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Abstract: A tunable microlens array by printing was demonstrated. An
UV-curable adhesive, NOA6S, was printed and cured to form a lens array
profile on an ITO glass. Then this microlens array ITO glass was assembled
with a normal ITO glass to form a cell, which was later filled with a liquid
crystal. The focal length of the lens array can be tuned by an electric field,
which changes the index difference between liquid crystals and NOAG65 due
to the reorientation of the LC molecules. In our experiment, the focal length
varied from -2.29 cm to 3.12 cm when the applied voltage was increased
from 0 V to 13.26 V.
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1. Introduction

Tunable microlens arrays are used extensively as an important element in many optical
systems, for example, optical interconnections, adaptive optics, high-density data storage, and
integral imaging systems for three dimensional displays [1-4]. Many approaches to realize
tunable lens have been introduced, such as total internal reflection lens [5], lead-lanthanum
zirconate-titanate tunable lens with patterned electrodes [6], and liquid filled elastic lens [3].
Liquid crystal (LC) with an electrically tunable refraction [7] has been applied extensively
[8-13]. Many different methods to fabricate LC and LC-polymer composite based tunable lens
arrays have been reported previously [14-17]. Generally, they can be divided into two types
according to their structures. One type is based on patterned electrodes to generate a special
distribution of electric field, which is then used to align LC molecules, forming an index
profile as a lens. The other type is based on the patterned relief surface structure using
polymer or photoresist [18, 19]. Photolithography is commonly used to form either the
electrode pattern or the surface relief structure. In addition, microforging technique can be
used to form surface structures as well [20]. Tunable microlens arrays have also been realized
by polymer-dispersed liquid crystals (PDLCs), polymer network liquid crystals (PNLCs)
[21-24], and liquid crystal spatial light modulator [25]. Very recently, making use of
dielectrophoretic [26] and eletrowetting [27], adaptive liquid microlenses made of isotropic
media have also been developed. Compared to LC adaptive microlens based on effective
index difference, those tunable microlenses based on changing the shape of liquid isotropic
media have the advantages of large focal length tunability and broad spectral bandwidth.
However, the power consumption is relatively higher [26, 27].

Recently, Li et al. [28] showed a method to fabricate microlens using ink-jet printing. This
method provides a simple approach to fabricate microlens array. In this letter, we introduce a
similar method to fabricate a negative-positive tunable LC-polymer microlens array based on
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printing, whose focusing property can be easily changed by either an applied voltage or the
polarization direction of the incident light. In our experiment, the UV-curable adhesive was
dispersed on the indium-tin-oxide (ITO) glass using a computer controlled dispersing
machine. By varying the air pressure, temperature, or dispersing time, the radius and height of
the microlens can be adjusted. Assembled with another piece of ITO glass, an empty
microlens array cell was formed. After filling a proper LC into this cell (refractive index of
polymer is between the ordinary and refractive indices of LC), microlens array with focal
length tunable from negative to positive can be realized.

2. Fabrication and operation

Figure 1 shows the schematic diagram of the fabrication of the polymer microlens array and
the operated mechanism of negative-positive tunable LC-polymer microlens array. A
dispersing machine (Musashi-Shot mini 2005) was used to drop a controlled volume of
pre-polymer on the surface of the ITO glass. Due to the surface tension at liquid-glass and
liquid-air interfaces, the shape of the pre-polymer droplet shows a plano-convex-lens-like
profile which was then immobilized by UV curing. The exposure intensity and time were 10
mW/cm”and 10 minutes, respectively.

Dispersing nozzle /NUV light
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Fig. 1. Schematic diagram of the microlens array fabrication processes by printing (a), (b), and
operation mechanism of the tunable LC microlens under an electric field (c), (d).

