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ABSTRACT: We report a facile self-assembly strategy for fabricating TiO2 microlens arrays by localized hydrolysis of TiCl4
precursor in water droplets. Microcontact printing was used to define hydrophilic areas on a substrate for space resolved
hydrolytic reaction. The water droplets served as the templates, reactant, and microreactors. Highly ordered TiO2 microlens
arrays could be produced, which exhibit excellent ability to focus light. Because both size and shape of the final TiO2 microlens
can be controlled by the printed chemical pattern and the precursor concentration, it is possible to define TiO2 microlens arrays
with different imaging properties. This new method shows attractive features of simplicity, low cost, and requires no heating
process, hence is suitable for a range of applications.
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■ INTRODUCTION

This paper describes a self-assembly approach for the
fabrication of patterned microlens arrays with well-controlled
array structures and lateral dimensions. This method initiates
by forming an array of water droplets on a chemically patterned
substrate defined by microcontact printing (μCP).1 The water
droplet arrays serve as both template and reactant to allow
localized hydrolysis of titanium precursor to take place in the
water droplet microreactors, and finally give an array of TiO2
hemispheres. The structural features of the TiO2 hemisphere
array can be readily controlled by the chemical patterns and the
hydrolysis conditions.
Two- and three-dimensional periodic arrays on the scale of

the wavelength of light have been applied to fabricate optical
devices, including microlens arrays, diffractive optical elements,
gratings and photonic crystals.2−5 Microlens arrays are an
important type of miniaturized optical component used in a
wide range of applications, such as beam collimators, fiber optic
couplers, light homogenizers,2,6 single molecule bioimaging,7

assisted formation of protein arrays8 and efficiency enhance-
ment in optical and electrical devices.9−11 A variety of methods
have been reported to fabricate microlens arrays, mostly
involving either photolithography process12,13 or molding from

masters.2 These microfabrication procedures generally require
sophisticated instruments and/or annealing step. Several
methods based on self-assembly processes have been developed
in recent years, which may offer low cost and easy fabrication
process. For example, Hayashi et al. demonstrated that 2D
lattices of self-assembled polystyrene beads on glass substrates
could be used as arrays of microlens for imaging.14 Gilchrist et
al. also fabricated microlens arrays though assembling SiO2/
polystyrene microspheres.15 Xia reported the preparation of
microsphere array via assembly of polymer microspheres on
templates containing cylindrical holes.16 However, as micro-
spheres are not ideal microlens for imaging, additional heating
steps were employed to convert the polymer spheres into
hemisphere shape. Besides, the above methods generally
produce microlens of polymeric materials, which have relatively
low refractive index (n < 1.6) and low stability upon thermal or
solvent treatments.17−20 Therefore, for advanced optical or
biological applications, it is desirable to fabricate microlens
arrays with high refractive index and stable materials.21,22
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Herein, we report a new approach to directly fabricate
hemispheric microlens arrays with well-controlled structures
through a simple and low-cost process. This method for
fabrication of TiO2 microarrays is based on the localized
hydrolysis reaction in water droplet microreactors, which does
not require photolithography facility and is conducted at room
temperature. TiO2 is selected as the microlens materials
because of its high refractive index (n > 2.0) and good
chemical stability.7,23−25 Furthermore, the UV-filtering effect
and high biocompatibility of TiO2 make them suitable for
biorelated applications.26,27

■ EXPERIMENTAL METHODS
Materials. Transparent gold coated substrates were prepared by

subsequently evaporating chromium (Cr, 2 nm) and gold (Au, 10 nm)
on glass substrate by vacuum deposition. 1-octadecanethiol (ODT),
11-mercaptoundecanoic acid (MUA) and TiCl4 were purchased from
Aldrich. Microcontact printing of chemical patterns on the gold coated
substrates were performed by using poly(dimethylsiloxane) (PDMS)
stamps with different topographic features, which were replicated from
the SU-8 molds using Dow Coring Sylgard 184 elastomeric kits
(Midland, MI).
Fabrication of TiO2 Microarrays. The gold coated glass substrate

