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Abstract
We propose a simple technique to fabricate a uniform

nanodot array of titanium dioxide via two-dimensional shrink-
age in the amorphous-to-crystalline (anatase) transformation
during calcination of a precursor film. Increasing the calcina-
tion temperature from 400 °C to 600 °C enhances the crystal
size diameter from ca. 10 to 20 nm, while mixing the precursor
film with a thermotropic liquid crystalline amphiphilic block
copolymer results in dot arrays with more uniform particle
size.
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1. Introduction

The demand for nanometer-periodic structures on various
substrates has increased due to the integration of information
recording media with high performance biosensors and optical
devices with a high functionality.14 Hence, bottom-up nano-
fabrication techniques using block copolymers514 or organic-
inorganic mesostructures1522 have been actively developed. In

particular, the sol-gel synthesis, which produces mesoporous
silica materials, is an attractive and common procedure to
facilely fabricate organic-inorganic hybrid materials possessing
various compositions and nanostructures.15,1922 However, inor-
ganic components have mainly been used as adaptable matrices
that subsequently fix the self-assembled structure of molecular
assembly templates. To date, the self-assembly process of the
inorganic component itself has yet to be investigated.

Dewetting processes can provide regular two-dimensional
(2D) periodic structures, which are effective for nanoscale
processing. For instance, dewetting of a metal ultrathin film
prepared by vapor deposition or sputtering occurs when the
film is melted at a high temperature. Consequently, the ultra-
thin film is transformed into a regular droplet shape and a
nanoscale surface morphology is obtained.2330 Since metals
have a high melting point, local heating procedures with an
electron beam or a pulsed laser device are conventionally
needed. In addition, the droplet size ranges more than 100 nm,
resulting in a non-uniform particle size.

Here, we report a simple and promising method to prepare
robust surface structures with approximately 20-nm asperity
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over a large area without using specific or large-scale equip-
ment. Heating induces a phase transition of the titanium di-
oxide (TiO2) thin film from an amorphous state to a crystal-
line one, which is accompanied by a volume contraction. The
resulting flat film is topographically transformed and shows a
dewetting-like morphology of the surface with a regular asper-
ity. This process can be achieved simply by calcinating the spin-
coated film in an electric furnace. Unlike the sol-gel process for
silica materials, which realizes an inorganic network structure
after calcination, the sol-gel process for TiO2 is accompanied by
an amorphous to crystal transformation.31 This transformation
is essential for the regular nano-dot formation in this study.

2. Experimental

A pure TiO2 film with a thickness of ca. 80 nm was prepared
by spin-coating at 3000 rpm for 2min from a sol precursor
containing titanium (IV) isopropoxide, pure water, ethanol, 2-
methoxyethanol, acetic acid, hydrochloric acid, and water. The
substrate, a silicon wafer, was subjected to UV-O3 treatment
before use. After vacuum drying of the film at 100 °C over-
night, the films were heated at a rate of 1 °Cmin¹1 and cal-
cinated at 400, 500, or 600 °C for 3 h. The resulting films were
characterized by atomic force microscope (AFM) observations,
field-emission scanning electron microscope (FE-SEM) obser-
vations, transmission electron microscope (TEM) observations,
powder X-ray diffraction (PXRD) measurements, and grazing-
incidence small-angle X-ray scattering (GI-SAXS) measure-
ments. The experimental details are described in the SI.

3. Results and Discussion

The pure TiO2 spin-cast films were calcined at various tem-
peratures. The structures of the resulting films were evaluated
by GI-SAXS measurements. Prior to calcination, the TiO2 film
did not show any scattering (Figure 1a). In contrast, the cal-
cinated film showed scattering only in the in-plane direction
of the substrate (Figures 1b1d), indicating a 2D structure.
Increasing the calcination temperature enhanced the scattering
peaks and shifted them toward the small-angle regions. The
scattering vector (q) changed from 0.44 nm¹1 (corresponding to
a periodicity of 14 nm), 0.31 nm¹1 (20 nm), and 0.23 nm¹1 (27

nm), at 400, 500, and 600 °C, respectively. This indicates that
the scatterer size increases with the sintering temperature.

