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Abstract

A hexagonal micro-lens (HML) array with long aspect ratio of 3.3:1 designed for beam shaping was fabricated by applying gray-scale
lithography in micro-replication process. The gray-scale lithography process was employed in this study to obtain unity curvature and to
maximize filling factor of the lens array. Precision micro-replication process was applied to duplicate HML on a flexible polyethylene
terphthalate (PET) substrate by UV-forming process. The geometry character of obtained HML was inspected and the shape of
HML is very close to the designed specification. The optical performance was also investigated. It was found that the incident Gauss
beam was diversified differently at short and long axis. The beam full widths at the half maximum (FWHM) at short axis and long axis
directions through the HML are 0.61 um and 0.25 pum, respectively. Hence, the beam divergent ratio at long and short axis of 2.44:1 was

achieved.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Refractive micro-lens has been in increasing demand for
various optical applications [1,2] specifically in imaging sys-
tems [3], digital display systems [4], digital optical proces-
sors [5], and optical interconnection [6], etc. It possesses
many advanced optical features such as low wavelength
sensitivity, large numerical apertures, high light efficiency
and is expected to play a major role in miniature optical
system in the future. The majority of the researches regard-
ing refractive micro-lens conducted recently are related to a
symmetric shape such as round, square and regular hexag-
onal lenses [7]. But in certain applications e.g. liquid—crys-
tal display, projector, light emitting diode lighting, etc.,
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there are two important factors needed to be considered.
One is asymmetrically shaped of lens which offers more
flexibility to the optical designer to control the illumination
patterns. The other is filling factor which influences
strongly light utilization. The filling factor is defined as
the percentage of lens area to the total area. To maximize
the light collection, the lenses should be gapless as much
as possible to close to 100% of total area. Hence, it is essen-
tial to develop a precision and efficient approach to fabri-
cate asymmetrical shape lens array with near 100% filling
factor.

Regarding fabrication methods of the refractive micro-
lens profile, many approaches have been reported. The
most commonly used method to form spherical micro-
lenses is the thermal reflow technique. By this method,
the micro-cylinders made of photoresist are firstly pro-
duced by lithography process and are subsequently heated
to a temperature above the T, (glass transition tempera-
ture) of the photoresist. Surface tension will then re-shape
these photoresist micro-cylinders into spherical micro-lenses.
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Fig. 1. Typical surface morphology of thermal-reflowed long square lens array.

However, to make surface tension functions properly,
small gaps are needed to isolate individual photoresist col-
umns. Hence theoretically it is very difficult if not impossi-
ble to produce 100% filling factor array. There is another
drawback of using reflow process. If the initial photoresist
pattern is not symmetrical, due to surface tension, it is
difficult to obtain micro-lenses with unity curvature of
spherical profile. Fig. 1 shows surface profile of thermal-
refolwed long square micro-lens. It can be easily observed
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the isolating gap and different curvatures (R, # R,) at long
and short axes. Another method widely adopted process to
fabricate multi-level micro-structures to approach refrac-
tive lens profile is the binary photolithography [8,9]. For
a 2™_level micro-lens array, this method includes M expo-
sures, (M — 1) alignments, and M etching steps. Unity cur-
vature can be achieved by designing binary pattern on M
masks. Lens gap can also be minimized by reducing feature
size of each level. However, to achieve quasi-continuous
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Fig. 2. Design specifications of gapless long HML array.
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surface profile, a number of exposure steps are required
and the accumulated errors can easily affect the accuracy
of lens profile.

Gray-scale lithography was frequently adopted to allow
more phase levels to be produced on the micro-scale/meso-
scale optics [10,11]. It contains all the informations
required in one gray mask and a continuous surface profile
is easily obtained by single exposure. As a result, gray-scale
photolithography method can greatly improve the process
efficiency by reducing the number of processing steps
needed to generate refractive micro-lens profile [9-12]. In
applying this method, the high energy beam sensitive
(HEBS) mask having high attenuation in the deep ultravi-
olet spectral range is often employed. Numbers of phase
levels are produced on HEBS mask if electron beam lithog-
raphy is used. The curvature can be controlled by adjusting
gray scale levels and the gap between lenses can approach
zero ideally.

