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a b s t r a c t

The light-emitting diode (LED) has been the subject of much interest in the role of a backlight module
for liquid crystal displays (LCDs). However, a traditional LED lamp is a point-light source, and so is not
suitable for use in large LCD panels. This study presents a new packaging method for LEDs, which uses
a gapless dual-curvature microlens array (GDMLA) to improve its ability to illuminate a panel. GDMLAs
of different dimensions were simulated and fabricated in order to examine their light luminance and
uniformity. Commercial optical simulation software, “Tracepro”, was used to obtain a GDMLA of optimized
geometry and dimensions. Based on the simulated data, a GDMLA mold was first fabricated using a
LIGA-like process (Lithographie Galvanoformung Abformung, LIGA); this was known as the first mold.
In this study, the first mold was obtained using a nickel cobalt (Ni–Co) electroplating process. In order
to obtain a highly accurate and strong mold, a bulk metallic glass (BMG) alloy, Mg58Cu31Y11, was chosen
as the material for the second mold, which exhibits excellent forming ability and high hardness. The
pattern of the first mold was replicated onto BMG by hot-embossing, and the shrinkage between the
first and the second mold was less than 0.2%. Next, the pattern of the GDMLA on the second mold was
replicated onto ultraviolet (UV)-curable resin, producing the final optical film for a LED package. The
shrinkage between the second mold and the UV-cured optical film was less than 0.4%; this means that
the process exhibits a high replication ability. The fabricated GDMLA had the characteristics of dual
curvatures and a high fill-factor of 100%. The light uniformity of the LED package with the GDMLA optical
film was measured, and the results demonstrated that the GDMLA is a good optical device for use in LED
packages. In addition, the relationship between the simulation and experimental results is assessed and
discussed.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Microlens arrays (MLAs) have been applied more and more in
optical and lighting systems in recent years, such as in optical fibers,
image systems and illumination. As liquid crystal displays (LCDs)
have been developed quickly in a panel size, the uniformity and
brightness of backlight modules have become very important. Scat-
tering and uniformity in brightness of a light source are important
issues in the field of flat panel displays, and MLAs show potential
for improving scattering and the brightness of optical and lighting
systems.

Many varied fabrication methods for MLAs have been described,
such as the reflow process [1–3], laser-aided [4,5], gray-scale mask
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[6], a photothermal technique [7], molding [8,9], etching [10],
surface properties [11,12], liquid crystal type [13], closed-packed
colloidal monolayer [14,15], and proton beam writing [16]. A soft
roller with a microlens array cavity has been made by casting a
pre-polymer of polydimethylsiloxane (PDMS) in a plastic master of
MLA [8]. Among these processes, molding has been identified as the
process by which high replication capability, rapid fabrication and
mass-production ability can be achieved with high precision. Other
research on MLAs has included aspheric microlens [5], ball-lens [17]
and cylindrical MLAs [18].

The fabrication of a vertical reflow microlens (VRM) has been
demonstrated by the thermal reflow method; this was applied to
a micro-optical/optoelectronic bench and wavelength filter [19].
A fully integrated micro-optical system was realized by later-
ally moving a collimating diffractive lens in the light path [20].
High-resolution imaging and beam steering using MLAs has been
demonstrated [21]. Electrowetting on dielectric (EWOD) was found

0924-4247/$ – see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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Fig. 1. Model of a LED packaged with a GDMLA optical film.

to be a promising technology for variable focal liquid microlenses,
and some methods of altering the contact angle and radius have
been developed: the contact angle of the liquid has been tuned with
different applied voltages [22], and the radius of curvature of the
microlens has tuned by liquid polymer surface tension and applied
pressure [23]. Liquid droplet deposition was achieved by putting
cantilevers in contact with the substrate surface [24].

An optical film with a gapless triangular microlens array
(GTMLA) has also been fabricated. The PMMA-based GTMLA optical
film offered a 100% fill-factor and high optical coupling efficiency
to improve luminance [25,26]. PDMS microlens arrays and diffusers
have been manufactured by replication molding, which can effec-
tively expand a high-intensity laser beam [27]. A diffuser with a
MLA for a light-emitting diode (LED) backlight system has been
developed and was shown to enhance the color-mixing character-
istics of the LED backlight system [28].

