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ABSTRACT: Lens-shaped microstructures on solid surfaces are important for a
variety of applications, such as enhanced water harvesting, super-resolution imaging,
and antireflection. Here the formation of polymeric microlenses with tunable contact
angles based on an Ouzo effect is reported. In this process, water is added into a
binary toluene/ethanol solution in contact with a polystyrene (PS) thin film. The
dilution by water leads to spontaneous formation of toluene microdroplets due to the
reduced solubility of toluene in the ternary liquid mixture (i.e., the Ouzo effect). PS in
the thin film is dissolved into the toluene droplets. However, the droplets containing
PS and toluene are not stable against dissolution, and eventually toluene dissolved
into the surrounding ternary mixture. PS in the droplets is left on the substrate,
forming microlenses on the supporting glass substrate. The size and density of PS
lenses are influenced by PS film thickness and toluene concentration in the
surrounding liquid. The contact angle of PS microlens could be varied through a
thermal reshaping method. As demonstration for potential applications, the results show that the as-prepared microlenses can
improve the spatial resolution of a standard upright optical microscope.

■ INTRODUCTION

Lens-shaped microstructures on solid surfaces have numerous
applications, such as surface antireflective coatings,1 bioimag-
ing,2 data storage,3 optical lithography,4 ultraprecision
positioning,5,6 optothermal conversion,7−9 and surface-en-
hanced Raman scattering.10 Remarkably, recently it has been
demonstrated that microlenses are able to overcome the
diffraction limit and hence improve the resolution of optical
imaging systems.11−13 Microlenses can be fabricated either
individually or in batches. Individual lenses can be fabricated
through crystal growth,11 thermal reflow,14 and suspension
polymerization.12 To increase the fabrication efficiency,
methods are developed to produce microlenses in batches,
such as dewetting of polymer films,15−19 inkjet printing,4,20

surface wrinkling,21 laser swelling,22 and photopolymerization
of monomer precursor droplets.1,23−25 In the surface wrinkling
and laser swelling methods, the polymeric films are deformed
(wrinkling and swelling) to generate microlenses.21,22 It is
difficult to guarantee a regular spherical cap shape. In the inkjet
printing method, the solvent droplets with dissolved microlens
materials are first transferred onto sample surfaces. Microlenses
are formed after the solvent is evaporated. However, the
evaporation of liquid leads to an irregular shape of the
fabricated microlenses.4 To improve the sphericity of the

fabricated microlenses, photopolymerization can be directly
used to convert the monomer precursor droplets into solid
microlenses by a process which is termed as the Ouzo
effect.26−28

Contact angle is an important parameter in the preparation
of microlenses. In previous work, the wettability of the
substrates or the surrounding medium could be varied to
adjust the contact angles of microlenses fabricated by
polymerization of precursor surface nanodroplets.29 In these
studies, the droplets were formed by the solvent exchange, a
process that relies on the Ouzo effect. The contact angles of
the obtained nano/microlenses were usually from 9° to 90°
due to the low contact angle of stable precursor droplets on the
surface. By a complementary method based on the polymer
film dewetting, the microlens size was controlled by polyer film
thickness, and the contact angle could be tuned through
controlling the reaction time.18 It is also reported that the
polymeric lenses will spread out after annealing them above
their glass transition temperature.15,17 Inspired by the
annealing method in the dewetting-based microlens fabrication
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method, contact angles of microlenses are supposed to be
continuously tuned by control temperature. This conjecture
will be later verified in this work.
In this study, we propose a novel process for producing

microlenses with well-controlled contact angles. The process is
based on the Ouzo effect where toluene microdroplets
spontaneously form in a ternary mixture of ethanol−water−
toluene. The surface toluene droplets dissolve a PS film,
resulting in the formation of toluene−PS droplets. The
transient toluene droplets redissolved into the surrounding
liquid, and the toluene−PS droplets were converted into PS
lenses. The mechanism of lens fabrication will be explored,
together with the approaches of systematically tuning the size,
density, as well as contact angles of the microlenses. Compared
to the polymerization of precursor surface nanodroplets, our
method can fabricate microlenses with much higher contact
angles from 50° to 125°. As a result, a larger magnification
factor can be obtained with the microlenses which have larger
contact angles for enhanced optical imaging.12 Moreover, both
size and density of microlens can be tuned by adjusting
polystyrene thickness and toluene concentration, offering
controllability of microlenses with respect to their sizes and
densities. We further demonstrated that the microlenses with
the well-defined spherical-cap-like shape can be used to achieve
enhanced imaging performance in an optical microscope.

