
37.6 and 45.8 nm at 600 ◦C, 700 ◦C and 800 ◦C, respectively.
At 900 ◦C, however, the TiO2 nanoparticles in the surface ag-
gregated and formed cross-linked particles of about 61.4 nm
in diameter, as shown in Fig. 2(e). The surface morphology
underwent a big change at 1000 ◦C, and the TiO2 nanoparti-
cles in the substrate surface became embedded and undistin-
guished, as shown in Fig. 2(f).

Interestingly, evolution of surface morphologies of the
samples as a function of annealing temperature in Fig. 2 is
well related with the results from optical absorption spectra
(Fig. 1). The increase in both the particle size and crystal
quality as a function of annealing temperature leads to the ab-
sorption edge shift towards longer wavelength. The abrupt
shift of absorption edge observed at 1000 ◦C is just a result of
structure change characterized by SEM, and the change may
be due to the phase transformation from anatase to rutile.

C. Formation and phase of TiO2 nanocrystals: Raman
scattering spectroscopy and XPS measurements

The Raman spectroscopy measurements were made to
identify and analyze the formation and phase of TiO2
nanocrystals after thermal annealing. Figure 3 shows Raman
spectra of the bare silica, the as-implanted sample and the
Ti ions implanted samples annealed for 2 h at 500–1000 ◦C.
Some Raman peaks of SiO2 can be observed in the bare sil-
ica sample. However, Raman spectrum of the as-implanted
silica became almost featureless due to extensive structural
damage induced by ion implantation. The structure of sil-
ica is partially recovered by subsequent thermal annealing,
and the Raman peaks of SiO2 in the annealed samples can be
observed again. A Raman peak centered at about 140 cm−1

appears at 600 ◦C. This can be assigned as Eg mode of TiO2
in anatase phase [22, 23]. The Raman peak height increases
with temperature from 600 ◦C to 900 ◦C, indicating the in-
creased crystallinity and amount of the anatase phase TiO2.
However, for the sample annealed at 1000 ◦C, the spectrum
shape changed, with three Raman peaks centered at 605, 440
and 230 cm−1. These can be ascribed to the two-phonon scat-
tering of A1g and Eg modes, and the second-order effect of
the rutile phase TiO2, respectively [24]. Thus, the anatase-to-
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Fig. 2. SEM images of the samples implanted to 1.5× 1017 Ti ions/cm2 and annealed for 2 h at 500–1000 ◦C.

rutile phase transformation taking place at the high tempera-
ture is confirmed.

The formation and evolution of the anatase phase in the
annealed samples is consistent with the evolution of optical
absorption spectra in Fig. 1 and SEM in Fig. 2. The increase
in size and crystal quality of the nanoparticles as a function of
annealing temperature leads to the red-shift of the absorption
edge and the intensification of the Eg Raman mode. However,
the absorption edge of TiO2 in the sample annealed at 500 ◦C
was observed, while the crystalline phase in the same sample
was not detected by Raman spectroscopy. It is well known
that optical absorption spectrum usually gives average struc-
tural information, whereas Raman scattering spectrum as a
local probe is sensitive to crystallinity and microstructures of
materials. That the Raman peaks could not observed implies
that annealing at lower temperatures produced not enough
TiO2 nanocrystals, which can be verified by the SEM im-
age in Fig. 2(a). Also, the nanocrystals are not of good crys-

tallinity, though the absorption edges of TiO2 were confirmed
by optical absorption measurement.

By carefully analyzing the change of Eg modes centered
at 140 cm−1 of the anatase phase TiO2 as a function of an-
nealing temperature, we found that the intensity, frequency
and linewidth (FWHM) of the Eg Raman mode are strongly
dependent on the annealing treatment. The linewidth of Ra-
man peaks indicates that the TiO2 nanofilms are of high crys-
tallinity. The intensity of Eg Raman mode increases with
annealing temperature, accompanied by a downshift in fre-
quency and a decrease in linewidth. The sample annealed at
900 ◦C exhibits a large downshift in frequency and an obvious
decrease in the linewidth. A similar behavior of frequency
shift and linewidth decrease of Eg Raman mode was observed
in TiO2 nanoparticles fabricated by other methods [24–28].

