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 An optical lens [  1–6  ]  cannot resolve features smaller than ca. 
half of a wavelength due to the Abbe diffraction limit. [  7  ]  Sev-
eral efforts to this date have been pursued to overcome the 
diffraction limit using various approaches including lensing 
effects driven by surface-plasmon excitation [  8–11  ]  and fl uores-
cence microscopy with molecular excitation. [  12  ,  13  ]  However, 
the widespread use of these methods has been limited in part 
due to complex fabrication or pretreatment steps. Alternatively, 
it has been recently demonstrated that a spherical micro-lens 
shows remarkable short focal length, leading to sub-diffraction 
limit optical imaging property without complex fabrication or 
additional process. [  14–18  ]  In these works, a thin individual sub-
micrometer lens formed by chemical growth [  14  ,  15  ]  or refl ow [  16  ,  17  ]  
or a spherical polymer bead [  18  ]  was placed on a target substrate, 
thereby resolving features beyond the diffraction limit. These 
microscale lens magnifi cation systems enable facile approaches 
to high-resolution optical imaging at very low intensities as 
well as new applications to bio-imaging, near-fi eld lithography, 
optical memory storage, light harvesting, and optical nano-
sensing. [  14  ]  

 Although microlens demonstrated potential for overcoming 
the diffraction limit, current fabrication methods for the micro-
scale lens have several shortcomings, in that the preparation 
process is relatively complex due to multiple steps, and there 
is a lack of controllability over the shape and array formation 
of lens. Furthermore, transferring and positioning of micro-
lens on a specifi c target had been challenging. Even though 
conventional inkjet printing method is widely used for forming 
an array of liquid droplets, which could be a form of liquid 
lens, it is impossible to make micro- to nanoscale lens due to 
evaporation. [  19  ]  Herein, we report a new strategy to produce an 
array of microlens with various dimensions (diameter range: 
481 nm–15.5  μ m) and confi gurations (contact angle: 9.8 ° –90.9 ° ) 
using an optically transparent UV-curable polymer. Specifi cally, 
we formed the microlens array directly by transferring polymer 
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droplets to a target substrate via the modulation of surface 
energy. By using our transferring method, nanoscale gaps as 
small as 130 nm were resolved under an optical microscope, 
demonstrating imaging resolution beyond the diffraction limit. 

 A schematic diagram for the fabrication of shape-control-
lable microlens arrays is shown in  Figure    1  a. The fabrication 
was performed with three consecutive steps: i) an elastomeric 
polydimethyl siloxane (PDMS) mold with protruding pillars 
was inked by a viscous thin polymer layer (step 1 in Figure  1 a), 
ii) the inked droplets on pillars were transferred onto a target 
substrate with a slight pressure ( ∼ 10 Pa) (step 2, 3 in Figure  1 a), 
and iii) the transferred droplets were left undisturbed to reach 
an equilibrium shape as time passes by (step 4 in Figure  1 a). 
Finally, after reaching an equilibrium shape the transferred 
droplets were solidifi ed via UV exposure.  

 In the fi rst step, we need to control the amount of pre-polymer 
in such a way that the entire pillars are not wetted by the pre-
polymer, but only the protruding pillar heads are wetted. In 
order to transfer a small amount of pre-polymer to the pillar 
heads, a thin UV-curable polyurethane acrylate (PUA) fi lm 
(thickness: 20  μ m) was crosslinked in the presence of ambient 
oxygen. It is known to oxygen inhibits free radical polymeriza-
tion by reacting with initiator radicals, resulting in the forma-
tion of a thin partially-cured viscous layer on top of the fully 
cured layer. [  20–25  ]  The thickness of such a partially cured layer 
can be controlled by adjusting UV curing time and intensity, 
typically ranging from 1–5  μ m. 

