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Plasma-enhanced atomic layer deposition (PE-ALD) of TiO, thin films using Ti(NMe,), [tetrakis(dimethylamido) Ti] and O,
plasma were prepared on stainless steel to show the self-cleaning effect. The TiO, thin films deposited on stainless steel have high
growth rate, large surface roughness, and low impurities. The film deposited below 200°C was amorphous, while the films
deposited at 300 and 400°C showed anatase and rutile phases, respectively. The contact angle measurements on crystalline
PE-ALD TiO, thin films exhibited superhydrophilicity after UV irradiation. The TiO, thin film with anatase phase deposited at
300°C showed the highest photocatalytic efficiency, which is higher than on Activ glass or thermal ALD TiO, films. We suggest
that anatase structure and large surface area of TiO, thin film on stainless steel are the main factors for the high photocatalytic

efficiency.
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Since photoinduced water splitting on titanium dioxide (TiO,)
electrode was discovered,’ TiO, has been regarded as one of the
most promising photocatalytic materials due to its high photocata-
Iytic activity, high chemical stability, low toxicity, and low cost. As
a photocatalyst, when UV light with higher energy than the bandgap
of TiO, is illuminated, electron—hole pairs are generated in the TiO,
films. The photogenerated holes in the valence band and the elec-
trons in the conduction band diffuse to the TiO, surface and they
produce highly energetic hydroxyl radicals ("OH) and superoxide
radical anlons (02) which can oxidize organic molecules on the
TiO, surface.”™ In addition, TiO, photocatalyst kills bacterla % and
induces a hydrophilic surface after UV irradiation.”® Thus, TiO,
photocatalysts are widely used in various fields, such as w1ndow
glass, ceramlc tiles, and wall papers utilizing its self-cleaning,” S
antlfoggmg, antibacterial activities,”® and water or air
purification.

Two different tetragonal phases of TiO,, anatase and rutile, are
commonly used in photocatalysis. The structures of both anatase and
rutile consist of chains of TiOg octahedra but lattice structures of
two crystals are obviously different.’”® The differences in lattice
structure cause different mass densities (3.894 g/cm® for anatase
and 4.250 g/cm? for rutile) and electronic bandgaps (3.3 eV for ana-
tase and 3.1 eV for rutile). The anatase phase has a more negative
conduction bandedge potential (higher potential energy of photoge-
nerated electrons) than the rutile phase, so it is well known that the
photocatalytic actlvmes of the anatase phase are superior to those of
the rutile phase Thus, in terms of photocatalytic efficiency, obtain-
ing a suitable crystalline phase and high specific area are important
factors.

For practical applications, it is necessary to deposit TiO, thin
films on various solid substrates such as glass, ceramic tiles, and
steel. There are several reports about the TiO, photocatalyst on
glass9 17 and ceramic tiles'™! to give the surface of these materi-
als a self-cleaning effect utilizing the photocatalytic effect. Also,
commercial products such as Activ glass produced by Pilkington
Corp. are being used for building windows. While the TiO, coating
on steel substrate is still in the early stage of development compared
to coatings on glass, steel has benefits as a substrate for photocataly-
sis, such as good workability originating from its ductility, that glass
and ceramic tiles do not have, and has a high specific surface area
originating from its large surface roughness which can enhance pho-
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tocatalytic efficiency. Thus, TiO, photocatalyst on steel can be used
in many applications such as automobile bodies, hospital equipment,
and kitchen appliances to keep their surfaces clean in open spaces.
Recently, Yang et al. reported that TiO, thin films deposited on steel
showed higher photocatalytic efficiency than other substrates includ-
ing Si and glass.20

There have been many reports on the deposition of TiO, as pho-
tocatalyst usmg various methods 1nc1ud1ng sol-gel,” spray

pyr01y31s hydrothermal synthesis, 2 sputterlng, chemical vapor
deposmon pulsed laser deposition, > and atomic layer deposition
(ALD) % ALD is characterized by the alternate exposure of

chemical species with self-limiting surface reactions. Thus, ALD has
several advantages over other deposition methods such as good film
quality, accurate thickness control, excellent conformality, and uni-
formity over large areas. Recently, several research groups reported
on the ALD process of TiO, thin films on stainless steel and their
photocatalytic acthlty and anticorrosion activities.”® Meanwhile,
plasma-enhanced ALD (PE-ALD) has more benefits than thermal
ALD due to its improved film properties, high growth rate, and the
possibility of deposition at reduced substrate temperatures. Thus, it
can be a very effective method for the preparation of TiO, thin films
on steel, which has a highly rough surface and needs large area
uniformity. However, the PE-ALD process of TiO, thin films on
stainless steel has rarely been studied for the application of photo-
catalytic effects. Because high growth rate, reduced deposition tem-
perature, and the control of deposited phase with mass production
compatibility are potentially important considerations for the TiO,
photocatalysis coatings on commercial products such as stainless
steel, glass, and ceramic tile, it is necessary to investigate the pho-
tocatalytic effects of PE-ALD TiO, for higher productivity and cost
savings.

