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Precise Lens-On-Lens Architecture Using Selective
Wettability for Image-Depth Representation

SE-UM KIM, JIYOON KIM, AND SIN-DOO LEE∗

School of Electrical Engineering, Seoul National University, Kwanak, Seoul,
Korea

We demonstrate a precise lens-on-lens architecture using the concept of the selective
wettability for the image-depth representation. Two focal lengths realized by the differ-
ence between two geometrical curvatures of the primary convex lens and the secondary
convex lens in a lens-on-lens manner enable to produce two image planes. Such lens
architecture was spontaneously produced through the selective wetting process of a
photo-reactive polymer during dip-coating, followed by the irradiation of ultravio-
let light for polymerization. Our selective wettability approach is capable of building
various sizes and shapes of the lens-on-lens patterns over large-area without using a
photo-lithography or a wet-chemical etching process.

Keywords Lens-on-lens; selective wettability; image-depth; photo-reactive polymer

1. Introduction

A variety of lens arrays with different structures have been widely used for many optical
devices and systems such as autostereoscopic displays [1, 2], integral imaging displays
[3–5], confocal microscopes [6, 7], a light diffuser [8], and an optical waveguide [9].
Many different methods, for example, thermal reflow [10–12], inkjet printing [13, 14],
lithography [15, 16], and molding [17–19], have been suggested for fabricating lens ar-
ray. The existing lens arrays produced by such methods have only a single focal length
which is either fixed or tunable. Nowadays, the need of the lens arrays with the dual fo-
cusing capability has increased for potential applications in a dual-focusing optical head
[20], high fill-factor image sensors [21, 22], and real-time detection of the unconfined
or fluctuating targets in a lab-on-a-chip [23]. However, only a few attempts to construct
the dual lens structures for the representation of the image-depth have been made so far
[23–25].

In this work, we demonstrate a precise lens-on-lens architecture through a simple
and versatile fabrication process based on the selective wettability [26, 27]. This ap-
proach does not require any additional complicated processes such as photo-lithography or
wet-chemical etching. The repetition of the dip-coating process of a photo-reactive poly-
mer and the subsequent ultraviolet (UV) irradiation for photo-polymerization were used
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Figure 1. Schematic diagrams showing the image-depth representation principle of the lens-on-lens
architecture by (a) the PCL and (b) the SCL.

for successively constructing the primary convex lens (PCL) and the secondary convex
lens (SCL) onto the PCL. The image-depth representation principle of the lens-on-lens
architecture, resulting from the difference between two focal lengths, is schematically
shown in Fig. 1.The PCL and the SCL have two different focal planes to represent the
image-depth.

Figure 2. (a) The fabrication processes of the lens-on-lens and the side-views of the lenses.
(b) Microscopic images showing the hydrophilic regions and the resultant SCL-on-PCL lens ar-
ray. Scale bars are 200 μm.
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Figure 3. (a) FWHM of the light intensity for a single lens (PCL) as a function of the distance
from the substrate and the microscope image focused at the focal plane p1. (b) FWHM of the light
intensity for the lens-on-lens (SCL-on-PCL) as a function of the distance from the substrate and the
microscope images focused at the two focal planes of s2 and p2. Insets show the side-views of the
lenses. Red and orange lines represent the light rays focused by the PCL and the SCL, respectively.
Scale bars are 200 μm.

2. Experimental

The fabrication processes of our lens-on-lens architecture are described in Fig. 2. A fluorous-
polymer (EGC-1700; 3M) was used as a commanding layer which transforms the surface to
be ultra-hydrophobic so that a hydrophilic photo-reactive polymer layer was formed selec-
tively on the substrate. As shown in Fig. 2(a), the hydrophilic circular regions surrounded
by the ultra-hydrophobic region were first prepared on a glass substrate by transfer printing
the fluorous-polymer with the help of an elastomeric stamp of poly(dimethylsiloxane) (GE
Bayer Silicones). The PCL was then formed selectively on the glass substrate through
the dip-coating process of the photo-reactive polymer NOA74 (Norland) at the speed of

Figure 4. The image-depth representation capability of the lens-on-lens architecture: (a) the experi-
mental geometry using an array of square patterns as an input image. The microscopic images of the
square patterns observed through the lens-on-lens focused at (b) the image plane of the PCL and (c)
the image plane of the SCL. Scale bars are 200 μm.
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3 mm/s, followed by the UV irradiation at the intensity of 100 mW/cm2 for 30 s for photo-
polymerization. The SCL was precisely formed on the top of the PCL by simply repeating
the dip-coating process and the UV irradiation. The width of the PCL, the height of the
PCL, the width of the SCL, and the height of the lens-on-lens (SCL-on-PCL) architecture
were denoted by w1, h1, w2, and h2, respectively, as shown in the side-views in Fig. 2(a). In
fact, w1 is determined by the size of the hydrophilic circular region and h1 is governed by
the dip-coating speed of the photo-reactive polymer due to the affinity of the photo-reactive
polymer to the substrate but it becomes saturated above a certain value of the dip-coating
speed. However, for the SCL, both w2 and h2 can be varied with the material viscosity and
the dip-coating speed of the photo-reactive polymer. In our case, w2 and h2 were found to
increase with increasing the dip-coating speed and the viscosity.

Figure 2(b) shows the microscope images of the hydrophilic regions and the resultant
lens array. Clearly, each SCL was well-defined on the top of the PCL during the second
dip-coating process. Note that the pattern resolution down to tens of micrometers can be
easily achieved using the selective wetting technique. In addition, the achievable size of
the SCL depends on the size of the PCL since the dip-coating speed of the photo-reactive
polymer for the SCL should decrease with decreasing the PCL for partial wetting.

3. Results and Discussion

Let us first examine the full width half maximum (FWHM) of the light intensity for a single
lens (PCL) and that for a lens-on-lens as a function of the distance from the substrate. In
this experiment, the incident light whose central wavelength λ = 532 nm through a color
filter was used for measuring the focal length of each lens. After passing through the lens,
the light was collected using a charge-couple device (CCD) which was moved along the
direction of the incident beam to determine the focal length of the lens. Figures 3(a) and 3(b)
show the measured focal length of the single lens and that of the lens-on-lens, respectively.
The images captured at three focal planes (at the points of p1, p2, and s2) by the CCD were
shown in Figs. 3(a) and 3(b). Clearly, the PCLs for the two lenses show similar focal lengths
(at the points of p1 and p2) but the lens-on-lens has another focal length (at the point of s2)
originated from the SCL on the PCL.

Using the above lens-on-lens architecture, a simple image-depth representation was
demonstrated in Fig. 4(a) where an array of square patterns was used as an input image.
The square dot images focused at the image plane of the PCL and those of the SCL are
shown in Figs. 4(b) and 4(c), respectively. It is clear that the lens-on-lens architecture is
very useful for representing the image-depth.

4. Conclusion

We demonstrated a lens-on-lens architecture with two focal planes for image-depth rep-
resentation. Two different focal lengths of the PCL and the SCL were realized by the
difference between two geometrical curvatures produced through the selective wetting
process. Our approach provides a simple and versatile platform to construct a variety of
lens-on-lens arrays over large area for use in diverse optical systems.
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