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a b s t r a c t
Colloidal crystals have attracted considerable attentions due to their interesting structures and potential
applications. Colloidal crystals are generally prepared through evaporation-induced self-assembly method
from monodispersed microspheres due to its simple device and low cost. However, various defects usually
appear because of weak interface bonding between spheres during the self-assembly process and shrinkage
during the evaporation process. In this article polystyrene (PS) microspheres were surface modiﬁed using UV
light/ozone treatments. X-ray photoelectron spectrometer (XPS) and Fourier transform infrared (FTIR)
spectroscopy show that PS spheres are well surface modiﬁed with hydroxyl and carbonyl groups after UV/
ozone treatment for 1800 s. The modiﬁed PS microspheres were further self-assembled into colloidal crystals.
Fewer defects and better crystal quality of templates are obtained after surface modiﬁcation of PS
nanospheres. The reﬂection spectrum of colloidal crystals is also measured with higher reﬂectivity and
sharper reﬂectance peek. All the results show that UV/ozone treatment of PS colloidal spheres is beneﬁcial for
improving the degree of order of colloidal crystals. This provides a simple and feasible way for the application
of large area colloidal crystals.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Photonic crystals are highly ordered materials that possess a
periodically modulated dielectric constant, which results in the
control of lights spatially. Their potential applications include
chemical detection, optical devices, optoelectronic elements and
battery electrode [1–4]. Self-assembly of colloidal crystals is the
preferred route due to its low cost, simplicity of process and great
controllability [5]. This approach involves the crystallization of a
colloidal dispersion of monodispersed spheres of silica (SiO2),
polystyrene (PS) or polymethylmethacrylate (PMMA) to form a
material with a 3D periodic opal structure [6]. It has been proved that
the order arrangement originally results from the combination of
surface tension and capillary force of microsphere dispersions [7,8].
However, defects and cracks are found inevitable in opals during the
evaporation process [9–11]. The defects and cracks appear because of
weak interface bonding between spheres during the self-assembly
process and shrinkage of spheres during the evaporation process [7,8].
This problem is considered as an obstacle for large scale applications.
The enhancement of their interface performance will be a possible

⁎ Corresponding author.
E-mail address: liyao@hit.edu.cn (Y. Li).
0040-6090/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.tsf.2011.01.112

way. In recent years the UV/ozone treatment has been recognized and
studied as an effective way to increase the hydrophilicity [12]. It is
reported that the hydrophobic polymer surfaces can be turned into
hydrophilic ones with OH groups due to the active functional groups
from UV irradiation and ozone aeration. For example, polypropylene
(PP) and PMMA have been surface modiﬁed through this method
[13,14]. In this paper, the self-assembly of colloidal crystal which were
surface modiﬁed by UV/ozone was studied to improve the order
arrangements. The effect of treatment by UV/ozone on PS microspheres and subsequent self-assembly process were also studied.
2. Experimental
2.1. Surface-modiﬁcation of colloidal microspheres
Monodispersed PS microspheres with relative standard deviation
smaller than 5% (on the diameter) were obtained by using an
emulsiﬁer-free emulsion polymerization technique [15]. Two kinds of
diameters of microspheres were chosen.
The UV/ozone treatment equipment was built up in our lab and the
schematic is shown in Fig. 1. UV irradiation with a wavelength of
254 nm is provided from both sides by two 8 W low-pressure mercury
lamps. 3000 mg ozone per hour is produced from the ozone generator.
The PS dispersion with a concentration of 0.5% in ultra-pure water was
placed in a quartz test tube between the two lamps. Thus PS
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Fig. 1. The schematic of combined generator of UV irradiation and ozone aeration.

dispersions were treated by the ozone ﬂow combined with UV light
(UV/ozone) for different time.

Fig. 2. Pictures of PS microspheres treated by UV/ozone on glass substrates for
(a) 0 min, (b) 5 min, (c) 15 min, (d) 30 min, (e) 45 min and (f) 60 min, and their
contact angles as a function of the treatment time.