A diffuser with a high fill-factor MLA has been developed; how-
ever, there are still some optical properties in which improvement
is needed. This study presents an optical film with a dual-curvature
MLA as a diffuser for a LED package. The development of a mold for
the replication process plays an important role in the process, and
formability and hardness of the mold are critical features to con-
sider. Thus, a bulk metallic glass (BMG), Mg58Cu31Y11, was selected
for use in the process. BMG is ideal due to the fact that amorphous
alloys contain no dislocations that can be responsible for yield-
ing in crystalline materials, and can therefore be expected to be
strong and hard [29–34]. The material shows a very high strength at
room temperature and an excellent viscous flow property at tem-
peratures between the glass transition temperature (Tg) and the
crystallization temperature (Tx). BMG has a good forming ability
(GFA) at temperatures between Tg and Tx; thus, it is a good material
for embossing to fabricate a mold.

In order to enhance the fill-factor of MLAs, several studies on
polygonal MLAs have been conducted [9,14,35,36]; however, the
curvatures of those MLAs are of a single dimension in one array.
This study presents a GDMLA with two different curvatures. Optical
simulation software was used to analyze the optical characteristics,

and the simulation model is shown in Fig. 1. MLAs with differ-
ent geometries and dimensions were simulated in order to analyze
the luminance and light uniformity, which was evaluated by the
standard deviation and coefficient of variation. Therefore, a MLA
of better geometry and dimensions was obtained. Then, based on
the analyzed data, a MLA was fabricated by a LIGA-like process

Fig. 2. Design of the photo-mask for the GDMLA: (a) layout of the photo-mask of
a GDMLA; (b) the symbols of a model created to calculate the dimensions of the
GDMLA; (c) the symbols of the small radius of a microlens; (d) the 3D schematic
diagram of the GDMLA.

Fig. 3. Diagram of the curvature radius, photoresist thickness and microlens radius.
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Fig. 4. Schematic flow chart of the gapless dual-curvature microlens fabrication processes: (a) AZ4620 spin-coating on the substrate; (b) lithography process; (c) the column
array of different sizes on the silicon substrate after developing; (d) the column array changed to a semi-spherical array after heating the substrate at a temperature above
Tg; (e) sputtered Ag as a seed layer; (f) the first mold created using a Ni–Co electroplating process; (g) the second mold of BMG created using a hot-embossing process; (h)
optical film of the GDMLA using UV-curing with the BMG mold. (H is the thickness of the microlens as measured from the top to the film base.)

(Lithographie Galvanoformung Abformung, LIGA). The fabrication
process of the gapless dual-curvature microlens array (GDMLA)
included lithography, electroplating, and UV-curing. First, MLAs of
different dimensions and diameters were defined using a lithogra-
phy process. Then, nickel cobalt (Ni–Co) electroplating was applied
to obtain an intermediate GDMLA mold, known as the first mold.
Using this first mold, a second mold of BMG was replicated by a
hot-embossing process, and a UV-cured process was then used to
replicate the GDMLA. The second replication had a shrinkage of
less than 0.4%, which means that the process is of high replication

ability. The GDMLA had the properties of dual curvature and a fill-
factor of 100%. Finally, the GDMLA was packaged on a LED chip to
improve the luminance and uniformity. The deviation between the
simulated and measured luminance and uniformity was assessed
and discussed.

2. Simulation

The optical performance of different gapless polygonal MLAs,
including a GDMLA, a gapless hexagonal microlens array (GHMLA)

Table 1
Detailed data obtained from three different simulation models using films of 10 �m and 20 �m thicknesses.