■ EXPERIMENTAL SECTION
Preparation of PS Films. Glass slides of 1 cm × 1 cm were

taken as substrates. They were first cleaned in sonication bath
of acetone and ethanol for 30 min, followed by the 5 min
sonication bath of deionized water three times. To get PS films
with different thicknesses, PS particles (molecular weight 350
000, Sigma-Aldrich) were dissolved into toluene with different
concentrations of 0.25%, 0.5%, 1%, 2%, 3%, and 5% (weight).
After that, PS/toluene solution was spin-coated onto glass
slides at speeds of 1500, 2000, 2500, 3000, 3000, and 3000
rpm, respectively. After that, the PS films were put into an oven
(DZF, LICHEN, China) at 40 °C for 4 h to remove the
remaining toluene.
To get the thickness of the PS films, atomic force

microscopy (AFM) tips were first used to scratch PS films.
The scratched PS films were then scanned using a tapping
mode AFM. The PS film thickness was obtained through cross-
sectional profiles of the AFM height images containing the
scratches. The measured PS film thickness is 18.0, 38.0, 77.0,
102.0, 179.0, and 234.0 nm for PS concentration of 0.25%,
0.5%, 1%, 2%, 3%, and 5%, respectively.
Fabrication of PS Lenses. PS films were first immersed in

200 μL toluene/ethanol mixture solution in a Petri dish with a
diameter of 2 cm, and then 40 μL deionized water was added
into the mixture solution. After the PS lenses were formed, the
glass substrates were then removed from the toluene/ethanol/
water solution. After that, the substrates were rinsed with water
and then sonicated in a water bath for 15 min to remove the
weakly attached polymer particles. As shown in the solubility
phase diagram (Figure 1) of ethanol, toluene, and water, which
was redrawn from Monica B. and Carlos M. (2003),30 the
initial component ratios in this study were located in the one-
phase region to ensure that the generated toluene droplets will
gradually dissolve into the surrounding medium.
Morphological Characterization of Microlenses. An

inverted optical microscope (IX 73, Olympus, Japan), an
atomic force microscope (AFM, Resolve, Bruker, USA), and a

scanning electronic microscope (SEM, proX, Phenom, Nether-
lands) were used to characterize microlenses. The optical
microscope images are used to study the dynamic process of
microlens formation, associated with a high-speed camera
(EoSens 3CL, Mikrotron, Germany). For the optical images, a
home-designed image segmentation program was applied for
image processing.7,8,31 From the program, the size and density
of microlenses can be automatically extracted. Tapping mode
AFM was used to characterize the microlenses in a three-
dimensional manner. From AFM images, the contact angle and
volume of microlenses can be obtained. The side views SEM
images were also used to compare the contact angle
measurement results from AFM images.
Since the originally fabricated microlenses have contact

angles over 90°, the region of microlenses close to the contact
line with sample substrate cannot be scanned by AFM tips
(Figure 2a).17 Therefore, the portion of microlens profile

above its center is fitted as circular shape. From the fitting
result, radius of curvature R, the height H, and radius of
contact line w can be obtained. The contact angle θ and
volume V can then be given as

R H
R

cos θ = −
(1)

and

Figure 1. Solubility phase diagram of ethanol, toluene, and water, and
the mutual miscibility curve at 30 °C (redrawn from Monica B. and
Carlos M. (2003)30).