2.2. Self-assembly process
Glass slides substrates were washed sequentially with ethanol,
acetone and ultrapure water in an ultrasonic cleaner and then treated
by UV/ozone for 20 min. Colloidal crystals were grown by using a
controlled vertical drying method [16]. UV/ozone surface-modiﬁed PS
microspheres with a concentration of 0.1% in ultrapure water were
added into the vessels and dried in an incubator at a stable
temperature and humidity.

2.3. Characterization
The surface properties of PS microspheres were characterized by
the contact angle with a solvent. The details about this test have been
reported in our previous work [17]. The structures and morphologies
of PS microspheres were characterized after the dispersions were
dried at 50 °C for 6 h. Fourier transform infrared (FTIR) spectrometer
(Avatar 370 Thermo Nicolet) was taken to obtain the molecular
structures. X-ray photonic spectrometer (XPS) analysis was carried
out on an American Electronics physical PHI5700ESCA system (AlKα
radiation of energy 1486.60 eV, accelerating voltage 12.50 kV, and
power 250.00 kW). Scanning electronic microscopy (SEM) was
performed on MX260FE SEM (Camscan Corp., England) at an
accelerating voltage of 20 kV. The reﬂectance spectra of colloidal
crystals were obtained from a Maya 2000pro ﬁber-optic spectrometer
(Ocean optical, American).

3.2. Surface-modiﬁcation of microspheres
Hydroxylation and carbonization of PS microspheres after surfacemodiﬁcation for various time were studied and the FTIR spectra were
shown in Fig. 3. As well known, the functional groups in pure PS
materials are carbon–carbon double bonds (C=C). Absorption peaks
of 1450 cm−1 and 1490 cm−1 which represent the absorption band of
carbon–carbon double bonds and are relatively little or slightly
inversely affected, are treated as reference peaks during the
normalization of FTIR data. Absorption peaks at 3340, 1640 and
1210 cm−1 represent the –OH, C=O, and C–O respectively. The
hydroxyl groups result from the pure water in the PS dispersion. It is
obvious that these functional groups are enhanced with the increase
of treatment time of UV/ozone, specially the hydroxyl.
UV/ozone treatment induces photolysis of ozone in distilled water
to produce active oxygen species such as hydroxyl radical (·OH),
superoxide (·O−
2B), peroxide radical (·OOH) and atom oxygen (O)
[18–20]. ·OH is one of the most highly reactive chemical species and

3. Results and discussion
3.1. Contact angles of PS microsphere dispersions
In order to investigate the wettability after the treatments by UV/
ozone, the contact angles of PS dispersions on the glass substrates
were measured. Fig. 2 shows the testing pictures of PS droplets and
the curves of contact angles as a function of treatment time. It is found
that the contact angle is ﬁrstly decreased and then remained constant
afterwards with the increase of treatment time. The contact angle
decreases from 43° to 33° when the treatment time is up to 60 min. It
is obvious that the hydrophilicity is greatly improved though UV/
ozone surface modiﬁcation. It is thought that the hydroxyl groups
(OH) induced by the UV/ozone treatments are hydrophilic, which
decreases the surface tension of PS sphere dispersion.

Fig. 3. FTIR spectra of PS microspheres treated by UV/ozone for a) 0 min, b) 15 min and
c) 30 min.
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concentration is greatly increased with the treatment time initially
and kept invariable after 30 min. Moreover, the trend of contact
angles is similar to that of the oxygen content. This is also a good proof
that the surface performance of PS microspheres directly depends on
the active oxygen species on the surface of microspheres.
3.3. Morphologies of microspheres treated by UV/ozone

Fig. 4. The oxygen concentration on the surface of PS microspheres as a function of UV/
ozone treatment time.

PS dispersions were dropped onto the glass substrates to obtain
their morphologies after they were dried. Fig. 5 shows the SEM images
of modiﬁed PS microspheres for different treatment time. The
diameter of the sphere is about 195 nm through direct measurement.
It is obvious that adhesion and aggregation between different spheres
happen when the treatment time is longer than 30 min. The active
functional groups produced by the UV/ozone treatments increase the
surface roughness of microspheres and subsequently change their
shapes. During the evaporation of solutions, the active groups react
between microspheres, which leads to huge aggregation of microspheres. Taking into account the subsequent self-assembly process,
15 min was chosen to be appropriate for fabrication of PS opals.
3.4. Reﬂectance of colloidal crystals

undergoes hydrogen abstraction and addition reactions [21,22]. Thus,
·OH mainly reacts with the PS surfaces to form OH and C=O groups.
To get further information of functional groups, XPS tests of dried
PS dispersions were performed. The elemental concentration on the
surface of PS microspheres can be obtained from the XPS results. Fig. 4
shows the effect of the UV/ozone treatment time on the oxygen
concentration surface of the polystyrene spheres. The oxygen

