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Photoinduced surface roughness variation
in polycrystalline TiO2 thin films
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Abstract

Photoinduced microstructural changes in transparent anatase thin films with large-grain polycrystallites (−200 nm) were evaluated using atomic
force microscopy (AFM). Films were subjected to a vacuum ultraviolet (VUV) pretreatment before heating at 500 ◦C. Photoinduced wettability of
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he films was subsequently confirmed. Upon UV illumination, the surface image became blurred with an apparent increased surface roughness. The
mage sharpened gradually as the surface returned to its initial state. This microstructural surface change is most pronounced at grain boundaries.
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. Introduction

Titanium dioxide (TiO2) is a well-known photocatalyst mate-
ial [1]. Electron–hole pairs are generated when TiO2 is illu-
inated by ultraviolet (UV) light, thereby both reducing and

xidizing adsorbates on the surface, and producing free radi-
als, such as OH and O2

−. These radicals will decompose most
rganic compounds or even bacteria [2–6]. Numerous previous
tudies have demonstrated the efficacy of TiO2 for water and air
urification [7].

Photoinduced hydrophilicity and associated conventional
pplications of the TiO2 photocatalyst were discovered in 1995
8–11]. A highly hydrophilic surface is generated when UV light
s illuminated onto a TiO2 surface. This surface exhibits both
ntifogging and self-cleaning properties. Aside from fundamen-
al investigations into this phenomenon [12–23], polycrystalline
iO2 film coatings have been applied onto various commercial
roducts to use this property: automobile side mirrors, window
lms, exterior tiles, highway wall panels, and others [24].

A friction force microscopy (FFM) study of TiO2 rutile sin-
gle crystals revealed that UV illumination can produce a unique
microdomain structure with a contrast difference in the surface
[8]. This contrast is attributable to a microstructural distribu-
tion of hydrophilic and hydrophobic domains. Further study
clarified that the domains align particularly along the direction
of the bridging-site oxygens, which are the most reactive sites
for producing vacancies by photo-illumination [9,10]. Although
the detailed mechanism of the generation of this specific struc-
ture remains unclear, these microdomains are considered to
act as flow channels for water and oil, analogously to a two-
dimensional capillary, thereby creating an amphiphilic surface.

Recently, Horiuchi et al. used a totally reflected X-ray in-
plane diffraction method to confirm lattice expansion of a rutile
single crystal under UV illumination [25]. They revealed that
the rutile (1 1 0) lattice spacing and its full width half maxi-
mum (FWHM) increase gradually during UV illumination, but
decrease abruptly when UV illumination ceases. Moreover, sur-
face potential studies using Kelvin force microscopy (KFM)
revealed that the dipole moments presumably induced by atomic
displacements caused by the UV illumination generate a local-
∗ Corresponding author. Tel.: +81 3 5734 2525; fax: +81 3 5734 3355.
E-mail address: anakajim@ceram.titech.ac.jp (A. Nakajima).

ized surface charge. These results suggest that photoinduced
hydrophilicity of a rutile single crystal accompanies structural
change.
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A polycrystalline TiO2 thin film typically comprises anatase
grains without specific orientation. The anatase phase does not
consist of bridging-site oxygen. Therefore, change in the rate at
which the surface becomes hydrophilic at each anatase grain is
proposed as the mechanism of the wettability change in this
film [20]. It is assumed that the hydrophilic conversion rate
differs among grains in the film because of variations in crys-
tallite face orientation in the surface. It is further assumed that
the microstructural distributions of hydrophilic and hydrophobic
domains are attainable under proper UV illumination conditions.

Shibata et al. investigated the stress effect on photoinduced
hydrophilicity of polycrystalline anatase thin films using sub-
strate materials with different thermal expansion coefficients
[19]. They prepared polycrystalline anatase films using sput-
tering and found that external tension enhances photoinduced
hydrophilicity, whereas compression inhibits it. Moreover, they
recently revealed that a polycrystalline anatase film surface
hardens under UV illumination [26,27]. These results suggest
that photoinduced hydrophilicity of polycrystalline anatase films
also accompanies structural expansion. However, volume expan-
sion behavior of polycrystalline anatase films under UV illumi-
nation has not been observed directly. Two main reasons are the
difficulties inherent in preparing a pure large anatase single crys-
tal and in detecting the small amount of volume change caused
by the fine grain size of the polycrystalline anatase film.