Thickness (�m)

10 20

Diameter (�m)

60 90 120 60 90 120

GTML
Average (cd) 0.04641 0.04578 0.04572 0.04719 0.04675 0.04698
Standard deviation 0.01748 0.01770 0.01787 0.01679 0.01679 0.01706
C.V. (%) 37.66 38.67 39.09 35.58 35.90 36.31

GHML
Average (cd) 0.04690 0.04678 0.04657 0.04741 0.04683 0.04664
Standard deviation 0.01655 0.01667 0.01681 0.01675 0.01637 0.01622
C.V. (%) 35.29 35.63 36.10 35.33 34.96 34.77

GDML
Average (cd) 0.04685 0.04722 0.04712 0.04747 0.04757 0.04762
Standard deviation 0.01645 0.01698 0.01712 0.01677 0.01693 0.01674
C.V. (%) 35.11 35.96 36.32 35.32 35.58 35.16
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Fig. 5. Candela plots of three different arrays at a thickness of 10 �m and a diameter
of 120 �m.

[9,36] and a gapless triangle microlens array [25], was compared.
A simulation model of the GDMLA is shown in Fig. 1, which con-
sisted of a LED and an optical film of a gapless polygonal MLA. The
data of the luminance at different points on the LED were mea-
sured; then, based on the following Eqs. (1)–(3), which are the
luminance average, standard deviation and coefficient of variation,
respectively, calculations were performed in order to decide which
one performed best. The larger the luminance average, the better
the luminance; if the value of � is large, the uniformity is poor; and
the smaller the coefficient of variation, the better the result.

2.1. Calculation of standard variance

The arithmetic average is simplified as X̄ , whose unit is W/Sr,
i.e., cd (candela), and X̄ means the luminance average, which is the
summation of all data divided by all numbers, as expressed in Eq.

Fig. 6. Candela plots of three different arrays for a thickness of 20 �m and a diameter
of 120 �m.

(1),

X̄ =
∑n

i=1Xi

n
(1)

where X is a datum, n is the total number of measured data, W is
Watts, and Sr is steradian. The larger the X̄ , the better the luminance.

Standard deviation (�) is given by:

� =
√∑

(X − Xi)
n

(2)

This presents the deviation of every datum of X̄ , and so indicates
the uniformity of the brightness. If � is large, the uniformity is poor.

The coefficient of variation (C.V.) is expressed as:

C.V. = �

X̄
× 100% (3)

Fig. 7. Comparison of the GTMLA, GHMLA and GDMLA with three different diameters and a thickness of 10 �m: (a) the luminance average and standard deviation; (b) the
coefficient of variation.
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Fig. 8. Comparison of the GTMLA, GHMLA and GDMLA with three different diameters and a thickness of 20 �m: (a) the luminance average and standard deviation; (b) the
coefficient of variation.

Fig. 9. Comparison of C.V. for three diameters and two thicknesses. H is the symbol for thickness and D is the symbol for diameter of the microlens.

Fig. 10. GDMLA data plot showing a comparison of luminance average and standard deviation at thicknesses of 10 �m and 20 �m.
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Fig. 11. (a) Sputtering of the Ag thin film as a seed layer; (b and c) the semi-spherical micolenses growing gradually due to the Ni–Co electroplating process; (d) the boundary
of each microlens contacts the others to form a polygonal microlens array; (e) SEM photo of a GDMLA mold of Ni–Co alloy; (f) photo of a GDML mold of Ni–Co alloy.

This is a good index by which to indicate the variation in every
factor: the smaller this index, the better the result.

2.2. Simulation model

Fig. 1 shows a simulation model created using the commercial
software, Tracepro. In this model, the LED was packaged using opti-
cal film with a gapless dual-curvature microlens array. The input
power of the LED was 0.45 W, and the maximum brightness was
0.9695 cd. Optical films of three different patterns, GDMLA, GHMLA
and GTMLA, were tested, at thicknesses of 10 �m and 20 �m. The
excircle of the polygonal microlens was 60 �m, 90 �m and 120 �m,
respectively.

3. Fabrication process

A mathematical model for predicting the dimensions of the
GDMLA is presented; the GDMLA was fabricated by lithography,
electroplating and embossing processes.