Fig. 6 shows the SEM images of two kinds of templates through PS
microspheres before and after 15 min UV/ozone surface modiﬁcation.
Through direct measurement, the diameters of microspheres are
195 nm and 325 nm, respectively. It is shown that excellent ordered
structures are yielded with few defects or cracks.
To further examine the effect of UV/ozone treatments on the selfassembly process, Fig. 7 shows the UV–Vis–NIR reﬂectance curves of

Fig. 5. SEM images of PS microspheres treated by UV/ozone for (a) 0 min, (b) 15 min, (c) 30 min and (d) 60 min.
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Fig. 6. SEM images of PS templates before (a, c) and after (b, d) the UV/ozone treatment of microspheres. The sizes of templates in (a) and (b) or (c) and (d) are the same.

PS templates with different treatment times. All opals reveal
pronounced reﬂectance peaks arising from the destructive interference effect between reﬂections of the layers of the ordered structure.
It is found that the reﬂective intensity is enhanced by the UV/ozone
treatments within 15 min and the position of the gap is 480 nm.
According to Bragg's law, this peak results from the ﬁrst order
interference of the (111) plane of the fcc structure. Through Bragg–
Snell's law, it can be easily calculated from:

1 = 2
2
2
λ max = 2d⋅ neff − sin θ

ð1Þ

neff = nsphere fsphere + nfill ffill

ð2Þ

where d, n, θ, and f are the interplanar spacing, refractive index of
materials, the incidence angle against the normal ﬁlm and each
volume ratio, respectively. For PS opals, nsphere = 1.59, fsphere =0.746,
nﬁll = nair = 1 and fﬁll = 0.254. In our tests θ = 8°, and for the (111)
plane there is d = 0.816D. From Bragg–Snell's law, the diameters of
spheres are estimated 204 nm and 320 nm, which are very close to the
SEM results. According to the FT-IR and SEM characterization, there
are active functional groups on the surface of microspheres. The
wettability is improved, which is beneﬁcial to the self-assembly
process. Moreover, there are chemical bonds between spheres, which
result from the reactions of functional groups such as hydroxyl
groups. Thus the microcracks would be avoided due to the increased
interface strength.
On the other hand, the reﬂective intensity is greatly decreased
when the treatment time is up to 15 min but the position of gap has a
red shift from 480 nm to 490 nm in Fig. 6a and from 754 nm to
765 nm in Fig. 6b. From the results shown in Figs. 3 and 6, it is deduced
that microspheres deform to be ellipsoidal due to the excessive
reactions between functional groups on the surface of microspheres.
The ellipsoidal shape of microspheres results in a direct increase of

center-to-center distance. Furthermore, the ordered structure would
be destroyed because of the bonding force between spheres.
According to the Bragg–Snell law, the position of gap would be red
shifted due to the increase of interplanar spacing and the intensity
would be reduced due to the decrease of (111) planes. Therefore, the
interface bonding between spheres should be not too strong or too
weak to balance the capillary or the reactions.

4. Conclusions
In summary, surface modiﬁcation of PS microspheres using UV/
ozone generator was proposed here to improve their subsequent selfassembly process. It is shown that UV/ozone treatments apparently
lower the contact angles of PS dispersions on the substrates with the
increase of treatment time. FTIR and XPS results prove that the UV
irradiation and ozone give active groups like carbonyl groups (C=O),
hydroxyl groups (OH) and (C–O) on the surface of PS microspheres
and improve their wettability. However, it is found that treatment for
more than 30 min gives excess active functional groups, which results
in the aggregation and adhesion of spheres. The Bragg reﬂective
intensity is accordingly decreased and the position of the gap has a
red shift due to the deformation and disordered self-assembly
process.
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