Figure 2. Cross-sectional profile of the lens from the AFM image. (a)
When the lens contact angle is more than 90°, the data points above
the center of the lens are used to get radius of curvature R and contact
angle. (b) When the lens contact angle is less than 90°, the contact
angle and radius of curvature of the lens can be directly obtained by
fitting the entire cross-sectional profile as a circular arc.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b00587
J. Phys. Chem. C 2019, 123, 14327−14337

14328

http://dx.doi.org/10.1021/acs.jpcc.9b00587


V R H H
3

(3 ) 2π= − ×
(2)

When the lens contact angle is less than 90°, the height H

and radius of contact line w can be directly obtained through

the cross-sectional profiles, as shown in Figure 2b. The radius

of curvature of microlenses can then be given as

R
w H

H2

2 2
= +

(3)

■ RESULTS AND DISCUSSION

Process of PS Microlens Formation. The experimental
procedure for the PS microlens fabrication is shown in Figure

Figure 3. Illustration (a−d) and corresponding optical images (e−h) along with the formation of microlenses using the proposed transient toluene
droplet approach. A PS film on a glass substrate (a, e) was first immersed into toluene/ethanol solution. A drop of water was then added into the
solution (b, f). Toluene/PS droplets were first generated onto glass surface (c, g). After toluene dissolved back into the surrounding binary solution
again, PS lenses were generated at the toluene/PS droplets position (d, h). (Scale bars: 50 μm.).

Figure 4. Three types of droplet nucleation on a sample surface after a drop of water was added into toluene/ethanol solution. (a) A nucleated
toluene droplet attached PS film, dissolved the film, and formed a toluene/PS droplet, followed by the formation of a PS lens. (b) Toluene/PS
droplets formation through PS film rupturing induced by a toluene film. The droplets were also eventually converted into PS lenses after the
toluene was redissolved into the bulk solution. (c) A pure toluene droplet attached on the bare glass substrate and eventually disappeared again
after the toluene was redissolved into the bulk solution. No lens was observed. The beginning of time in all the sequential images is the moment
when the water was added (scale bars: 10 μm.)
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3. Figures 3a−3d depict the schematic diagram of the lens
fabrication process. The corresponding optical images are
shown in Figures 3e−3h. A smooth PS film on a glass substrate
was first prepared using spin-coating method (Figures 3a and
3e). The PS film was then immersed into a toluene/ethanol
solution. After a drop of water was added into the solution,
toluene droplets were then nucleated on the sample surface
immediately (Figures 3b and 3f). The nucleated toluene
dissolved the PS film, leading to the formation of toluene/PS
droplets (Figures 3c and 3g). Meanwhile, toluene, ethanol, and
water were gradually completely mixed in the bulk solution.
Toluene in the toluene−PS droplets dissolved into bulk
solution again, with the PS microlenses left on the glass
substrate (Figures 3d and 3h). For details of the process, please
refer to Video 1 in the Supporting Information.
We found that droplets on the surface originated from three

different sources. The first one is the direct nucleation of
toluene droplets on the sample surface, as shown in Figure 4a.
In this case, toluene droplets nucleated in liquid and attached
on the PS film. The PS film was then dissolved by the droplets,
and interfacial toluene/PS droplets were generated. After
toluene was dissolved into solution, PS lenses were formed at
the same positions where toluene/PS droplets were located.
This kind of lenses is referred to as toluene droplet generated
lenses. In the second case, PS film was ruptured, but no
obvious toluene droplets were observed (Figure 4b). PS film
first became a network structure. Branches were then coalesced
to form droplets. It is believed that a toluene film nucleated on
the PS film induced the rupture of the PS film. This process is
different from the dewetting-caused lens formation, as reported
somewhere else.15

In the dewetting-caused lens formation, the instability of
polymer films is induced by high temperature or a specific
solvent. After that, the films were turned into network
structures and microlenses were eventually generated, which
are referred to as toluene film generated lenses. However, in
this study, the droplets formed through the rupture of PS films
are actually the mixture of toluene and PS. This can be seen
from the fourth and fifth images in Figure 4b. After the droplet
were formed, they gradually shrank because of the dissolution
of toluene back to the bulk solution.
The third case is the nucleation of pure toluene droplets on

the glass substrate (Figure 4c). After PS film was dissolved on
the surface, toluene droplets continued to nucleate on the glass
surface. As a result, pure toluene droplets were generated. With
time they dissolved again into surrounding solution and no
lenses left.
Morphology of PS Microlenses. SEM and AFM scanning