In this paper, an asymmetrical hexagonal micro-lens
(HML) used for light emitting purpose was designed and
fabricated. To obtain ideal spherical lens profile and near
100% filling factor, accurate optical density (OD) was
employed in gray-scale lithography process. By applying
precision micro-replication process, a high quality HML
array was duplicated on flexible polyethylene terphthalate
(PET) film. The fabrication quality was inspected and com-
pared with the designed specifications. The optical perfor-
mance of different light divergent angles of HML was
demonstrated.

2. Specifications of long hexagonal micro-lens array

To produce different light angle in x- and y-directions,
the micro-lens is designed in a long asymmetric hexagonal
shape and arrayed in close packed form. The geometric
parameters are: the lengths of long axis and short axis of
the projected shape are L =50 um, W= 15pum, respec-
tively. The length of the other diagonal lines is 50 pm,
the lens height H = 18.86 um, the radius of curvature of
micro-lens is R =26 pum, and the array size is 50 mm X
50 mm. The overlap distance of two adjacent lenses is
d=1.15 um. The micro-lens material is UV-curable resin
having a refractive index of 1.49. The schematic diagram
of the gapless long hexagonal micro-lens array is shown
in Fig. 2. The focal length f for the lens can be written as
f= R/(n — 1) where, in this study, /'~ 49 pm.

3. Micro-replication process

Three main processes were used in this study to fabricate
long hexagonal micro-lens array on a flexible substrate. As
shown schematically in Fig. 3. firstly, the photoresist mas-
ter of hexagonal micro-lens was fabricated using gray tone
lithography process. The photoresist master was then
transferred onto a Ni mold using micro-electroplaitng pro-
cess. Finally, with the help of the obtained precision Ni
mold, the hexagonal micro-lens structure was replicated

onto flexible PET substrate by roller and UV forming
process.

3.1. Photoresist master fabrication

Photoresist master fabrication is of crucial importance
to the subsequent fabrication process. In the experiment,
HEBS mask produced by Canyon Materials, Inc. was used
to generate lens profile. Precise design of optical density
(OD) of gray mask ensures lens profile to achieve ideal
design. The OD is related to different thickness and it
was characterized by I85B calibration mask. The test pat-
tern has 200 gray levels and each gray level consists of
one test pattern of 100 um by 100 pm in size. The 200 gray
levels represent OD values range from 0.126 to 2. To start
the photolithography process, a hot-dried silicon wafer was
spun with a 30-pum-thick positive photoresist (AZ-4620). It
was prebaked in a conventional oven at 95 °C for 10 min
to remove excess solvent from photoresist. The EVG
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Fig. 3. The schematic flow chart of HML process on flexible PET
substrate: (a) gray tone lithography, (b) Ni electroplating, (c) Ni mold
demolding, (d) UV casting by a roller on flexible substrate, (¢) micro-lens
array demolding.
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Fig. 4. (a) Optical density vs. AZ4620 thickness calibration curve for gray mask, (b) hard skin formed on the top of HML surface profile with gray mask
OD range from 0.5 to 2; hard skin formed at developing time 90 s (left) and hard skin was removed and rough surface formed on the top at developing

time 120 s (right).

UV-mask aligner, which has a peak emission at a wave-
length of 436 nm and irradiance of 10 mW/cm? was
employed for the UV exposure in 80s. The sample was
then dipped in diluted 20% AZ-400k for 120 s and rinsed
by de-ionized water. The UV irradiation was controlled
by the gray level. The higher the OD value the less irradi-
ation could be generated and the thicker photoresist could
be obtained. Fig. 4(a) shows the calibration curve of AZ-
4620 with HEBS gray mask of OD values ranged from
0.126 to 2. The green? dot line is the real thickness of pho-
toresist with different OD measured by using o-step. And
the red line is the curve fitting line given by the equation
Y =1.12672 + 14.3892X — 1.71419X°. It is easily seen that
the deviation of photoresist thickness from the fitting curve
becomes larger when the OD value approaches to 2. To
design OD distribution for accuracy lens shape, a test lens
pattern with gray mask OD ranging from 0.5 to 2 was pro-
duced to verify the surface quality. In the testing, develop-
ing process was interrupted at 90th sec, and a hard skin
layer on the top of HML was observed by SEM as shown
in Fig. 4(b) left. After full developing condition (developing

