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Abstract

Ink-jet printing technique allows locally and precisely
dispensing materials for the manufacturing of micro-scale
structures. We present the fabrication of plano-convex microlenses
using a hybrid organic-inorganic photo-curable polymer diluted in
gamma-butyrolactone (GBL). Microlenses are printed on a glass
substrate having different number of drops per lens and different
surface conditions. We investigated the influence of the surface
conditions on the size and shape of the printed microlenses, which
can be affected by wetting properties. Further geometrical and
optical characterizations are presented in detail.

Introduction

Microlenses and microlens arrays can be widely applied to
imaging sensors and photodetectors due to their excellent light
collecting efficiency [1]. As reported in a recent review [2] several
fabrication techniques of micro-optical components have been
proposed. These include for instance photoresist reflow,
photopolymerization and microjet printing. Recently the
fabrication techniques have been adapted in view of the
microstructuring of polymer with high optical grades, which can
provide improved optical transmission as well as mechanical and
thermal stability.

In a previous work, ink-jet printing technology has been used
for the fabrication of microlenses in SU-8 [3]. Using ink-jet
printing technology, materials can be dispensed on the substrate
without contacting the substrate outside the drop impact area. It is
applicable to large area printing while simultaneously reducing the
material waste in drop-on-demand (DOD) mode. In DOD, ink
drops are generated individually in due times and positions
allowing programmable surface pattern generation. The diameter
of a drop generated from the ink-jet head is approximately equal to
the aperture size of the nozzle.

In this work, we present the fabrication of microlenses using
hybrid polymer, which is knows for excellent optical properties

[4].
Experimental technique
Ink-jet printing equipment
Ink-jet printing was performed by using a piezo-actuated ink-

jet printer. The nozzle is actuated in squeeze mode. The generation
of drops was observed with a stroboscopic system when tuning the
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Figure 1. Left: Schematic diagram of the DOD ink-jet printer with stroboscopic
image of the drops, generated by ink-jet printer. Right: the process flow used
to fabricate microlenses a) Untreated (cleaned) glass substrate, b) SAM-
treated glass substrate (dark grey), c) Ink-jet printing of hybrid polymer and
pre-bake, d) UV-exposure and post-exposure bake

signal amplitude and pulse length of the piezo-actuator. The
pressure in the ink-jet nozzle was controlled to optimize the liquid
flow, the wetting on the nozzle and ejection properties.

Ink-jet printing of hybrid polymer

Figure 1 shows the schematic diagram of the ink-jet setup and
the experimental process flow. A piezo-actuated ink-jet printer
with a nozzle aperture of 50 um was used to print hybrid polymer
drops to fabricate microlenses. Dispensing a single drop of hybrid
polymer is created either by continuous or drop-on-demand (DOD)
mode. The DOD mode enables generating microdrop individually
on the desired position. To generated stable and reproducible drops,
the ink-jet printing parameters of the actuating signal (voltage,
amplitude and pulse length) have been adjusted. We used both
untreated glass and self-assembled monolayer (SAM) modified
glass to investigate the wetting properties of dispensed drops. Each
single drop forms a microlens after deposition on the substrate.
The pattern is created by a computer controlled motorized X-Y-6
stage. After the printing, the hybrid polymer is baked at 95 °C for
30 min, UV-exposed at400 mJ/cm? and post-baked at 130 C for 30
min.
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Characterization technique

The ink-jet printed hybrid polymer microlenses were imaged
by optical microscopy. The size and 3D shape of the cured
microlenses on the two different substrates of untreated and SAM-
treated glass were measured using a digital holographic
microscope (DHM™ T1000). A Scanning Electron Microscopy
(SEM) was used to inspect the 3D shape of the printed microlenses
coated by a 30 nm-thick layer of gold on top of the samples.