was used to characterize the obtained PS lenses. For a lens
shown in Figure 5a, its SEM and AFM images are shown in
Figures 5b and 5c, respectively. From the side view SEM
image, a contact angle of 100° was obtained. The measured
contact angle is exact the same as the value measured from the
cross-sectional profile of the AFM image (Figure 5d). Since in
SEM scanning only the lenses near the edge of sample
substrates can be used for morphological characterization,
AFM images were mainly applied for morphological character-
ization of the microlenses.
Experimental results show that the size of PS lenses is

directly correlated with that of microdroplets, as shown in
Figure 6a. In the figure, the red areas correspond to that of
microdroplets. The yellow and blue areas correspond to that of
microlenses fabricated by toluene droplets and toluene films,

respectively. The size correlation between PS lenses and PS/
toluene droplets is shown in Figure 6b. One can see that the
radii of lenses linearly increase with that of droplets. The
prefactors of the two least-squared fitted lines are 0.78 and 0.71
for the toluene film and toluene droplets generated lenses,
respectively. The universal linear dependence between lenses
and droplets radius indicates that the concentration of PS in

Figure 5. Morphological characterization of microlenses: (a) Optical
image of a PS lens on a glass substrate (scale bar 5 μm). (b) Side view
SEM image of the PS lens, indicating a contact angle of 100° and
spherical-cap-like shape of the lens (scale bar 2 μm). (c) Tapping
mode AFM image of the lens. (d) Cross-sectional profile of the lens
from the AFM image. By fitting the curve as a circle, a contact angle of
100° was obtained, which is consistent with the result obtained with
the SEM image.

Figure 6. Correlation of droplet and lens size. (a) Overlapped binary
image of segmented droplets and lenses (scale bar 50 μm). Red areas
correspond to initially nucleated microdroplets, and the yellow and
blue areas correspond to microlenses generated by direct-deposited
microdroplets and toluene film, respectively. (b) Size dependence of
microlenses and microdroplets for microlenses generated by the two
approaches. It shows a close linear dependence of 0.78 and 0.71. (c)
Size dependence of microlenses generated in solutions with different
toluene concentration. The obtained linear dependences are 0.75 and
0.78 for toluene concentration of 5% and 8%, respectively. (d) Size
dependence between microlenses and microdroplets for PS films with
different thickness. The corresponding values are 0.78 and 0.77 for PS
films of 77 and 38 nm, respectively. The universal dependence
between the radii of toluene/PS binary droplets and micro PS lenses
implies that the PS concentration in toluene/PS droplets remain
constant for all binary droplets.
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toluene droplets is close to a constant value, regardless the size
of droplets.
Mechanism of PS Microlens Formation. To verify the

constant PS concentration in toluene/PS droplets, experiments
were conducted with different toluene concentrations in
toluene/ethanol solution and different thicknesses of PS
films, as shown in Figures 6c and 6d, respectively. The results
show that the linear dependence between the size of the
microlenses and that of microdroplets is independent of
toluene concentration in toluene/ethanol solutions and PS film
thicknesses. The prefactors of the linear fitting curves are 0.77
and 0.75 for toluene concentration of 5% and 8%, and 0.78 and
0.77 for PS film thickness of 38.0 and 77.0 nm, respectively.
This implies that the concentration of PS in toluene/PS
droplets is a constant value, regardless of the toluene

concentration and PS film thickness. Moreover, it implies
that the size of microlenses can be tuned by adjusting the size
of microdroplets.
According to the above analysis, one can see that the process

of microlens formation consists of three key steps, as illustrated
in Figure 7. The first step is the precipitation of toluene
droplets from toluene/ethanol solution. In the initial binary
mixture solution, toluene is uniformly mixed with ethanol, and
the PS film remains intact (Figure 7a). After water is added, it
first forms a ternary mixture. Since the water is not well mixed
initially in the ternary solution, this causes local oversaturation
of toluene due to the Ouzo effect.27,32 As a result, toluene is
precipitated and toluene droplets are nucleated (Figure 7b).
In the second step, the precipitated toluene droplets or film

attaches on the sample surface and directly dissolves the PS

Figure 7. Schematic diagram of the process of the microlens formation. The PS film remains intact in the initial toluene/ethanol binary solution
(a). The addition of water will cause local oversaturation of toluene and hence the nucleation of toluene droplets (b). The deposited toluene
droplets on sample surface will dissolve PS film (c) and result in the formation of PS/toluene droplets on the sample surface (d). After that, the
toluene gradually dissolves into the bulk solution with shrinking PS/toluene droplets (e), and eventually PS lenses are left on the sample surface (f).