Interestingly, the pure TiO2 film had a periodic structure of
some tens of nanometers, even though the film did not contain
an organic template as a structure-directing agent.

Figure 2a shows the morphologies of the pure TiO2 spin-cast
films observed using AFM in topographical mode. The tem-
perature altered the surface morphology. The dot diameter
increased as the calcination temperature increased. Figure 2b
shows the histograms of the particle size of 100 randomly
selected particles in the AFM images. The average particle
diameters were 10.1 nm, 15.3 nm, and 21.6 nm for samples after
calcination at 400 °C, 500 °C, and 600 °C, respectively.
Figure 2c shows the surface roughness profiles obtained by
AFM. The surface roughness also increased with the calcina-
tion temperature. The top-to-top distance evaluated in the
height profile of the film calcinated at 600 °C was ca. 20 nm,
which agrees well with the estimated value (21.6 nm). When
the initial film thickness was changed, the diameter of the
nanodots was the same at the same calcination temperature,
however when the initial film thickness was thinner than the
diameter of the nanodots, the amount of nanodots produced
was sparse (Figure S3, SI).

We obtained TiO2 powders by scratching the films. They
were subjected to PXRD measurements. No diffraction peaks
were observed prior to calcination (Figure 2d), indicating that
the TiO2 is in an amorphous state. As the calcination temper-
ature increased, the diffraction peaks became more pronounced.
In particular, multiple higher-order diffractions were observed
above 500 °C. Based on these peaks, the calcinated TiO2 films
were assigned as anatase-type crystals.32 As the calcination
temperature increased from 500 °C to 600 °C, the full width at
half maximum (FWHM) became narrower from 0.502 to 0.391
degrees, indicating that the crystallinity increases with the cal-
cination temperature. The increase in the SAXS intensity as the
calcination temperature increased is attributed to the increase
in the electron density difference between the center of the
nanodots and the voids. Calcination at 800 °C provided rutile-
type crystals in addition to anatase-type crystals (Figure S4,
SI).

From the PXRD profiles, we determined the average crys-
tallite size D using the Scherrer equation, which is given as

D ¼ 0:9=¢cosª

where , ¢, and ª are the wavelength of X-ray (0.154 nm),
FWHM, and diffraction angle, respectively.33 From the data of
the 101 reflection in Figure 2e, D was determined to be 16.2
nm and 20.8 nm for the samples calcinated at 500 °C and
600 °C, respectively (Table S1, SI). These values coincided
with the average particle size obtained from AFM, indicating
that the surface nanodots of the TiO2 film correspond to the
crystallite size. It is assumed that the calcination-assisted crys-
tallization of TiO2 caused the film to contract, resulting in
nanodot formation. Luo et al.34 reported a facile method for
preparing titania nanodots using Marangoni flow and phase-
separation-induced self-assembly. They obtained the dot size of
30130 nm in diameter. The nanodot formation of smaller size
(ca. 20 nm diameter) via the phase transition from amorphous
to crystalline is a unique feature in the present work.
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Figure 1. 2D GI-SAXS images of pure TiO2 films for (a)
the as-prepared, calcinated at (b) 400 °C, (c) 500 °C, and
(d) 600 °C. White lines represent the in-plane intensity
profiles of the GI-SAXS data.
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Next, we attempted to fabricate uniform nanodots with a
block copolymer to aid in self-assembly. We previously report-
ed the spontaneous formation of silica nanostructures based on
the self-assembled structure of a diblock polymer BCP upon
mixing a metal alkoxide sol with an amphiphilic and ther-
motropic liquid crystalline (LC) BCP.35 This study applied the
same process to the TiO2 system. BCP (chemical structure
shown in Figure 3a) in the bulk state formed a periodic struc-
ture of 28.4 nm (Figure S1, SI). Here, the LC self-assembly of
BCP and the crystallization-induced nanodot formation of a
titania sol were combined. The spin-coated films were prepared
from a mixed solution of BCP and titania sol.