 Next, a patterned PDMS mold with pillars sticking out 
was brought in conformal contact with the partially cured 
layer, and gently separated after a period of time (5 s), leaving 
behind a portion of viscous layer on top of the pillars. This 
transfer step was confi rmed by Scanning Electron Microscope 
(SEM) measurements before and after the contact, as shown 
in Figure  1 b. Here, the white dotted line indicates a polymer 
droplet transferred to the pillar tip. Subsequently, the PDMS 
mold was directly in contact with a target substrate (i.e., 
Tefl on-coated silicon, PDMS, or glass) and carefully detached. 
Then, a certain portion of the droplet ( ≈ 13% on Tefl on-coated 
silicon,  ≈ 50% on PDMS) was transferred to the target sub-
strate due to breakup at the liquid-liquid interface. [  26  ,  27  ]  Once 
transferred, the droplet was retracted slowly to reach the equi-
librium contact angle (Figure  1 c, Figure S1a of the Supporting 
Information); The PUA droplet on the PDMS substrate was 
stabilized at equilibrium diameter (d E ) approximately within 
5 h and unchanged thereafter (Figure S1a). Interestingly, on 
the Tefl on-coated silicon substrate, the PUA droplet was sta-
bilized within 10 min. After the transfer, the array of polymer 
microlens was fully cured in an UV chamber and metallic 
mbH & Co. KGaA, Weinheim 1709wileyonlinelibrary.com
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     Figure  1 .     (a) Schematic diagram for the fabrication of shape-controllable polymer microlens array. (b) SEM images of PDMS pillar before and after the 
contact. Here, the white dotted line shows a transferred PUA droplet to the top of the PDMS pillar. (c) Optical images of the polymer droplet on PDMS 
substrate immediately after the contact and after reaching the equilibrium shape. (d) Schematic for the visualization using the transferred microlens 
array. Inset: SEM image of PEG microlens on a silver nanopattern. The wrinkles are formed by a Pt layer deposited for SEM measurement.  
nanoscale features were observed under an optical microscope 
(Figure  1 d). 

 It should be noted that the droplet shape was almost 
unchanged after the curing since the bulk shrinkage of PUA 
is as small as 0.7%. [  28  ]  To verify this, side-view SEM images 
of the PUA lens were compared at the equilibrium and cured 
conditions, respectively (Figure S1b). As shown, the ratio of 
the fi nal lens height to diameter (h F /d F   =  0.271) was nearly the 
same with the equilibrium ratio (h E /d E   =  0.28). Furthermore, 
the resulting polymer droplet showed a perfectly smooth 
plano-convex lens due to its high surface tension ( ∼ 25 dyne/
cm), [  29  ]  as determined by the three-dimensional Atomic Force 
Microscope (AFM) image of the transferred PUA lens array 
(Figure S2). As can be seen in Figure S2 in the Supporting 
Information, the lens curvature was almost overlapped with 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the perfect sphere, suggesting that the surface be smooth and 
uniformly curved. 

 To investigate the capability of controlling the size of micro-
lens, we used PUA as a photocurable polymer and a PDMS 
mold with pillars of three different diameters (d) ( Figure    2  a): 
d  =  24  μ m, 8  μ m, and 800 nm. As shown, the degree of retrac-
tion (dewetting) after reaching the equilibrium shape was sim-
ilar among the three different PUA droplets. For example, when 
we defi ne  α  as the ratio of the fi nal lens diameter to mold dia-
meter, ( α   =  d F /d), we get  α   =  64, 62, and 63% for d  =  24  μ m, 
8  μ m, and 800 nm, respectively. Furthermore, the aspect ratio of 
each microlens after photocrosslinking-induced shrinkage was 
similar among the three different PUA droplets regardless of 
their size, as measured by SEM and AFM in Figure  2 b: (i) h F /
d F   =  0.276 (d F   =  15.54  μ m, h F   =  4.30  μ m), (ii) h F /d F   =  0.273 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1709–1715
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     Figure  2 .     (a) SEM images showing various dimensions of PDMS pillars. (b) SEM images of the corresponding PUA droplets transferred to the PDMS 
substrate. As shown, the degree of shrinking was similar for the three different PUA droplets:  α   =  64, 62, and 63% for d  =  24  μ m, 8  μ m, and 800 nm, 
respectively ( α   =  lens diameter/mold diameter). (c) Static CAs of three UV-curable polymers (PUA, NOA, PEG) on hydrophilic glass and hydrophobic 
Tefl on-coated substrates.  
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     Figure  3 .     Transferring ability of plano-convex lenses on a range of substrates. (a) PEG lens array on Tefl on-coated silicon wafer. (b) PUA lens array on 
Tefl on-coated lenticular lens. (c) PUA lens array on Tefl on-coated PDMS pattern. (d) PEG lens on Tefl on-coated cicada wing.  
(d F   =  4.98  μ m, h F   =  1.36  μ m), (iii) h F /d F   =  0.281 (d F   =  481 nm, h F   =  
135 nm). We discovered that the transferred plano-convex 
PUA lens is fi xed to the surface and undergoes slight volume 
shrinkage (0.7%) in the course of photocrosslinking. Moreover, 
the size variation within a single array was less than 2% for all 
the microlens arrays mentioned above. These results strongly 
indicate shape-controllability of the current method in deter-
mining the fi nal shape of the transferred microlens array.  