Figure 8. Tuning of microlens size and density by changing PS film thicknesses. (a−f) Size distribution of the PS lenses obtained on samples with
PS film thickness of 18.0 (a), 38.0 (b), 77.0 (c), 102.0 (d), 179.0 (e), and 234.0 nm (f). The insets are optical microscope images of the lenses
(scale bars: 50 μm). (g) Correlation between lens radius and PS film thickness. The lens radius increases with PS film thickness. (h) Correlation
between lens density and PS film thickness. The lens density N decreases with PS film thickness h, following a relationship of N ∝ h−2. (i) Volume
correlation between the PS lenses and PS films. The total volume of PS lenses is exactly the same as that of the PS films within a certain area.
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film (Figure 7c). This leads to the formation of toluene/PS
binary droplets on the substrate (Figure 7d). The third step is
the redissolution of toluene into the toluene/ethanol/water
ternary solution. After the water is well mixed in the ternary
solution, toluene will be redissolved. As a result, the toluene/
PS binary droplets gradually shrink with time (Figure 7e).
Eventually, the PS lenses are formed on the substrate (Figure
7f). For some toluene droplets which attach the sample
substrate after the PS film is dissolved, they become pure
toluene droplets. Eventually they completely disappear.
What is the reason for the constant PS concentration in the

toluene/PS droplets, regardless of toluene concentration in the
toluene/ethanol binary solution and PS film thickness? We
believe that the PS is saturated in the toluene/PS droplets.
Right after toluene is deposited on the sample surface, the
dissolution of PS film will occur. At the beginning of PS
dissolution, there is not enough toluene to dissolve all PS film
on the sample surface. As a result, in the toluene/PS droplets,
PS remains saturated. With time, more and more toluene
deposits on the sample surface and PS are gradually total
dissolved. Additionally, it is reported that in the Ouzo effect,
the nucleated droplets are covered by a water thin film.33 The
water film acts as a shield and prevents coalescence of the
following nucleated toluene droplets. As a result, the PS
concentration in the saturated toluene/PS remains saturated.
In the above proposed method, the toluene/PS micro-

droplets were formed by slow adsorption of dissolved toluene
into the PS film, and shortly after, the fast nucleation and
growth of droplets for oversaturated toluene that leads to
dissolution of PS films into the droplets. The slowly adsorbed
toluene may lead to the instability of the PS film. The
subsequently formed toluene droplets take in PS and form
binary toluene−PS droplets. From the experiments, we found
that two factors are important for the final formation of
microlenses. One is the dissolution of the PS films at solid−
liquid interfaces. The other is the high concentration of PS in
toluene/PS microdroplets. To verify this, two other experi-
ments were applied. In the first one, ethanol was directly added
to the toluene/PS solution. The experimental results show that
the dissolved polystyrene precipitated right away and no
surface PS microlenses were observed. That is because the
addition of ethanol in the toluene/PS solution dramatically
decreases the solubility of PS in the solution. No toluene/PS
droplets were nucleated at the solid−liquid interfaces.
In the second experiment, a PS-coated glass substrate was

first immersed into a toluene/ethanol solution. Then a larger
amount of water was added to the mixture solution, and stable
toluene/PS droplets were generated on the glass substrate.
After that ethanol was added into the mixture solution to
remove the toluene in PS/toluene droplets, and PS micro-
lenses can be obtained after toluene was extracted. However,
the obtained microlenses had very rugged surfaces, possibly
due to the facat that the large amount of water led to excessive
toluene droplet nucleation. The PS concentration in the
obtained toluene/PS droplets was much lower than that of the
saturated value. The lower concentration of PS makes it
difficult to generate compact microlenses with smooth surface
due to the pinning of the droplets while toluene was
redissolved into the solution. The process is similar to the
process of a drying polymer solution34 and evaporation of
picoliter droplets with colloidal particles.35