Mechanisms proposed to interpret this behavior include the
phonon confinement effect [24, 29], internal stress/surface
tension effects [28, 30], and nonstoichiometry due to oxy-
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Fig. 3. (Color online) Raman spectra of bare silica, the 1.5× 1017 Ti
ions/cm2 as-implanted sample, and annealed for 2 h at 500–1000 ◦C.

gen deficiency [25, 26]. The pressure effect mechanism usu-
ally leads to large frequency shifts, and Raman measurements
as a function of the external pressure shows that the Ra-
man modes undergo a downshift in frequency with increasing
pressure [31]. For instance, the pressure effect induced by
the surrounding particles or the interface stress has been suc-
cessfully used to elucidate the frequency shift of the Raman
peaks observed in TiO2 and PbTiO3 nanoparticles [32]. The
size-induced pressure effect may act in a manner similar to an
external pressure on the TiO2 nanoparticles. The smaller the
nanoparticles are, the larger the contribution of pressure is,
hence the frequency downshift of the Eg annatase mode [28].

In our experiment, the size of TiO2 nanoparticles increases
with annealing temperature, and the pressure releases gradu-
ally with heat treatment, which can lead to the frequency up-
shift (towards to higher frequency) of the Eg mode according
to the size-induced pressure effect. However, instead of up-
shift, a frequency downshift with increasing annealing treat-
ment was observed, implying that the pressure effect can be
ruled out. In addition, according to the phonon confinement
effects, the increase in crystallite size can cause downshift in
frequency and decrease in linewidth of the Eg Raman mode,
thus the phonon confinement effects should be taken into ac-
count to explain the change of Eg Raman mode.

Also, non-stoichiometry observed in nanophase TiO2 sam-
ples prepared by other methods [24–26] plays an important
role in frequency shift of Raman peaks, in which the fre-
quency downshifts with decreasing oxygen deficiency. Al-
though the TiO2 samples used in this work are prepared by
Ti-ion implantation and subsequent annealing in an oxygen
atmosphere, oxygen deficiency, as the most common form
of nonstoichiometry in TiO2, can not be ruled out. More-
over, the downshift in frequency of the Eg annatase mode
with increasing annealing temperature (the decrease of oxy-
gen deficiency) is well consistent with the results reported by

other authors [24–26]. The oxygen defiency decreases with
increasing annealing temperature. Therefore, the nonstoi-
chiometry should be taken into account in explaining changes
in the Eg Raman mode in our TiO2 films.

Fig. 4. (Color online) XPS Ti 2p (a) and O 1s (b) core-level spec-
tra of the 1.5× 1017 Ti ions/cm2 implanted sample and annealed at
800 ◦C.

To further confirm the formation of TiO2 nanofilms and
measure the atomic ratio of Ti and O, the XPS spectra of the
implanted samples annealed at 800 ◦C was measured (Fig. 4).
The peaks centered at 458.7 eV and 464.5 eV binding ener-
gies correspond to the 2p 3/2 and 1/2 core levels of Ti4+, and
the peaks centered at 530.0 eV and 532.6 eV correspond to
the binding energies of Ti-O and Si-O, respectively, agree-
ing well with the values reported by other authors [3]. The
atomic ratio of Ti and O was calculated as 1 : 1.82, prov-
ing the nonstoichiometry of TiO2. The color of the annealed
samples changes from light-blue to almost white at 900 ◦C,
indicating a decrease in oxygen vacancies [30] and a change
of films thicknesses according to interference phenomena in
thin films.
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D. Mechanism for the formation of TiO2 nanofilms: TEM
Characterization