Very recently, we developed a transparent sol–gel derived
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Crystal phase, thickness, refractive index at 550 nm, and
band gap of deposited films were evaluated using X-ray diffrac-
tion (XRD, PW-3050; Philips Co., Amsterdam, Netherlands),
ellipsometry (V-VASE; J. A. Woollam Co. Inc., Tokyo, Japan)
and UV-VIS spectrophotometry (UV-3100PC; Shimadzu Corp.,
Tokyo, Japan). The film’s surface composition was evalu-
ated using X-ray photoelectron spectroscopy (XPS, 5500MC;
Perkin-Elmer, Physical Electronics, Eden Prairie, MN). Mg K�
radiation was used, and the photoelectrons were collected at a
takeoff angle of 45◦ with respect to the film surface fixed in a
molybdenum holder. Surface microstructure and friction were
characterized using AFM (MMAFM-2; Digital Instruments,
CA, USA). Water wettability conversion of the TiO2 thin film by
UV illumination was examined by the sessile drop method using
a commercial contact angle meter (CA-X; Kyowa Interface Sci-
ence Co. Ltd., Saitama, Japan). The experimental error of the
measurement was 1◦. The droplet size used for the measure-
ments was 2 �l. Ultraviolet illumination was carried out using a
fluorescent black-light bulb with UV intensity of 1.0 mW/cm2.
Once the water contact angle was saturated under the UV illu-
mination for a long period, the film was stored within a vessel
filled with clean air in a dark place; the hydrophobic conversion
behavior of the film during this storage was also evaluated.

The film was then set on the stage of the AFM. Initial
surface structure and roughness were evaluated with tapping
mode AFM using a Si cantilever. Subsequently, UV illumina-
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olycrystalline anatase film with large grain size and diminished
urface roughness using vacuum ultraviolet (VUV) illumination
efore heat treatment [28]. The photoinduced structural expan-
ion might be enhanced because of large grain size if it occurs.
he present study examines the sequential surface microstruc-

ural change in the film by UV illumination using tapping-mode
tomic force microscopy (AFM).

. Experimental

Reagent-grade titanium isopropoxide (Ti(OC3H7)4; Kanto
hemical Co. Inc., Tokyo, Japan) was mixed with a com-
ercial titanium isopropoxide solution (NDH-510C, mixing

atio = 6.1 ml: 40 ml; Nippon Soda Co. Ltd., Tokyo, Japan), for
etter reproducibility of dense TiO2 thin films. After stirring for
5 min in air, the solution was hydrolyzed by adding a drop
f nitric acid solution (1.44 ml, pH 1; Wako Pure Chemical
ndustries Ltd., Tokyo, Japan) while stirring at room temper-
ture to form the coating solution. The amount of water for
ydrolysis was four-fold in excess of the titanium concentra-
ion in the mixed alkoxide. The hydrolyzed solution was then
oated on a cleaned Si (1 0 0) wafer (Aki Corp., Miyagi, Japan)
y dip-coating at a fixed pulling rate of 0.5 mm/s in dry air. After
oating, the film was exposed to dry ozone for 60 min to remove
rganic compounds in the coated film. Then, the film was illu-
inated by vacuum ultraviolet (VUV) light using a Xe excimer

amp (172 nm wavelength; Ushio Inc., Tokyo, Japan) for 30 min
t room temperature in N2 atmosphere. The illumination inten-
ity of the VUV light in N2 was 18 mW/cm2. The film was fired
t 500 ◦C for 1 h in air after VUV illumination.
ion (0.7 mW/cm2) was performed for 150 s using a Hg–Xe lamp
ith an optical-fiber coupler. After illumination, the surface

tructure and roughness were recorded 13 times successively
ithout additional UV illumination. Each measurement required

bout 10 min for recording. Consequently, the overall measure-
ent period was about 2.5 h.

. Results and discussion

A polycrystalline TiO2 thin film prepared using the process
escribed above was composed only of anatase with random
rystallite orientation. The respective film thickness, refractive
ndex at 550 nm, and the band gap were 104 nm, 2.20, and
.22 eV. Analysis using XPS with etching revealed that a negli-
ible amount of carbon and nitrogen remained in the films. Fig. 1
hows AFM image of the prepared film. Grain size and average
urface roughness were around 200 and 0.47 nm respectively.
he large crystallite grains in the film were composed of several
maller grains, indicating that the large grain is on the way of
rain growth. It is noteworthy that this large grain formation does
ot occur if the starting alkoxide is only a commercial titanium
sopropoxide solution or a reagent-grade titanium isopropoxide.
etailed discussion on the relationship between film prepara-

ion conditions and microstructure evolution will be described
lsewhere [29].

Fig. 2 shows the time dependence of the water contact angle
f the film under 1.0 mW/cm2 UV illumination (Fig. 2(a)) and
n the dark (Fig. 2(b)). The contact angle of water on the film
ecame less than 10◦ within 4 min. The contact angle was satu-
ated to almost 2.5◦ after 2-h UV illumination. Then, the contact
ngle increased gradually during dark storage after halting the
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Fig. 1. AFM image of prepared anatase thin film.

UV illumination. These results indicate that the films exhibit
photoinduced wettability conversion like normal polycrystalline
anatase films.