3.1. The principles of design

The design of a photo-mask is essential in the fabrication pro-
cess of GDMLAs, as it defines the final profile and dimensions of a

GDMLA mold. Thus, we present a simple model for designing the
dimensions of a photo-mask.

Fig. 2(a) shows the layout of the photo-mask for the GDMLA.
Four circles surround a smaller one; the larger circle microlens can
form an octagon after electroplating, whereas the smaller one can
form a tetragon. There are two kinds of curvature within a GDMLA.
A model was created to calculate the dimensions, as expressed in
Eq. (4),

RP = D + d

2 cos(2�/2P)
(4)

where Rp is the expected radius of the microlens, D is the diameter
of the photo-mask, d is the gap between the two large circles, and
P is the number of sides of the polygon (as shown in Fig. 2(b)).
Then, the radius of the smaller circle (r) can be obtained from the
radius of the larger circle (R) and the gap (d). The circles are crossed
by a right-angled triangle (as shown in Fig. 2(c)) and a model was
developed to predict r by the sine law, expressed as:

r =
(

2
√

2 − 2
)

R +
(√

2 − 2
)

d (5)

Fig. 2(d) shows a 3D schematic diagram of the GDMLA, obtained
using SolidWorks software. This was created based on the calcu-
lated results from Eqs. (4) and (5). The radius of curvature (Rc),
thickness of photoresist (h) and the above-mentioned radius of a
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Fig. 12. Photo of a Ni–Co mold with a dimension of 151.73 �m: (a) photo by micro-
scope; (b) photo by SEM.

larger circle (R) are related, as shown in Fig. 3. Eq. (6) is given as:

Rc = h2 + R2

2h
= 1

k
(6)

where k is the curvature, the inverse of Rc.

3.2. GDMLA fabrication process

The GDMLA fabrication process was based on a LIGA-like pro-
cess, and is schematically shown in Fig. 4 and described below. First,
a silicon (Si) wafer was cleaned, then the photoresist was spun
on the Si wafer by a spin-coating process (as shown in Fig. 4(a)),
with a spinning speed of 550 rpm and duration of 15 s. After 20 min
of soft baking at 90 ◦C, the photoresist was exposed by ultraviolet
(UV) light at 360 mJ for 60 s (as shown in Fig. 4(b)). The developed
patterns (see Fig. 4(c)) were placed on a hotplate and heated to
160 ◦C for 1 h, during which the pattern changed from a column
shape to a hemi-spherical microlens (as shown in Fig. 4(d)). Then,
silver (Ag) was sputtered onto the photoresist as a seed layer for
the subsequent electroplating (as shown in Fig. 4(e)). Nickel cobalt
(Ni–Co) electroplating was applied until the gaps between the pat-
terns had disappeared (as shown in Fig. 4(f)). The Ni–Co alloy was
of 650 Vicker Hardness (Hv), so was suitable as a first mold in the
replication process. BMG has the advantageous properties of high
hardness at room temperature and low viscosity at Tg; thus, the
pattern on the Ni–Co mold was easily transferred to BMG, forming
the second mold (as shown in Fig. 4(g)). Finally, a UV-curable poly-
mer was spin-coated onto the BMG mold with a spinning speed of
2000 rpm and a duration of 20 s, and then cured by UV light. The
GDMLA optical film was thus obtained (as shown in Fig. 4(h)).

Fig. 13. Photo of a BMG mold with a dimension of 151.38 �m: (a) photo by micro-
scope; (b) photo by SEM.

Fig. 14. Photo of a UV-cured film with a dimension of 150.69 �m: (a) photo by
microscope; (b) photo by SEM.



Author's personal copy

C.T. Pan et al. / Sensors and Actuators A 150 (2009) 156–167 163

Fig. 15. (a) LED chip; (b) package of a LED chip.