Tuning of Size and Contact Angle of PS Lenses. Figure
8 demonstrates the different size distribution of lenses

produced by changing PS film thicknesses under the same
toluene concentration in the toluene/ethanol binary solution.
When the PS film thickness increases from 18.0 to 234.0 nm
(Figures 8a−8f), the radius of PS lens linearly increases. The
averaged radius of lenses increases from 1.0 to 7.6 μm, as
shown in Figure 8g. Moreover, the density of microlenses N
(unit: mm−2) rapidly decreases from about 6 × 103 mm−2 to
about 140 mm−2 with increasing PS film thickness h, following
the N ∝ h−2 relationship, as indicated by the solid fitting curve
in Figure 8h.
The −2 power law dependence of the microlens density on

PS film thickness is due to mass conservation of PS molecules
during microlens formation. Since PS lenses are spherical-cap-
shaped, the volume of a microlens can be given as

V R
3

(2 cos )(1 cos )lens
3 2π θ θ= + −

(4)

where R is the radius of curvature of microlenses and θ is the
contact angle of lens. The total volume of all lenses in an area
can be approximately given as

V N S Vlens lens∑ ≈ × × ̅ (5)

where S is the area of sample surface and V̅lens is the average
volume of microlenses.
The volume of PS film Vfilm before microlens formation is

given as

V S hfilm = × (6)

Since the mass is conserved, ∑Vlens and Vfilm are supposed to
be equal to each other. By combining eqs 4−6 and ∑Vlens =
Vfilm, the density of microlenses on the sample surface can be
given as

N
h

R
3

(2 cos )(1 cos )3 2π θ θ
=

+ − (7)

From the result in Figure 8g, since the radius R has a linear
dependence with PS film thickness, namely, R ∝ h, the lens
density N and PS film thickness h obey the following
relationship:

N h 2∝ − (8)

which is consistent with the experimental result shown in
Figure 8h. Since all PS films are converted into lenses, the total
volume of PS molecules is supposed to be conserved during
the fabrication process, which is experimentally verified. Within
the imaging areas shown in Figures 8a−8f, we obtained a linear
dependence of 1.09 between the volume of PS lenses and that
of PS films, as shown in Figure 8i. This indicates that the total
volume of the obtained PS lenses is approximately the same as
that of the continuous PS films.
From above analysis, one can see that the size of the

generated microlenses increases with the polystyrene film
thickness. We relate the increased microdroplet size with
increasing PS film thickness to dewetting of PS film induced by
the initially adsorbed toluene before toluene is oversaturated
and forms droplets. The absorption of toluene by PS leads to
the rupture of PS film into domains. The thicker the PS film is,
the larger the mass is in a domain. The eventual dissolution of
toluene from the droplets results in larger lenses. Meanewhile
as revealed by Seemann et al.,36 a PS film with a larger initial
thickness increases the characteristic wavelength of the
rupturing films. As a result, both toluene/PS droplets size
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and the distance between adjacent droplets increase.17 As
revealed in our experiment, the PS concentration in toluene/
PS droplets remains constant (Figure 6). The nucleated
toluene/PS droplets on sample surfaces with higher PS
thickness can absorb more toluene until PS reaches its
saturation concentration level in the toluene/PS droplets.
Accordingly, the size of the eventually obtained microlenses
increases with PS film thickness.
Besides PS film thickness, toluene concentration can also be

used to tune the size and density of microlenses, as shown in
Figures 9a−9d. For PS films with the same thickness of 77.0