In our previous report, we investigated the thermal and PE-ALD
process of TiO, thin films on Si(001) from an alkylamide precursor,
Ti(NMe,), [tetrakis(dimethylamido) Ti, TDMAT] using water and
oxygen plasma, respectively, and analyzed thelr microstructure,
chemical composition, and electrical propemes ? In this study, we
investigated the PE-ALD process of TiO, thin films on SUS 304
austenitic stainless steels and their structural properties based on our
previous research. We especially focused on the self-cleaning effects
of PE-ALD TiO, by measuring photoinduced hydrophilicity using
contact-angle measurement of water and photocatalytic activity of
TiO, thin films by decomposition of organic liquid such as
4-chlorophenol. The photocatalytic effects of PE-ALD TiO, thin
films on stainless steel were better than that of Activ glass and
thermal ALD TiO, thin films.
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Experimental

A homemade coldwall-type remote PE-ALD chamber was used
to deposit TiO, thin films. Sample size up to 200 mm in diameter
can be loaded into the chamber, which is pumped by a turbomolecu-
lar pump with the base pressure in the range of middle 10 Torr.
The substrates were heated using a resistive heating plate, providing
temperatures up to around 500°C, which was measured by a ther-
mocouple attached to the heater. TDMAT and O, plasma were used
as a Ti precursor and O reactant, respectively. Because the TDMAT
has high enough vapor pressure, the bubbler was kept at room tem-
perature without the use of carrier gas. The flow of oxygen con-
trolled by a mass flow controller was set at 20 sccm, resulting in
10 mTorr of working pressure, and the plasma power was 300 W.
The chamber was purged by 50 sccm Ar gas between the precursor
and the reactant exposure step.

TiO, thin films were deposited on 15 X 15 mm Si(001) and SUS
304 austenitic stainless steel sheets. Before being loaded into the
chamber, Si(001) substrates were cleaned by rinsing in acetone, iso-
propyl alcohol, and then in deionized (DI) water, while SUS 304
stainless steel substrates were cleaned in an ultrasonic bath sequen-
tially using acetone, ethanol, and DI water separately. Then both Si
and SUS 304 stainless steel were dried with N, gas. The growth
temperatures were 150, 200, 300, and 400°C. The PE-ALD growth
sequence consists of a 1.5 s pulse of TDMAT, 5 s of Ar purge, 3 s
pulse of O, plasma, and 5 s of Ar purge. The PE-ALD growth
sequence was repeated for 500 cycles. After deposition, the thick-
ness was measured by ellipsometry and field-emission scanning
electron microscopy. The impurity content and binding structure of
the films were analyzed by X-ray photoemission spectroscopy
(XPS). The crystal structures were determined by a glancing-angle
X-ray diffraction (XRD) with 1° angle of incident for all samples.
Atomic force microscopy (AFM) was used to investigate the surface
morphology and the surface roughness of the films.

To investigate the self-cleaning effects of the TiO, thin films on
stainless steel, we measured the contact angle of water on steel
surface and photoinduced degradation of organic liquid as a function
of UV exposure time. In these experiments, we used Pilkington
Activ glass for comparison. For the measurement of contact angle, a
black light blue lamp (10 W, wavelength 350-400 nm) was used as
a light source and the exposure time range was 3—120 min. To ana-
lyze photocatalytic activity, the degradation rates of 4-CP were
monitored. The initial concentration of 4-CP was 0.1 mM, and TiO,
thin films were exposed with a 300 W Xe arc lamp (Oriel) as a light
source. Light passes through an IR filter and UV cutoff filter (A
> 324 nm), and then the filtered light is focused onto an 11 mL
Pyrex reactor. Upon UV irradiation, samples were withdrawn by a
1 mL syringe. Identification and quantification of 4-CP were per-
formed by using high-performance liquid chromatography.

Results and Discussion

In order to obtain a growth condition of TiO, films by PE-ALD,
both Si(001) and stainless steel substrate were used to deposit TiO,
thin films. For the PE-ALD TiO, process from TDMAT and O,
plasma, we obtained TiO, thin films with a thickness around
120 nm on both substrates. The growth rate of PE-ALD TiO, films
was 2.5 A/cycle on both Si(001) and stainless steel, which was
much higher than the previously reported values from other precur-
sors including methoxide (0.6 A/cycle)® and  chloride
(0.5 A/cycle).27’30 These films have nearly similar growth rate for
all deposition temperatures, and the thickness of films increased
with increasing ALD cycles. From these results, we confirm that
TiO, thin film on Si(001) and stainless steel substrates was grown
by ALD.