To figure out growth process and formation mechanism of
the TiO2 nanofilms, the TEM study on microstructure of the
samples was carried out. Figure 5 shows the cross sectional
TEM images of the as-implanted sample and the sample an-
nealed at 800 ◦C for 2 h. A dark layer with tiny Ti nanocrys-
tals below the surface was observed in the as-implanted sam-
ple (Fig. 5(a)). After annealing at 800 ◦C for 2 h, a nanofilm
in thickness of 10 nm was formed on the sample surface
(Fig. 5(b)). The selected area electron diffraction (SAED)
pattern confirms the formation of an anatase phase TiO2
nanofilm. Meanwhile, the Ti atoms in the silica substrate ag-
gregate into larger nanocrystals according to the SAED pat-
tern. This indicates that during annealing in O2 atmosphere,
the implanted Ti atoms diffused out to the silica surface and
were oxidized into TiO2 nanoparticles. Meanwhile, the em-
bedded Ti nanocrystals form larger ones due to the Ostwald
ripening effect.

Fig. 5. Cross sectional TEM images of the 1.5× 1017 Ti ions/cm2

as-implanted sample (a) and sample annealed at 800 ◦C for 2 h(b).

The solid phase growth process of TiO2 nanofilms by
ion implantation and subsequent thermal oxidation is simi-
lar to the results reported on Zn-implanted silica and sap-
phire to form high-quality ZnO nanofilms on the substrate
surface [14–16]. The formation of metal oxide semiconduc-
tor by metal ion implantation and subsequent thermal oxida-
tion was due to out-diffusion of the implanted Ti ions to the
substrate surface, where they were oxidized into TiO2.

E. Growth of the TiO2 nanofilms: Influence of the annealing
time

The annealing time was increased to 4 h and 6 h, so as to
further study the growth process and formation mechanism
of the TiO2 nanofilms. The cross sectional TEM images of

Fig. 6. Cross sectional TEM images of the 1.5× 1017 Ti ions/cm2

implanted samples and samples annealed at 800 ◦C for 4 h (a) and
6 h (b).

Fig. 7. SEM images of the 1.5× 1017 Ti ions/cm2 implanted sam-
ples annealed at 800 ◦C for 4 h (a) and 6 h (b).
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the Ti ions implanted samples annealed at 800 ◦C for 4 h and
6 h are shown in Fig. 6. In Fig. 6(b), almost all the Ti atoms
diffused out of the substrate to form a thicker TiO2 nanofilm
with a thickness of 50 nm, and the TiO2 nanocrystals in-
creased greatly in size. It should be mentioned that the TiO2
nanofilms have a slow growth rate of about 0.15 nm/min to
ensure the high crystal quality and high density of the formed
nanofilms. Figure 7 shows SEM images of the samples an-
nealed at 800 ◦C for 4 h and 6 h. The film of 6-h annealing
has flatter film surface and larger nanocrystal size than the
film of 4-h annealing.

Combining the TEM with SEM results, annealing time
was expected to affect the surface morphology, structure and
thickness of the formed TiO2 nanofilms when the samples
were annealed at 800 ◦C. Thickness of TiO2 nanofilms in-
creases with annealing time until all of the Ti atoms diffuse
out of the substrate to form a thicker TiO2 nanofilm. As dis-
cussed above, the absorption edge and phase transformation
of TiO2 are annealing temperature dependent, and the thick-
ness of the TiO2 nanofilms is annealing time dependent.

IV. CONCLUSION

In summary, TiO2 nanofilms were fabricated on fused sil-
ica substrate by a solid phase growth process of Ti-ion im-
plantation and subsequent thermal annealing in an O2 atmo-
sphere. The growth mechanism and phase transformations
of TiO2 nanofilms were discussed. The grain sizes and the
crystallographic phase of TiO2 nanofilms can be tailored. A
higher annealing temperature produced a larger nanograin
size, and the anatase-to-rutile phase transformation occurred
at annealing temperatures higher than 1000 ◦C. The thick-
ness of the TiO2 nanofilms is annealing time dependent, and
it is determined by all of the Ti atoms which diffuse out of
the substrate to form a thicker TiO2 nanofilms through subse-
quent thermal annealing under O2 atmosphere. Thus, the for-
mation, phase and growth of the TiO2 nanofilms can be well
tailored by controlling the annealing parameters (temperature
and time). The results indicate that the TiO2 nanofilms fabri-
cated by this approach have great potential for various optical,
sensing and catalytic applications.
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