nm, the averaged microlens radius increases from 1.4 to 4.3 μm
when the toluene concentration increased from 2% to 20%
(Figure 9e). Meanwhile, the density of microlenses decreases
from about 16 × 103 to 240 mm−2. From the results, we can
see that the averaged microlens radius roughly has a linear
dependence with the toluene concentration. Such dependence
is attributed to two coupled effects: the amount of adsorbed
toluene by PS film and the size of formed toluene droplets for
different toluene concentrations. In the Ouzo effect, the mean
size of generated oil droplet is smaller and the size
polydispersity is narrower at a lower oil concentration due to
the nucletion and growth mechanism established by Katzl et
al.33 In brief, the concentration of toluene limits the number of
nucleation sites and the subsequent diffusive growth of toluene
droplets. Taking above two facts into account, one can expect
that smaller toluene droplets will lead to smaller surface PS/
toluene droplets and eventully form lenses with smaller size
and reduced polydispersity.
From above two experiments, one can see that both PS

thickness and toluene concentration can be used to tune
density and size of microlenses. Here we investigated how the
PS lens size and density change when controlling the PS film
thickness and toluene concentration at the same time. The
investigation is important since it can lead to the controlled
fabrication of PS lenses. The averaged radius and density of
lenses as the functions of PS film thickness and toluene
concentration are presented in Figure 10. Clearly, the averaged
radius of the microlenses monotonically increases with
increasing toluene concentration and PS film thickness (Figure
10a). Regarding density, the results show that it rapidly
decreases with increasing PS thickness and toluene concen-
tration, as shown in Figure 10b. These correlations may be
used to predict the size and density of the fabricated polymeric
microlenses.
The generated microlenses were heated with controlled

temperature to tune their contact angle. When polymers are
heated above their glass transition temperature, a reversible
transition from their hard and glassy state into a viscous or
rubbery state will happen.37 The glass transition is accom-
panied by the change of contact angle.15 Here the contact
angle of the PS lenses was tuned through keeping the
microlenses in a controllable temperature higher than the glass
transition temperature.
Microlenses were characterized by using a tapping mode

AFM to measure their contact angles. Figures 11a−11c show
the raw AFM image of obtained microlenses before and after
heating at 135 and 170 °C, respectively. The insets in Figures

Figure 9. Tuning of PS lens size and density by changing toluene
concentration with the same PS film thickness of 77.0 nm. (a−d) Size
distribution of PS lenses with toluene concentrations of 2% (a), 5%
(b), 10% (c), and 20% (d) (scale bars 5 μm). The radius of PS lenses
increases with toluene concentration. The insets are optical
microscope images of the PS lenses. (e) Correlation of the mean
value of microlens radius with toluene concentration. The size linearly
increases with toluene concentration. (f) Correlation of microlens
density with toluene concentration. The density decreases with
toluene concentration.

Figure 10. (a) Averaged radius of microlenses as a function of PS film thickness and toluene concentration. The averaged radius increases with the
PS film thickness and toluene concentration. (b) Lens density as a function of PS film thickness and toluene concentration. The lens density
decreases with PS film thickness and toluene concentration.
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11a−11c show the comparison of the 3D images of a lens
marked by an arrow. The cross-sectional profiles of the
selected microlens with fitted circular arcs38 are shown in
Figure 11d. Clearly, the contact angle decreases with increase
in the reshaping temperature.
To tune contact angles of microlenses continuously, 11

different temperatures from 100 to 170 °C were applied. The
contact angle as a function of applied temperature is shown in
Figure 11e. The result shows that the contact angle decreases
from about 125° to about 50° when the temperature increases
from 110 to 150 °C. During the process, we also found that the
total volume of PS molecules is conserved. The contact angle
as a function of the radius w of the contact line is shown in
Figure 11f. The measured data points were then fitted with the
inset equation of lens volume assuming the constant volume is
conserved during tuning. For each lens, the measured values of
contact angle can be well fitted with the equation. This implies
that the θ and w follows exactly the relationship determined by

the equation V w (2 cos )(1 cos )
3sin

2 2

2= π θ θ
θ

+ − under constant volume

assumption.
Enhancement of Optical Imaging with PS Micro-

lenses. The schematic of the imaging enhancement is shown
in Figure 12a. The microlens sample was placed between an
objective lens (NA/0.55) of 50× magnification and a DVD
disk in an upright optical microscope (BX51, Olympus, Japan).
The imaging resolution can then be enhanced through the
fabricated lenses.
The DVD disk was first scanned by the tapping mode AFM.