with 1 × 1 cm2 piece was cleaned under 185 nm UV light for 2 h and
rinsed by DI water. The cleaned substrate was printed by a PDMS
stamp inked with ODT (1 mM) in ethanol to generate hydrophobic
arrays. The patterned substrate was then submerged in a MUA
solution (1 mM) in ethanol to form a hydrophobic/hydrophilic
alternative pattern. The patterned substrate was put into 70% humid
atmosphere to allow water droplets nucleated on the hydrophilic area.
Finally, the substrate with water droplets was dipped into a chloroform
solution of 1% (v/v) TiCl4 and withdrawn quickly. After that, the
substrate was put on a level platform in a clean environment, and the
hydrolysis of TiCl4 in the water droplets took place within 5 min at
room temperature. The substrates were then dried at room
temperature for 48 h to give ordered TiO2 microarrays. The resulted
TiO2 structures were characterized with scanning electron microscopy
(SEM, Hitachi 4800) and atomic force microscopy (AFM, Agilent
5500). Power X-ray diffraction (XRD) measurements were performed
on a Shimadzu D6000 X-ray diffractometer with Cu Kα radiation.

■ RESULTS AND DISCUSSION

The experimental procedure for the fabrication of TiO2
microarrays is illustrated in Figure 1. First, an alternative
hydrophobic/hydrophilic chemical pattern is defined by the
μCP and self-assembly techniques of thiol-molecules (ODT
and MUA) on gold surface as reported in our previous works
(Figure 1a).1 Water droplets can then be selectively nucleated
onto the hydrophilic regions, i.e., MUA coated areas at 70%
humid atmosphere (Figure 1b). The substrates coated with
water droplets are dipped into the CHCl3 solution of 1% (v/v)
TiCl4. After withdrawing, a thin layer of CHCl3 solution can be
formed on the substrate (Figure 1c). The TiCl4 in the CHCl3
will soon be extracted into the water phase through the CHCl3/
water interface, and start to hydrolyze to give Ti(OH)n. The
hydrolysis reaction is accompanied by release of irritating HCl
smell.28 The sample is then slowly dried in dry air at room
temperature to avoid cracking of the microdots (Figure 1d). In
this process, the water droplets play several roles. First, the
water droplets formed on substrate define the positions of the
final TiO2 microdots. Second, water is the reactant for the
hydrolysis process. Third, each water droplet serves as a
microreactor for the hydrolysis reaction. Because the reaction is
confined in the microreactor, the produced Ti(OH)n structure
follows the shape of the droplet, hence is naturally hemispheric.
Figure 2a shows the typical SEM image of the resulted TiO2

dots. The underplayed chemical pattern consists of round
hydrophilic features of 30 μm in diameter. The obtained TiO2
dots were formed selectively on the hydrophilic areas with
uniform size of 30 μm, which is nearly the same as the feature
size defined by the PDMS stamp used in the μCP step. Despite
the fact that the CHCl3 wets the hydrophobic areas well, the
TiO2 microdots were deposited only in the hydrophilic
domains, confirming that the hydrolysis reaction was confined
in the water droplets. The morphology of the TiO2 dots is
mainly determined by shape and size of the water droplet
template, which can be easily controlled by the chemical
patterns. Figure 2b shows that square shaped TiO2 dots can be

Figure 1. Schematic diagram of the TiO2 microarrays formation by hydrolysis reaction in water droplets: (a) the hydrophobic/hydrophilic
microarray formed by microcontact printing; (b) formation of water droplet arrays; (c) dipping of the substrate into the TiCl4/CHCl3 solution; (d)
solvent evaporation followed by a drying process to give amorphous TiO2. The graph at the center depicts the diffusion of TiCl4 from the CHCl3
phase into the water droplet and then hydrolysis in the droplet.
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obtained when the underlayed chemical pattern contained 25
μm squares. It is noted that the square TiO2 microdots have
curved corners and the size is slightly smaller than 25 μm,
which can be attributed to the shrinking during the drying step.
It is possible to prepare other shaped TiO2 structures by similar
method using PDMS stamps with other structural features,
such as bar and stripe. As we are interested in microlens for
imaging applications, we focused our investigation to the round
shape TiO2 microstructures. Both Figure 2a, b illustrate that the
produced TiO2 dot arrays are highly uniform. Such uniform
array can extend to a centimeter scale area. Figure 2c shows a
large image of a uniform TiO2 dot array with literally no defect.
Shining a 633 nm laser beam through the microarray produced
a regular diffraction pattern (inset of Figure 2c) on the screen,
indicating a long-range ordered of the microstructures on the
substrate.
As mentioned above, the TiO2 dot pattern is defined by the