Figure 1a and b shows the XRD patterns of the TiO, thin films
depending on growth temperatures on the Si(001) and stainless steel
substrates, respectively. The crystal structure of TiO, films exhibits
strong dependency on the deposition temperature on both substrates.
The films grown at deposition temperatures below 200°C were
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Figure 1. XRD patterns of PE-ALD TiO, thin films (a) on stainless steel and
(b) on Si(001) as a function of growth temperature.

amorphous on both substrates, judging from the absence of any
diffraction peaks. TiO, thin film on Si(001) substrate showed a mix-
ture of anatase and rutile phases for both deposition temperatures of
300 and 400°C, while the thin films on stainless steel substrate
showed anatase and rutile phases for the deposition temperatures of
300 and 400°C, respectively. Namely, the crystal structures of TiO,
thin films changed from amorphous to anatase and rutile phase with
increasing growth temperature. Similar XRD results were relported
for ALD TiO, thin film from Til4 and H,O, by Kukli et al® They
reported that ALD TiO, films grown at temperatures around 300°C
had anatase phase or a mixture of anatase and rutile phases, while
films grown at 425°C had only rutile phase. However, for ALD
TiO, films from TiCl, and water vapor, the films deposited at 400°C
had only anatase ph.ase.3

To analyze the chemical composition and the binding structure,
we obtained XPS spectra for the PE-ALD TiO, thin films on Si(001)
and stainless steel substrates. Figure 2a-c presents the spectrum of
the TiO, thin film deposited at 300°C on both substrates. The XPS
spectrum of Ti 2p, O 1s, and N 1s levels for TiO, thin films on both
substrates showed a similar trend, as seen in Fig. 2a-c. Only pure
Ti—O bond-related XPS peaks were observed at Ti 2p,,; (located at
458.8 eV) and Ti 2p;,» (located at 464.3 eV), which have a peak
separation of 5.5 eV. These results indicated the presence of Ti** in
these films and no existence of Ti-N compound and metallic Ti.
From the O 1s spectra, two O-related peaks are observed. The peak
at 530.1 eV is associated with pure TiO,, and the shoulder around
531.7 eV is attributed to the O in the OH group.33’34 The N 1s
spectrum in Fig. 2c shows no signal related to nitrogen, in spite of
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Figure 2. XPS data for (a) Ti 2p, (b) O 1s, and (c) N 1s of the PE-ALD TiO,
thin films on stainless steel and Si(001) deposited at 300°C.

using amide precursor for the current experiments. Thus, we inferred
that the TiO, thin films on both Si(001) and stainless steel substrates
are quite pure.

The XRD and XPS results show that TiO, thin films with poly-
crystalline phases and low impurities are deposited on the stainless
steel as well as on Si at 7 = 300-400°C. Then we compared the
surface roughness, contact angle of water, and degradation rate of
organic liquid of TiO, thin films on stainless steel with Pilkington
Activ glass to investigate the photocatalytic effects. AFM images of
TiO,-coated stainless steel and Pilkington Activ glass are shown in
Fig. 3. The surface roughnesses of PE-ALD TiO, thin films on
stainless steel and glass substrates are around 55.4 and 6.3 nm, re-
spectively. From this result, we inferred that TiO, thin films on
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Figure 3. (Color online) AFM images of TiO, thin films (a) on stainless
steel and (b) on glass.

stainless steel have a larger surface area than Activ glass, which
affects the higher photocatalytic efficiency of TiO, thin films on
stainless steel.

Figure 4 shows the contact angle of water on the TiO, thin films
as a function of UV exposure time. The initial contact angle of
amorphous TiO, thin film is about 62°, while those of anatase and
rutile TiO, thin films and Activ glass are about 26, 16, and 45°,
respectively. After the exposure of UV light for 2 h, the amorphous
TiO, thin film shows a small change of about 6° in contact angle.
The contact angles of anatase and rutile TiO, thin films gradually
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Figure 4. Contact angles of water on TiO, thin films deposited at each
growth temperature as a function of UV irradiation time.
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Figure 5. Decomposition of 4-CP for TiO, thin films at each growth tem-
perature as a function of UV irradiation time.

decrease and finally approach 5° after the exposure time of 20 min.
The contact angle of Activ glass also gradually decreases and finally
approaches 5° after 30 min of UV irradiation. Thus, the Activ glass
and polycrystalline PE-ALD TiO, thin films with anatase and rutile
structures have a superhydrophilic surface, which can provide vari-
ous advantages such as antifogging and self-cleaning effects.