The obtained pitch distance is about 340 nm, as shown in
Figure 12b. After that, the sample was imaged under the
optical microscope at wavelength of incident illumination λ =
405 nm. Figure 12c shows an optical image of the DVD disk
without microlenses. In the image, four track pitch gives about
2.9 μm, which is very close to the value measured by the AFM.
Additionally, in the optical image, one can barely see the
groove structures of the DVD disk due to the low imaging
resolution.

The DVD disk was further imaged with the fabricated
microlenses of 15 μm in diameter with the contact angle about
50° and 30 μm in diameter with the contact angle about 115°,
as shown in Figures 12d and 12e, respectively. The insets in
the two figures are the enlarged images of areas with the same
length scale as Figure 12c. Both cases provide improved
imaging quality with well-recognized grooved structures,
compared with the image obtained without microlenses.
Moreover, the distance of four track pitches increases to 4.0
μm in Figures 12d and to 5.2 μm in Figure 12e. This
corresponds to an extra magnification of 1.4 and 1.8 for the
two microlenses, respectively.
Moreover, the imaging resolutions for images shown in

Figures 12c−12e were evaluated. Because the image generated
by a microscope is the convolution of a point-spread function
(PSF) and the object intensity distribution function, the
resolution of a microscope with microlenses can be evaluated
through corresponding PSFs of imaging systems.39,40 As what
was done in somewhere else,39 here the rectangular-shaped
cross-sectional profiles of the DVD tracks were taken as the
references to extract corresponding Gaussian PSFs for different
imaging systems. According to Houston’s criterion,40 the full-
width at half-maximum (fwhm) of the PSF was taken as the
imaging resolution. Figures 12f−12h show three cross-
sectional profiles obtained from Figures 12c−12e and the
fitting results. Imaging resolutions of l/0.9λ, l/1.7λ and l/1.9λ
are obtained for the microscope without microlenses and with
two microlenses with different contact angles of 50° and 115°,
respectively. It clearly shows that the fabricated PS lenses
improve imaging resolution. Additionally, microlens with the
higher contact angle provides a larger magnification compared
with the microlense with the lower contact angle, given the fact
that the size of microlenses does not influece magnification of
optical imaging.13,29 This is consistent with a recently reported
result that the increasing contact angle favors optical imaging
and reaches the optimized performance at around 125°.12

Figure 11. Tuning of contact angle through thermal reshaping method. (a−c) Tapping mode AFM image of microlenses on a glass substrate before
thermal reshaping, at 135 and 170 °C for 30 min, respectively (scale bars: 5 μm). (d) Cross-sectional profiles of a microlens marked by arrows in
(a−c). The dotted curves are least-squared fitting results by taking the cross sections as spherical caps. (e) The contact angle of microlenses as a
function of heating temperature. Contact angle first decreases with the temperature and remains constant after 150 °C. (f) Contact angle as a
function of the radius of microlens foot print. The solid curves are obtained by fitting the data points using the inset equation of lens volumes.
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■ CONCLUSION

In summary, we demonstrated a simple approach to fabricate
PS microlenses using transient droplets in a ternary solution.
By addition of water into a binary toluene/ethanol solution,
toluene droplets spontaneously formed on a solid coated with
PS films immersed in the solution. The nucleated toluene
droplets dissolve PS film and form PS/toluene mixture
droplets. As the toluene in the mixture droplets was extracted
into the surrounding ternary solution, PS microlenses were
created on the supporting glass substrate. By adjusting PS film
thickness and toluene concentration in the toluene/ethanol
binary solutions, both size and density of the microlenses can
be well controlled. Moreover, contact angle of microlenses was
continuously tuned in the range of 50°−125° by curing
microlens-decorated surfaces at different temperature. The
obtained microlenses can increase the spatial resolution of an
optical microscope by 1.4- and 1.8-folds with two microlenses
with the contact angle of 50° and 115°. The proposed process

is easy to be conducted and exhibits good controllability of
surface microlenses, which is of significance for microlens-
related applications.
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