hydrophobic/hydrophilic chemical pattern on the substrate. As
discussed in our previous works,1,29 such chemical pattern can
also be used to produce a variety of single component or
hierarchical structures using a wide range of materials. Because
the produced hydrophilic TiO2 dots only cover the hydrophilic
domains, the original hydrophobic/hydrophilic pattern still
remains on the substrate after the dot formation process.
Therefore, it is possible to selectively deposit another material
onto the hydrophobic domains, which may be used as a light
blocking or filter layer to increase image contrast. To
demonstrate this principle, we have deposited a fluorescent
organic dye TOPV30 onto the hydrophobic areas. Briefly, the
water droplets were nucleated on the TiO2 domains on the
substrate, and then the substrate was dipped into a TOPV/
CHCl3 solution to form the fluorescent films with order holes
like the method described previously.1 As shown by the
fluorescence microscopic image (Figure 2d), the TOPV
selectively covers the area outside of the TiO2 dots. This

simple experiment illustrates that more complicated pattern
may be formed on the substrates.
Besides using different chemical patterns, the dimension of

the TiO2 microdots could also be tuned by the reaction
conditions, such as precursor concentration. To illustrate the
effects of the TiCl4 concentration, TiO2 microdots were
prepared from TiCl4 solutions with concentrations of 1, 0.5,
and 0.25%, and the substrates were printed with chemical
patterns contain 25 μm hydrophilic squares. Figure 3 shows the

SEM and AFM images of the produced TiO2 microdots. At 1%
TiCl4 concentration, nearly all the hydrophilic squares were
covered by TiO2 and square shaped microdots were produced
(Figure 3a). At relative lower concentrations, such as 0.5 and
0.25%, the TiO2 microdots are all round shape and are smaller
than the underlay squares (Figure 3b, c). The size of the
microdots decreases slightly with the decreases of the solution
concentration. AFM measurements of the TiO2 microdots
(Figure 3d−f) show that the thickness of the microdots
decreases with the TiCl4 concentrations. The AFM profiles
indicate that the microdots are hemispheric shape with smooth
surface morphology, making them good candidate for micro-
lens application. Importantly, the profiles indicate that the dot
curvatures decrease with the decrease of TiCl4 concentration,
so that their optical properties can be tuned by the TiCl4
concentration. We have also tried to prepare the patterns with
much higher (above 5%) or lower concentrations (below
0.1%), but the patterns appeared to have more defects and
required more condition optimization to achieve acceptable
homogeneity. Under our condition, the most reproducible
results appear to be obtained in the concentration range from
0.2 to 2%.
The TiO2 microdots were obtained by slowly drying process

at room temperature, therefore, no crystallization was expected.
The amorphous TiO2 can be converted into crystallized state
by calcinations at high temperature. Figure 4 shows the X-ray
diffraction (XRD) patterns of the as prepared microarray and
the sample calcinated at 450 °C for 3 h in air. The as prepared
sample presents no obvious peak, indicating the amorphous

Figure 2. SEM images of the obtained TiO2 microarrays by the
localized reaction in droplets. (a) The stamp feature is 30 μm round
shape; (b) the stamp feature is 25 μm squares; (c) large area TiO2
structures obtained by 16 μm round pattern stamp and the diffraction
image when a laser irradiated through the micropattern substrate
(inset of c); (d) fluorescent image of the TOPV films formed on the
TiO2 microarrays.