 Next, we tested the tunability of the contact angle of the lens. 
Figure  2 c shows measurements of static contact angles (CAs) of 
three UV-curable polymers (PUA, PEG, NOA) on hydrophilic 
glass and hydrophobic Tefl on substrates. As shown, the CAs 
range from 9.8 °  (PUA on glass) to 90.9 °  (PEG on Tefl on) 
depending on the polymer’s affi nity to the substrate. Such a 
tunable three-dimensional convex confi guration has signifi cant 
effects on the remarkable short focal length, such that a higher 
CA gives rise to a higher focusing effect as described shortly. 

 In addition to the controllability of the lens shape, our 
method exhibits another advantage to form an array of micro-
lens on various solid substrates.  Figure    3   shows the array of 
transferred microlens on (a) fl at, (b) curved (lenticular lens, 
period of 630  μ m), and (c) stepped (pattern height of 2  μ m) 
substrates as well as on (d) a cicada wing where a dense micro-
pillar array is seen from the underlying surface. Here, all the 
substrates were Tefl on-coated to increase CAs. This transfer 
capability is attributed to high compliance of the PDMS mold 
so that individual pillars can make intimate contact with a topo-
graphically patterned surface even in the presence of moderate 
roughness.  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
 The shape-controllable microlens presented here would be 
useful to resolve sub-wavelength resolution beyond the Abbe’s 
diffraction limit. To evaluate this potential, we measured nano-
scale patterns under an optical microscope. These patterns 
were prepared by nano-sphere lithography with highly mono-
disperse 500-nm polystyrene beads (Sigma Aldrich, USA) and 
subsequent deposition of 50-nm silver layer and lift-off of the 
beads. [  30–32  ]  The resulting patterns were honeycomb-like reg-
ular arrays of 500 nm period ( Figure    4  f). The minimal gap was 
130 nm for the deposition conditions used in our experiment. 
Then, a thin liquid of Tefl on was coated to the thickness of 
 ∼ 5 nm and dried at 70  ° C in an oven for 5 min so as to give a 
higher CA of microlens. Finally, by using the procedure shown 
in Figure  1  two polymer droplets (PUA and PEG) were formed 
on the Tefl on-coated substrate. As shown in Figure  4 e, the 
optical images outside of the lens did not resolve the underlying 
patterns, since the closest gap (130 nm) of triangle nanopattern 
was narrower than the stringent resolution limit ( ∼ 200 nm). [  14  ]    

Figure  4 a-d shows the resulting optical images for 10- μ m and 
3- μ m PUA lenses, and 10- μ m and 3- μ m PEG lens, respectively. 
Since PUA and PEG have similar refractive index (PUA  =  1.473 
and PEG  =  1.467), we are able to compare the magnifi cation 
effect in accordance with the size and curvature of the lens inde-
pendently. The images were obtained with a 150 ×  objective lens 
with a numerical aperture (NA) of 0.9. To determine the focal 
plane, images were taken from several different focal planes. 
According to the Rayleigh criterion for point objects (r  =  0.61  
λ /NA,  λ   =  400 nm), the resolution limit is approximately 270 nm, 
which is higher than the more stringent Sparrow resolution 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1709–1715
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     Figure  4 .     Visualization of nanoscale features using plano-convex lenses. (a-b) Optical images of nano pattern through 10- μ m (a) and 3- μ m (b) PUA 
lenses along with their cross-sectional profi les. (c-d) Optical images of nano pattern through 10- μ m (c) and 3- μ m (d) PEG lenses along with their cross-
sectional profi les. (e) Optical image and cross-sectional profi le of nano pattern without lens. (f) SEM image of silver nano pattern made by nano-sphere 
lithography. (Inset): SEM images of close-packed polystyrene nano beads (upper) and resulting silver nano pattern after lift-off (bottom).  
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 limit (r  =  0.475 λ /NA  =  211 nm). [  14  ]  The pattern was imaged 

within the fi eld of microlens with different light magnifi cation 
and resolution. For the 10- μ m PUA lens, the honeycomb pat-
tern was vaguely seen with a peak-to-peak distance of 600 nm 
(full width at half maximum, FWHM  =  340 nm), suggesting 
that the magnifi cation was 120%. For the smaller 3- μ m PUA 
lens, the peak-to-peak distance did not change but the contrast 
was further enhanced as evidenced by a reduced FWHM of 
295 nm. However in neither case, we were not able to observe 
the smallest gap of 130 nm. 