The pre-polymer used was Norland optical adhesive 65 (NOA 65) from Edmund Optics. It
is a UV-curable photopolymer with a refractive index of 1.524 after cure. In our experiment,
an 8x8 microlens array was prepared at room temperature, the diameter of the nozzle used
was 120 pm, the distance between the nozzle and ITO glass was 60 um and the air pressure
applied was 0.05 MPa. To fabricate the LC-based tunable microlens array, the surface of ITO
glass was coated with a polyimide layer rubbed for the LC alignment before dispersing NOA
65. After dispersing and curing of NOA 65 microlens array, this microlens ITO glass was
assembled with a normal ITO glass (with rubbed polyimide layer) to form an empty LC cell.
Their rubbing directions were parallel to each other. The thickness of the cell was about 51.4
pm. Then a selected LC material was filled into this cell. The LC used was MLC15700-000
from Merck, with ordinary index n,and extraordinary index n. of 1.489 and 1.609 at room
temperature, respectively.

3. Characterization

The focal length was an important parameter to characterize the property of the microlens
array, which can be measured using the experimental setup, as shown in Fig. 2. The Gaussian
input laser beam (at A=543 nm) is expanded, spatially filtered and collimated before it
impinged on the microlens array. As shown in Fig. 2(a), a CCD camera is placed after the
objective lens to record the intensity distribution. The distance between CCD and objective
lens was fixed, while the position of the microlens array can be adjusted. We moved the
microlens array backward or forward until the image of foci was clear so as to determine the
focal length of the microlens array. This setup is suitable for all kinds of focal length
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measurement in our experiment, such as bare NOA 65 microlens array, LC tunable microlens
array with various applied voltage and polarized incident light.
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Fig. 2. Experimental setup to measure the focusing property (a), and schematic diagram of
negative (b) and positive (c) focusing, O, and O; is the virtual and real focus respectively.

The focal length of the bare NOA 65 microlens array was measured using setup shown in
the Fig. 2(a) with no applied voltage. The measured value was 2.925 mm. The focal length
could also be calculated by the expression between the focal length and the structure
parameters as below:

h+r?
2h(n, —n) 1)
where f, 1, h, n,, and n are the focal length, radius, height, index of the microlens and index
of immersing materials (air here), respectively. In our experiment, the averaged height of
NOA 65 microlens array after UV light cure was 23.291 pm measured by a surface profiler
(Tencor P-10), the calculated focal length was 3.09 mm, which is in good agreement with the
experimental result (2.295 mm). Figure 3(a) shows the microscopic image of the microlens
array without LC. The designed diameter of each individual microlens is 550 pum, and the gap
between adjacent micro-lenses is about 95 pm. Because of the low viscosity of NOA 65, the
diameter of microlens printed is generally slightly larger. Once the microlens array was ready,
its imaging performance was checked using an optical microscope (Olympus X71). Figure
3(b) shows a clear image pattern by the microlens array with a transparent plastic plate printed
with character ‘T’ inserted into the light arm of the microscope as an object.

f=

500;1 m

Fig. 3. (a) The optical microscopic image of the bare NOA 65 microlens array. (b) Imaging
formed by the microlens array in (a).

There are two approaches to adjust the focusing properties of this microlens array in
common. One is by varying the polarization direction of incident light. In our configuration, if
the polarization direction of the incident light is parallel to the alignment direction, the
effective index of LC is close to n.. As n.> n,, the microlens array works as a plan-concave
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microlens array, showing a negative focal length. Whereas, if the polarization direction of the
incident light is perpendicular to the rubbing direction, the effective index of LC is close to n,,.
In this case, n, < n,, the microlens array works as a plano-convex microlens array, showing a
positive focal length. Figures 4(a) and (b) show the CCD images of the real focal plane [Fig.
2(c)] of the microlens array when the polarization direction of the incident light was parallel
and perpendicular to the alignment direction of LC molecule, respectively. It is worth
mentioning that this approach does not provide a continuously tuning from positive to
negative foci or vice visa.

Fig. 4. CCD images showing the focusing of the microlens array for polarized incident light
parallel (a) and perpendicular (b) to LC alignment direction.