Two types of films were prepared. The first was pre-annealed
at 90 °C for 30min immediately after spin coating (denoted as
Film(an)), and the second was not pre-annealed (Film(non-an)).
BCP shows a thermotropic smectic phase at this annealing
temperature. Neither the calcinated at 600 °C nor uncalcinated
Film(non-an) displayed X-ray scattering in the small-angle region
(Figure 3b). Additionally, Film(non-an) calcinated at 600 °C did
not show a regular morphology. In contrast, Film(an) gave a
scattering peak at q = 0.19 nm¹1 in the in-plane direction prior
to calcination (Figure 3c, upper X-ray profile). These observa-
tions suggest that the annealing treatment at 90 °C generates a
regular electron density difference in the in-plane direction of
the film, corresponding to a ca. 35 nm period.

Calcination at 600 °C enhanced the scattering intensity in
GI-SAXS, which was likely caused by the crystallization of

TiO2 and the elimination of the organic components. The peak
top of the scattering suggests the existence of a periodic struc-
ture of ca. 35 nm, which is unaffected by calcination.

FE-SEM revealed the formation of uniform nanodots
(Figure 3c). The dot diameter was ca. 20 nm, and the distance
between the centers of the dots was ca. 33 nm. Furthermore, the
TEM observation of the cross-section of the Film(an) confirmed
the formation of a single row of dots with a diameter of about
20 nm (Figure 3d). This is consistent with the dot diameter
observed in the FE-SEM image (Figure 3c). Calcination at
600 °C assisted the crystal growth of TiO2 and the formation of
uniform array of nanodots. Annealing at 90 °C before calcina-
tion at 600 °C was essential to obtain uniform nanodots.

We assumed that the self-assembly of the Az block
mesogens (see Figure 3a) at the smectic phase temperature
(90 °C)35 facilitated the microphase separation of the hydro-
philic and hydrophobic blocks of BCP (Figure S2, SI). Con-
sidering the increased microphase separation pitch (35 nm)
from that of pure BCP (28 nm), the hydrophilic TiO2 sol
should be merged with the hydrophilic MEO block domain (see
Figure 3a). Since microphase separation did not occur in
Film(non-an), amorphous TiO2 appeared to be randomly dis-
persed in the film. BCP without a clear microphase separation
seemed to inhibit crystallization. Thus, the pre-nanophase sepa-
ration of TiO2 assisted by the formation of a BCP microphase-
separated structure effectively improves the generation of uni-
form nanodots.
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Figure 2. (a) Topographical AFM images of the pure TiO2 films. (b) Histograms of the dot size distributions observed by the AFM
images. (c) Surface height profiles obtained from the AFM images. (d) PXRD profiles of powders taken from the pure TiO2 films.
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4. Conclusion

We propose a facile and promising method to prepare dot
array surfaces with a 20-nm feature size by crystallization of
amorphous TiO2. A uniform nanodot surface is formed as a
robust flat film through film shrinkage caused by amorphous-
to-crystallization in the in-plane direction. Changing the temp-
erature can control the size of the formed anatase crystallite
nanodots, whereas the use of an amphiphilic block copolymer
as the template promotes the uniformity of the nanodot size. We
expect that the formation of crystallization-induced arrayed
nanodots without the use of special equipment will open new
possibilities as a new surface nanofabrication tool, especially
for catalytic functions and nano-sized manufacturing for vari-
ous electronic devices.

We thank Mr. Tatsuo Hikage and Mr. Yuta Yamamoto at
Nagoya University for their assistance with the GI-SAXS
measurements and TEM observations. This work was support-
ed by JSPS KAKENHI (Grant Numbers JP16H06355 and
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Japan).

Supporting Information

Experimental details, 1HNMR spectra, SEC chart, SAXS/
XRD profiles, crystallite size, and AFM images. This material
is available on https://doi.org/10.1246/bcsj.20210391.
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