3 For interpretation of color in all the figures, the reader is referred to
the web version of this article.

time = 120 s), the hard skin was removed but the surface
roughness on the top of HML becomes poor as shown in
Fig. 4(b) right. The hard skin is formed on the top of the
photoresist layer during prebaking process and it results
in the deviation in thickness due to insensitivity of the hard
skin layer to the slight change of OD value. To make a
smooth surface, lowering OD value is a good choice to
keep the top surface of HML away from the hard skin
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Fig. 5. Designed optical density distribution for HML.
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layer. In this study, OD values ranging from 0.12 to 1 were
selected to design micro-lens. The OD distribution for the
designed micro-lens is shown in Fig. 5. Many
I-um-width rings with the same gray level were used to
produce spherical surface. After lithography process, long
HML array was completed. Fig. 6(b)-(d) are SEM
micro-photographs in different view angles. From the
SEM results, the shape of photoresist HML is very close
to the ideal profile showing in Fig. 2.

3.2. Ni mold insert fabrication

A micro-electroplating process was applied to transfer
the photoresist hexagonal micro-lens array onto the Ni
mold. The metallization process included sputtering
100 nm Ni layer, electroplating Ni, backside lapping and
mold releasing. The experimental result showed that the
photoresist hexagonal micro-lens mold could be precisely
transferred to the Ni mold. The Ni mold has very high
duplicability of photoresist micro-structure and has poten-
tial for mass production.

3.3. UV imprinting process

A modified imprinting process using roller was proposed
and implemented in the experiment. The imprinting steps
can be summarized as follow ([referring to Fig. 3(d)]): (1)
The UV-curable material in liquid form was dispensed
onto the Ni template to fill concave cavity of HML. For
good demolding property, a flexible PET film as HML sub-
strate was bent and placed over the dispensed resin to
avoid any air bubbles being trapped in the resin layer.

View

direction |

The PET film is transparent to allow the following UV irra-
diation. (2) The coated template with PET film was lami-
nated by a height controlled roller and it moved from
one side to the other to remove redundant resin and con-
trolled the UV resin layer thickness. The 200-pum-thick
coated resin layer was obtained. (3) The sample was
exposed in the curing system for 12 min and then the resin
was solidified at room temperature. The general UV light
of the wavelength of 250-420 nm was used in the experi-
ment and the exposure intensity was 40 mW/cm? which
was measured by photometer at 365 nm wavelength. (4)
After curing step, the flexible PET film with HML structure
can be pealed off from HML template. The SEM image of
prototype is shown in Fig. 6. Gapless long HML structure
was duplicated successfully and no significant damage was
found. Hence, good replication quality of UV imprinting
with flexible substrate was demonstrated. The SEM images
of the obtained HML structure in different view angles are
displayed in Fig. 6.

4. Measurement results and discussion

To analyze fabrication quality, geometry characters of
HML structure was inspected to compare with designed
values. To measure the lengths of long axis L and short axis
W of the projected shape, HML was observed by using
500X optical microscope and the length and width were
directly read out from micrometer on the movable stage
[Fig. 7(a)]. The lens height H, curvature of lens at long axis
Ry and at short axis Rg were evaluated using SEM obser-
vation. In the cross-section view of SEM micrograph, the
lens height was directly measured by using a scale bar.

Fig. 6. SEM images of UV casting micro-lens structures on flexible PET substrate and the local area.
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Fig. 7. Geometry inspection of AZ4620 HML (a) 500X optical microscope image to inspect the length of HML at long and short axis. (b) SEM cross-
section image of HML at short axis to inspect radius of curvature and lens height. (¢) SEM cross-section image of HML at long axis to inspect radius of

curvature. (d) SEM image of another view angle.

The radius of curvature of lens was evaluated by fitting
proper radius of circle with lens profile at both long and
short axes [Fig. 7(b) and (c)]. The filling factor of HML
was defined as ratio of actual lens area to the designed lens
area. That 1is,

measurement lens area 4’
designed lens area A

W' x {L' =L cot (&)}

T W x {L—Zcot (9}

Filling factor =

The filling factor can be calculated by substituting L, W,
L', W' and 0 into the above expression.