Results
The optimum ink-jet parameters obtained experimentally

correspond to the cases where we obtained stable generation of the
drops, without any satellite-drop generation.
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Figure 2. (a) Unwrapped phase and 3D perspective images of part of ink-jet
printed cured hybrid polymer microlens arrays on the untreated glass
(diameter 112 um and height 5 um) and the SAM-treated glass (diameter 53

um and height 12 um) obtained with DHM™ T1000 and (b) height profile
taken along the dashed line in unwrapped phase image

804

The shape and diameter of microlens can be tuned by the
surface wetting properties. Figure 2 presents the unwrapped phase
and 3D perspective images of the ink-jet printed microlenses on
the untreated and SAM-treated glass substrates obtained with
DHM in transmission mode. As expected, the lens diameter is
strongly dependent on the surface wetting properties. The lens
diameter and height of a single-drop lens printed on the untreated
glass are 112 pm and 5 pm, respectively. Randomly selected 10
microlenses in the 64 x 64 microlens array printed on the SAM-
treated glass were analyzed and an average value for diameter and
height was measured to be 5312 pm and 12+1 um, respectively.

Figure 3-a) shows representative SEM images of the cured
uniform microlens array, single drop printed on the SAM-treated
glass. The single drop lenses have a center-to-center pitch of 100
um showing that microlens array can be fabricated with accurate
pitch and with uniform structures. Figure 3-b) shows an optical
microscope image showing the top view of ink-jet printed
microlenses. The diameters from border to center enlarge due to
increased number of drops per microlens (from border to center,
the number of drops increased from 1 to 6). These results show
that the ink-jet printing technology allows direct fabricating of
microlenses without any additional processing.

b)

150 um

100 um

Figure 3. (a) SEM images of ink-jet printed cured hybrid polymer microlens
arrays (part of 64 x 64) on the SAM-treated glass with high magnification
inset. The diameter and the height of the microlens are 53 um and 12 um,
respectively. (b) Optical microscopic image having different number of drops
per lens. From border to center, 1 to 6 drops per lens.

From the measured diameter and height we can calculate the
focal length f and the numerical aperture (NA) of the microlenses,
assuming plano-convex microlenses with semispherical shape and
known refractive index. Table 1 summarizes the calculated f and
NA. Here, f is related to the radius of curvature (Rc) of the
microlens related to the radius a and the height h, by

f=R./ng—1 = (D? + 4h?)/8h(ng — 1) (1)

NA is also related to f by NA = D/2f. For the calculation, we
assume the refractive index (ns) of the sample to be ~ 1.55 at 635
nm after baking, which yields f = 574.7 pm and NA = 0.10 for a
single drop lens on the untreated glass, and f = 64.1 pym and NA =
0.41 for a single drop lens on the SAM-treated glass. The
properties of the multiple drops lens (1 to 6) are shown in Fig 3b).
The focal length is increased from 64.1 um to 175.1 um with
increasing # of drops, and NA is decreased from 0.41 to 0.30.
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Table 1. Measured values of the diameter and the height as well as
calculated values of the focal length and the NA of ink-jet printed
cured hybrid polymer microlenses on the SAM-treated glass having
different number of drops.

Number (#) of drops / microlens
1 2 3 4 5 6

Dm] 53 65 78 90 08 106

h [um] 12 113 122 134 144 159
f [um] 641 952 1244 1496 1647 175.1
NA 041 034 031 030 030 030

D: the diameter, h: the height, f: the focal length

Conclusion

We demonstrate a simple, yet powerful method to directly
fabricate polymer microlens arrays by programmable drop-on-
demand ink-jet printing of hybrid polymer with excellent optical
qualities. Hybrid polymer microlenses were successfully ink-jet
printed on two different surface conditioned substrates, untreated
and SAM-treated glasses. The diameters of the microlenses vary
from 53 to 112 um depending on the surface treatment, and from
53 pm to 106 pm on SAM treated glass depending on the # of
drops per microlens. With increasing the # of drops per microlens,
we obtained the focal length from 64.1 pm to 175.1 um, and the
numerical aperture ranged from 0.41 down to 0.30. Lens diameter
and hence f and N4 can be controlled by SAM coating and by
varying the number of drops per lens. Further optical
characterization is underway to confirm the uniformity and
reproducibility of the lens arrays and to fine tune the optical values
with high precision.
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