Fig. 3 shows the AFM images recorded sequentially (1–13
times) after 0.7 mW/cm2 UV illumination for 150 s. Fig. 4 shows

F
(

the average surface roughness measured for each sample corre-
sponding to the AFM images shown in Fig. 3. The initial surface
roughness of the area shown in this figure was 0.47 nm (eval-
uated in 500 nm × 500 nm). Once UV light was illuminated,
the surface image was blurred with increasing apparent surface
roughness and the contrast at the grain boundary, mainly around
large grains. That trend continued until the fourth image, and
surface roughness increased to 1.08 nm. After that, the image
sharpened gradually as the surface returned to its initial state.
However, even after recording 13 times, the surface had not
become identical to that of the initial state; the contrast difference
remained at the small grain boundary. The changes of the AFM
images (Fig. 3) and the roughness (Fig. 4) were not observed
when the same experiment was carried out on the uncoated Si
substrate or Pyrex glass. Based on the film thickness (ca. 100 nm)
and roughness change order (0.6–0.7 nm), it is hard to explain
this result from thermal expansion of the film (thermal expan-
sion coefficients are 3.8–9.5 × 10−6 (a-axis and b-axis) and
7.8–20.4 × 10−6 (c-axis) at temperatures of 50–690 ◦C [30]).

This result implies that the change in the image is triggered
by UV illumination and attributable to the continuous change
of height and depth of the film shown in Fig. 5. Before UV
illumination, the film surface is stable and a clear image is obtain-
able. Once UV illumination was carried out, the proper distance
between the cantilever and the film surface is hard to feed-back
into the AFM because of the continuous change of the film’s
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ig. 2. Contact angle change of water on the polycrystalline anatase thin, film:
a) under 1.0 mW/cm2 UV illumination and (b) during dark storage.
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eight and depth. For that reason, the image was blurred. This
tructural change is gradually terminated and the scanning image
eturns to its initial state when UV illumination was stopped. It is
oteworthy that the contrast change is more apparent at the grain
oundary than inside the grain. Anatase crystals exhibit strong
hermal expansion anisotropy [30]. Consequently, high resid-
al stress was generated during cooling after firing at the grain
oundary. Because the polycrystalline film contains anatase with
andom orientation, some grain boundaries are under tension,
ut some grain boundaries suffer compression before UV illu-
ination. Therefore, the contrast change is remarkable at the

rain boundary and image brightness depends on the magnitude
f the local stress.

Following UV illumination, surface roughness continues to
ncrease until the fourth image in Fig. 3. However, it remains
nclear whether this increase results from the time required for
he photoinduced volume change under a residual stress field in
his film, or other reasons such as the time for the diffusion of
oles that are generated in the film, which can diffuse from near
he substrate to the film surface. Further investigation is required
o clarify the cause of this phenomenon.

We attempted this observation on normal films – those
ithout VUV pretreatment – but we could not obtain a clear
icrostructure change in AFM images such as that seen in

he film with VUV pretreatment. A plausible explanation of
his result is the difference of stress grading from substrate
o film surface caused by microstructure difference. The cur-
ent work demonstrates that photoinduced roughness changes
ccur in polycrystalline anatase thin films with large grains. This
esult suggests that photoinduced structural change can occur on
natase like rutile.



78 K.-i. Katsumata et al. / Journal of Photochemistry and Photobiology A: Chemistry 180 (2006) 75–79

Fig. 3. Changes of microstructure on the surface of polycrystalline anatase thin film after 0.7 mW/cm2 UV illumination for 150 s. AFM images were recorded each
time (1–13 times) sequentially after UV illumination.

Fig. 4. Change of apparent roughness on the surface of polycrystalline anatase
thin film after 0.7 mW/cm2 UV illumination for 150 s. The apparent roughness
was measured each time (1–13 times) sequentially after UV illumination.

Fig. 5. Schematic illustration of the relationship between an AFM cantilever
and a film surface: (a) before UV illumination, (b) during or immediately after
UV illumination and (c) after UV illumination.

Fig. 6 shows the time dependence of the water contact angle
of the film under the same conditions of AEM image record-
ings in Fig. 3. Before UV illumination, the water contact angle
was about 40◦. This state corresponds to the initial image (num-
ber: 0) in Fig. 3. The contact angle was less than 10◦ when
UV illuminated onto the film surface for 150 s. Then, the con-
tact angle increased gradually during dark storage. Although
the contact angle saturates gradually, it still continues to increase
even after 2 h. The result depicted in Fig. 3 corresponds mainly to

F
t
s

ig. 6. Contact angle change of water on the film under the same conditions as
hose depicted in Fig. 3. 0.7 mW/cm2 UV illumination for 150 s and during dark
torage (same conditions as those of the AFM experiment in Fig. 3).
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hydrophobic conversion behavior, and there will be a correlation
between photoinduced wettability conversion and photoinduced
surface roughness variation. Detailed analyses of this relation-
ship are under way and will be presented in future reports.

4. Conclusions

Photoinduced microstructural changes of transparent anatase
polycrystalline thin films with large grain size (−200 nm) were
evaluated using AFM. The film was obtained using vacuum
ultraviolet (VUV) pretreatment before heating at 500 ◦C, and
photoinduced wettability conversion of the film was confirmed.
Once UV light was illuminated, the surface image was blurred
with increasing apparent surface roughness, then, the image
sharpened gradually as the surface returned to its initial level.
This surface-microstructure change is remarkable at the grain
boundary.
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