Figure 3. SEM and AFM images of the TiO2 arrays obtained by the
TiCl4 concentration of (a, d) 1, (b, e) 0.5, and (c, f) 0.25%,
respectively.
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structure as expected. In contrast, a series of sharp and intense
diffraction peaks of 2θ appeared after calcinations, which are
corresponding to the diffraction crystallized face of anatase
TiO2. This result reveals that the amophous TiO2 was
transferred to anatase phase after high temperature calcina-
tions.31 Unfortunately, calcinations result in the detachment of
the microdots from the surface, probably due to the thermal
induced deformation of the very thin gold layer. Therefore, we
only use the as prepared samples in the following optical
characterization.
To demonstrate the possible optical applications of the TiO2

microarray for light focus, projection experiment was
performed with an optical microscope (Nikon Eclipse 80i) as
depicted in Figure 5. The TiO2 microarray was fixed on the
sample stage and illuminated with white light through a
projection photomask. The distance between the stage and the
photomask was set to 20 cm. The substrate deposited with a
very thin layer of Cr/Au (2/10 nm) is transparent to light. The

photomasks containing different features were made by cutting
a black plastic film. The light passing through the photomask
was focused by the microlens of the TiO2 arrays to project
miniaturized images of the photomask pattern on a phase plane.
The projected image was captured through the camera fixed on
the objective lens of the microscope.
The projected image was achieved by the light focus property

through the microlens, which results the difference of optical
intensity on the phase plane between the image domain and the
background. Figure 6a is a typical optical image of the
pentagram after projection through an array with 25 μm
diameter microlens. It is clear observed that the image
possesses the same geometry with the pattern geometry of
the photomask. The projected images in the entire substrate by
each lens have nearly the same size and resolution, indicating
the high uniformity of the optical properties of the microlens
arrays. The distance between each adjacent vertex in the
pentagram mask is 13 mm, which distance in the generated
image is around 12.5 μm. Thus, the reduction archived by this
microlens is above 1000 times, which is similar to the reduction
ability of the microlens produced by the resist flow method.12

Taking advantage of the difference in grayscale, the projected
image could be mapped with a 3D profile (Figure 6b), which
suggests that the image quality is highly uniform. Similarly,
other patterns could also be projected by this microlens arrays
by changing the patterns on the photomasks. For example,
cross patterns were clearly imaged with good contrast (Figure
6c). The Figure 6a−c clearly indicates that the microlens array
has a strong focusing capability to white light.
The optical properties (e.g., focal length) of the microlenses

were mainly determined by the size and curvatures of the
hemisphere. To demonstrate the feasible control of the optical
properties by the sizes of the microlens, arrays with feature sizes
of 25, 50, and 60 μm were prepared with the same TiCl4
concentration of 1% (Figure 6d). All the arrays show good
imaging quality. When a photomask with line width of 2 mm
was used, the widths of the projected images were 1.8, 4.5, and
6.1 μm for the 25, 50, and 60 μm microlens, respectively. The
reduction time decreases with the increase of the microlens
diameter, which is attributed to the smaller curvature with the
larger diameter microlens. Furthermore, these microlens arrays
are stable in air for several weeks without degradation of the
imaging capability.

■ CONCLUSION

We have demonstrated a simple and highly efficient method to
produce TiO2 microlens arrays by controlled hydrolysis in
water droplet microreactors. In comparison with the previous
patterning process, the new method reported herein presents
several attractive features. First, the size, shape and filling
density of the microlens array could be easily tuned by the
chemical patterns and the hydrolysis conditions. Second, the
water droplets serve as the template for the microlens
formation so that ideal hemispheric shape can be readily
obtained. Third, no heating procedure is required in the whole
process, so that this strategy may be applied to wide range of
substrates and materials. Therefore, it is believed that this facile
method could find wide applications in high-performance
optoelectronic devices and biosensors.

Figure 4. XRD patterns of the as prepared TiO2 samples and after
calcination at 450 °C for 3 h.

Figure 5. Scheme of the image projection by the microlens and the
path of light from the lamp to the phase plane.
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