The measured results of geometry characters of photore-
sist master and UV-replicated structure are listed in Table
1. For photoresist master, the lengths at long and short axis
direction are about 50 pm and 14.8 pm, respectively; the
height of HML is about 18.5 um and the radii of curvature
at long and short axis directions are about 25.8 um and
27.2 um, respectively. Based on these results, a high-quality
photoresist master with good dimension control during
fabrication and near unity curvature was successfully fabri-
cated. For the UV-replicated structure, the dimensional
error increased slightly due to two pattern transfers of Ni

mold and UV-replication. The lengths of HML at long
and short axis directions are about 49 um and 14.6 pm,
respectively; the height of HML is reduced to 14.7 um;
the radii of curvature at long and short axis directions
are about 27.3 ym and 26.4 um. To evaluate the surface
condition affected by replication, the surface roughness
(R,) of HML was measured by AFM. The R, at the top
of photoresist and UV-replicated HML were found around
17 nm and 28 nm, respectively.

Table 1
Measurement results of fabrication quality

Ttem Design value  Measurement value
PR HML UV HML

Length of projected 50 50 49
shape at long axis, L (um)

Length of projected 15 14.8 14.6
shape at short axis, W (pum)

Lens height, H (um) 18.86 18.5 14.7

Radius of curvature 26 25.8 27.3
at long axis, Ry (um)

Radius of curvature 27.2 26.4
at short axis, Rg (1m)

Surface roughness, R, (nm) 17 28

Filling factor (%) 98.7 95.4
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Fig. 8. Schematic illustration of the measurement setup.

To inspect the optical properties of HML, the measure-
ment setup shown in Fig. 8 was constructed. Here image
acquisition (camera) and analysis (analyzer) were per-
formed with a Hamamatsu Lepas 11 system and a dedi-
cated optics and camera as well. The symmetry Gauss
beam was used in the experiment and its wavelength is
650 nm. The measurement results of optical beam profile

of gapless long hexagonal micro-lens in the focal plane
are shown in Fig. 9 and Table 2. Fig. 9(a)—(c) are measured
image, three-dimensional display and optical intensity pro-
files for long axis and short axis of HML, respectively. One
can see that the measured profile is obviously asymmetri-
cal. The beam full widths at the half maximum (FWHM)
in short axis and long axis directions through the long

a b
(counis) Intensity profile of short axis direction
oy =T
E Ty T
E 75 LS
%4 o o
[-F] ]
=9 T
0
Beam width (pm)
(counts) Intensity profile of long axis direction

Sy

= [~

S 200 F ~mmimenmimn

R

g 100f-cocncaalae

= [asoeaace

g ola

Beam width (pum)

Input Gauss beam profile

= Qutput beam profile

C

Fig. 9. Measurement results of optical beam profile of gapless long HML in the focal plane. (a) Measured image, (b) three-dimensional display and

(c) optical intensity profiles for long axis and short axis of HML.
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Table 2
Measurement results of optical beam profile on the focal plane

Item Input Gauss Output beam
beam width (um) width (um)
FWHM Short axis 1.90 0.61
Long axis 1.33 0.25
1/e Short axis 2.29 0.74
Long axis 1.59 0.3
/e Short axis 1.08 0.39
Long axis 3.23 2.24

HML are 0.61 pm and 0.25 um, respectively. The beam full
widths at the 1/e? intensity in short axis and long axis direc-
tions through the long HML are 1.08 pm and 0.39 pm,
respectively. Hence, the beam divergent ratio at long and
short axis of 2.44:1 was achieved.

5. Conclusion

A long HML array was designed to generate different
light divergent angles in x- and y-directions. Gray-scale
lithography was used to achieve ideal spherical lens and
near 100% filling factor. The prototype of HML was suc-
cessfully produced by Micro-replication process. The
geometry dimensions of the obtained photoresist HML
are L ~ 50 um, W~ 15 ym, H =~ 18.5 um and they are very
close to the targeted specifications. Near unity curvature
(R =~ 25.8 um, Rg~27.2 um) and filling factor of 98.7%
were achieved. Based on the results of the optical experi-
ment, the incident Gauss beam was successfully diversified

differently at short and long axis. The beam FWHM at
short axis and long axis directions through the long
HML are 0.61 um and 0.25 pm, respectively. Hence, the
beam divergent ratio at long and short axis of 2.44:1 was
achieved.
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