 For the 10- μ m PEG lens, the peak-to-peak distance was 
increased to 750 nm, indicating that the magnifi cation be fur-
ther enhanced to 150% (FWHM  =  341 nm), because the CA 
of PEG lens was elevated from 64.1 °  to 90.9 °  (Figure  2 c). The 
smallest gap still portrays an obscure image at this magnifi ca-
tion, however. For the 3- μ m PEG lens, one can see a clear hon-
eycomb pattern with a distinguishable gap (FWHM  =  296 nm) 
between the hexagonal patterns. The gap distance in the optical 
image was  ∼ 250 nm, larger than the expected value of 195 nm. 
As compared with four microlens types in Figure  4 , the 400-nm 
polymer lens array was not suitable for the visualization as they 
gave a very narrow fi eld of view, in agreement with an earlier 
report. [  14  ]  Therefore, the 3- μ m PEG lens of CA  =  90.9 °  yielded 
the maximum focusing effects among the various lens shapes 
used in the experiment. In view of our observations, an optimal 
lens size can be determined to meet high resolution imaging as 
well as large fi eld of view. 

 There are a number of distinct advantages with the cur-
rent method. First, one can readily control the dimension 
and curvature of the lens shape by adjusting the geometry of 
PDMS mold and interfacial tensions (Figure  2 ). Second, such 
a geometry-controllable lens can be transferred virtually to any 
solid substrate with a moderate surface roughness (Figure  3 ). 
Third, a dense array of microlens can be formed with the iden-
tical dimension, allowing for a high-density optical sensing or 
lithography. There is also a potential weakness of our method 
that the pattern to be imaged needs to be coated with Tefl on in 
order to achieve a high contact angle. To address this issue, we 
are currently working on an improved method to transfer the 
microlens array onto a thin membrane, which is then moved 
to a target substrate and used for high resolution imaging. 
With further optimization, the method presented here would 
be useful in a variety of applications involving remarkably 
short focal length and high-resolution optical imaging at low 
intensities. 

 In conclusion, we have presented a simple method for fab-
ricating a shape-controllable lens array by utilizing direct 
transfer of photocurable polymer droplets onto a target sub-
strate. The ability to tailor the fi nal shape of the transferred 
lens array was evaluated by transferring various sizes of lenses 
(dia meter: 481 nm–15.5  μ m) on solid substrates. We observed 
that the shrinkage was negligible during the photocuring step. 
Also, PUA or PEG lenses of different convex confi gurations 
(contact angle: 9.8 ° –90.9 ° ) were transferred onto various sub-
strates having different curvature, step, or topography. Using 
the micro lens array, nanoscale features as small as a 130-nm 
gap distance was visualized under an optical microscope using 
a 3- μ m diameter lens array with a CA of 90.9 ° .  
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 Experimental Section  
 Microlens fabrication : PDMS molds were prepared by replica molding 

from silicon masters prepared by photolithography. A mixture of base 
and curing agent (10:1 w/w) of Sylgard 184 PDMS elastomer was 
poured onto the patterned masters and cured at 70  ° C for 2 h. The 
cured PDMS molds were peeled off from the masters and cut prior to 
use. Three types of PDMS molds were used: i) d  =  24  μ m, h  =  4  μ m, 
ii) d  =  8  μ m, h  =  4  μ m, and iii) d  =  800 nm, h  =  300 nm. A small amount 
of droplets (100–200  μ L) of three different UV-curable prepolymers such 
as PUA (PUA MINS 311 RM purchased from the Minuta Tech, South 
Korea), NOA (NOA 65 purchased from iNexus inc. 4science, South 
Korea), PEG (PEG-DA M w  550 purchased from Sigma-Aldrich, USA) 
was dispensed onto a fl exible PET fi lm (50  μ m), which was used as a 
supporting backplane. Then, the droplets were covered with a thin PDMS 
blanket ( ∼ 2 mm) under a slightly pressure ( ∼ 10 Pa). The thickness of 
the UV-curable polymer was approximately 20  μ m. The samples were 
exposed by UV light for a short period of time, i.e., 20 s for PUA, 0.5 s 
NOA, and 60 s PEG, respectively, since an over-curing led to a failure 
of the subsequent microlens transfer. A PDMS mold with protruding 
pillars was carefully brought in contact under a slight pressure ( ∼ 10 Pa), 
remained undisturbed for 5 s, and removed, leaving behind a fraction of 
the partially-cured layer on top of the pillars. The layer was subsequently 
transferred to various substrates such as Tefl on-coated silicon, PDMS, 
glass, lenticular lens, and cicada wing.  

 Measurement method : Magnifi ed optical images through an array 
of microlens were seen using an optical microscope (Olympus IX70, 
Japan). SEM images were taken using FESEM (Hitachi S-48000, Japan) 
with a Pt coating of 5 nm to prevent electron charging. Static contact 
angles of polymer droplets were measured by a contact angle analyzer 
(KRUSS DSA 100, Germany).   
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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