Another way to tune the focusing properties of our microlens array is to apply an electric
field. First a polarizing microscope (Olympus X71) was used to inspect the microlens array at
different applied voltages. The rubbing direction of the cell was oriented at 45°with respect to
the linear polarizer and the analyzer was crossed with the polarizer. Fig. 5(a)-(c) shows the
status of microlens array under different applied voltages.

Fig. 5. Interference fringe patterns of the LC microlens array with various applied voltages of
(@) 0 Vi, (b) 6.06 Vi, and (¢) 16.92 V.

According to Fig. 5(a), the interference rings of individual lens is clear when V=0 due to
the effective index difference between LC materials and polymer. Increasing the applied
voltage up to the threshold, the LC molecules start to align along the field direction, and then
the effective index of LC decreases, consequently the number of interference rings reduces
[Fig. 5(b)]. When the applied voltage further increases, which is larger than a critical value,
the effective index of LC is less than that of NOAG65. As a result, the microlens array becomes
a plano-convex one [Fig. 5(c)]. In our experiment an applied voltage of 13.26 V,,, can fully
aligned the LC molecules, the focal length do not change any more beyond 13.26 V ;. There
are some disordered structures on the microlens surface [Fig. 5(b)], which is caused by the
misalignment of LC on the surface of the microlens (no alignment). The disordered structures,
in turn, caused a reduced focusing efficiency (92%). A possible solution to overcome this
problem is to adopt the photo-alignment technology. The electrically tunable property of
microlens array with LC can also be characterized by the setup shown in Fig. 2(a). Without
electric field applied, only virtual foci O, can be imaged onto CCD [Fig. 2(b)], where the
polarization direction of the incident light was parallel to the rubbing direction of LC sample.
Fig. 6(a) shows the image of virtual focal points of the microlens array at V = 0. The virtual
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focal length measured was 22.9 mm, which is slightly less than theoretical calculation (23.7
mm). When the applied voltage is larger than Freedericksz threshold, the direction of LC
molecules will reorient along the electric field direction, resulting in the decrease of the
effective index of LCs. As a result, the focal length changed with the increasing voltage. With
the distance between LC sample and objective lens unchanged, the intensity distribution after
microlens array varies with the applied voltage [Figs. 6(a)-(d)]. As we can see, at V = 8.07
Vs, the virtual focal points became illusive (not existing). At the same time, the real foci
were found by moving LC sample [Fig. 6(g)]. When V= 13.26 V,, the virtual focal points
disappear completely, and the real foci were the clearest [Fig. 6(h)]. Figs. 6(e)-(h) show the
changes of intensity pattern of the real foci with voltages using setup in Fig. 2(c). The
measured focal length was 31.2 mm at V=13.26 V. Two real and virtual focal points were
picked up from CCD photos, respectively, to show the intensity changes as a function of the
applied voltage [Fig. 7]. With high transmittance of NOA65 and LC material in the visible
range (close to 100%), the focusing efficiency of a single microlens exceeds 92% excluding
the ITO glass surface reflection. The less ideal focusing efficiency is due to the light
scattering caused by the disordered structures of LC (the surface of the microlenses was not
rubbed) and the edge of the microlens.

(d) 13.26 V

Fig. 6. CCD images of focusing properties under different applied voltages for the negative
(a-d) and the positive (e-h) cases, using the setup in Figs. 2(b) and (c) respectively.
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Fig. 7. Intensity profile of real (a) and virtual foci (b) at the focal plane with various applied
voltages

4. Conclusion

In conclusion, a simple printing technique to fabricate negative-positive tunable microlens
array using UV adhesive and LC was introduced. The focal length can be switched from
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negative to positive either by applied voltage or by varied the polarized direction of the
incident of light. With careful control of printing, the filling factor of the microlens array
could be improved and the dimension of microlens could be further decreased, both of which
are highly desired for the integration systems.
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