There are several studies on the superhydrophilicity of TiO, thin
films.”® Takaoka et al.*® reported similar results from TiO, thin
films with polycrystalline phases by an O, cluster ion-beam-assisted
deposition method. They showed that only the polycrystalline TiO,
thin film had a superhydrophilic surface after UV light exposure.
The mechanism of hydrophilicity is different from that of photocata-
Iytic activity, although the photogenerated electrons and holes are
involved in both cases. Wang et al.’ reported that the surface hydro-
philicity of anatase and rutile TiO, thin films is independent of their
photocatalytic activities, and they explained that this effect occurs
due to the production of oxygen vacancies on the TiO, surface dur-
ing the exposure of UV light. After electron—hole pairs are generated
during UV exposure, the electrons reduce the Ti(IV) cations to
Ti(III) states and the holes oxidize O anions. In this process, oxy-
gen atoms are ejected from TiO, surface and oxygen vacancies are
created. Then these oxygen vacancies are expected to interact
strongly with water molecules and they occupy oxygen vacancies,
producing adsorbed OH groups which were attributed to the hydro-
philicity of the TiO, surface. They observed the wettability change
on both the anatase and rutile TiO, surface of polycrystals or single
crystals independent of their photocatalytic activities. Our results are
consistent with these results that photoinduced superhydrophilicity
was observed on TiO, thin films with anatase and rutile phases.

To estimate the photocatalytic effects, the decomposition rates of
4-CP were measured under UV irradiation. Figure 5 shows the con-
centration variation of 4-CP liquid as a function of UV exposure
time. For only 4-CP liquid and the amorphous TiO, thin film, no
decomposition of 4-CP is observed after the exposure of UV light.
However, noticeable concentration decrease of 4-CP is observed for
the polycrystalline TiO, thin films with anatase, rutile phases, and
Pilkington Activ glass. They decomposed 4-CP aqueous solution,
showing a concentration decrease of about 55, 30, and 15%, respec-
tively, after 5 h UV irradiation. The highest photocatalytic activity
of TiO, thin films was obtained for anatase TiO, thin film on stain-
less steel, which was deposited at 300°C.

This result indicates that the crystal structure of TiO, thin films
is one of the most important factors to improve the photocatalytic
efficiency of TiO,. As mentioned above, anatase phase of TiO,
which has a more negative conduction bandedge potential (higher
potential energy of photogenerated electrons) than the rutile phase,
shows higher photocatalytic activities than rutile TiO,. From our

results, we observed that anatase TiO, thin film had higher photo-
catalytic activities than those of the films with rutile phase or a
mixture of anatase and rutile phase. Moreover, we inferred that the
large surface area of TiO, thin films on stainless steel enhances the
decomposition rate of organic liquid compared to Activ glass. We
suggest that the higher photocatalytic efficiency of anatase TiO, thin
film than that of rutile TiO, thin film and Activ glass originated from
a suitable phase of TiO, thin film and larger surface area of the film
on stainless steel. For comparison, we also measured the photocata-
Iytic effects of thermal ALD TiO, thin films on stainless steel de-
posited using TDMAT and H,O at 300°C, which is a polycrystalline
TiO, with both anatase and rutile phases. The thermal ALD TiO,
thin film has shown about 30% decrease of 4-CP concentration for
5 h UV irradiation (data not shown). Thus, PE-ALD has a potential
benefit compared to thermal ALD in terms of photocatalytic effect,
mainly due to the greater degree of freedom in controlling deposited
phase in the film.

Conclusions

TiO, thin films were deposited on steel substrate by PE-ALD
from TDMAT and O, plasma, which exhibited relatively high
growth rate and low impurity. The crystal structure of TiO, films
depends on the growth temperatures. The anatase and rutile TiO,
thin films were deposited at growth temperatures of 300 and 400°C,
respectively. From AFM analysis, TiO, thin films on stainless steel
have larger surface area due to large surface roughness than Activ
glass. The contact angle of water and the decomposition of 4-CP
after UV irradiation were measured to confirm the self-cleaning ef-
fect of TiO, thin films on stainless steel. A commercial product,
Activ glass, was also used to measure the contact angle of water and
the decomposition of 4-CP for comparison. Activ glass and TiO,
thin films with anatase and rutile phases on stainless steel showed
superhydrophilic phenomena and decomposed 4-CP after UV irra-
diation. The anatase TiO, thin film on stainless steel showed the
highest photocatalytic activity after 5 h UV irradiation. We suggest
that the highest photocatalytic efficiency of TiO, thin film with ana-
tase structure is attributed to its suitable phase and large surface
area.
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