4. Results and discussion

The candela plots obtained from the simulated results are shown
in Figs. 5 and 6; the detailed data are listed in Table 1, which shows
a comparison of three different optical films, i.e., GTMLA, GHMLA,
and GDMLA, with different configurations of MLA and a thickness
of 10 �m, as measured from the microlens top to the film base. The
microlenses of the optical films were 60 �m, 90 �m and 120 �m in
diameter, respectively. Fig. 5 shows a comparison of the three dif-
ferent optical films, GTMLA, GHMLA, and GDMLA, with diameters
of 120 �m, which functioned as diffusers for LEDs. The distribu-
tive angle was about 140◦ and the brightness was quite uniform
within this range. The distribution of the GHMLA and GDMLA were
of a similar trend, but the GTMLA was brighter and more concen-
trated around the center (0◦). Fig. 6 shows the same comparison
between optical films of a thickness of 20 �m, as measured from
the microlens top to the film base, and a diameter of 120 �m, for
which the distributive angles were wider than those shown in Fig. 5.

Through calculation using Eqs. (1)–(3), the data listed in Table 1
were plotted, resulting in Figs. 7 and 8. The histograms show a com-
parison of the variations of the GTMLA, GHMLA and GDMLA, which
revealed a similar trend. The luminance average of the GDMLA
shows a maximum and the GTMLA shows a minimum. The � of the
GHMLA shows a minimum, meaning that the GHMLA has a better
uniformity than the others, but the GDMLA has a greater average
brightness than the others. The C.V. data of Figs. 7(b) and 8(b) were
re-arranged as shown in Fig. 9, from which the difference in C.V.
between the 10-�m and 20-�m films can be seen clearly. A thicker
film has a better optical performance, especially the GTMLA. For
10-�m-thick films, the larger the diameter, the worse the effect;
however, no regular trend was exhibited by the 20-�m-thick films.

The C.V. of the GDMLA with a thickness of 10 �m and a diameter of
60 �m shows a minimum.

The GDMLA data are also plotted in Fig. 10, which reveals that the
GDMLA of a thickness of 20 �m and a diameter of 120 �m exhibits
a greater average brightness, and that of a thickness of 10 �m and a
diameter of 60 �m has a better uniformity. The optical characteris-
tics of the GDMLA exhibit higher averages than those of the GTMLA
and GHMLA.

The fabrication process of the GDMLA was discussed previously.
It involves two replication processes, i.e., from the Ni–Co mold to the
BMG mold, then from the BMG mold to the final product (optical
film). These processes are critical in order to obtain an accurate
final product. The shrinkage rates of the materials were assessed,
as given by the following equations:

˛1 = E − H

H
(7)

˛2 = H − C

C
(8)

where ˛1 and ˛2 are shrinkage rates, E is the lateral dimension of
an electroplating Ni–Co mold, H is the lateral dimension of the BMG
mold and C is the lateral dimension of the UV-cured final product.

Images of the evolution of the experimental electroplating pro-
cess are shown in Fig. 11, from which it can be clearly seen that the
circular microlens changes to a gapless polygonal microlens. After
the sputtering of Ag onto the photoresist (Fig. 11(a)), Ni–Co electro-
plating was applied (Fig. 11(b)). The semi-spherical pattern grew
slowly, then the boundaries between the pattern came into con-
tact with each other after electroplating for 10 h (Fig. 11(c)). Finally,
the gap between the semi-spherical lens disappeared and a gapless
microlens array was obtained. The original circular lens changed to
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a polygonal microlens due to the microlenses growing uniformly
and coming into contact with each other (Fig. 11(e)). The Ni–Co
mold was 2 cm × 2 cm in area (Fig. 11(f)).

An optical microscope (OM) with acquisition software and a
scanning electron microscope (SEM) were used to observe the
dimensions and the morphology of the mold and final product.
Fig. 12(a) is a photo of the OM image of the Ni–Co mold, and shows
the width to be 151.73 �m, which was averaged from at least four
measurements; Fig. 12(b) is a SEM photo of the Ni–Co mold, and
shows the morphology of the surface. These indicate that a GDMLA
mold was successfully obtained using the electroplating process.
Figs. 13(a) and 14(a) show the dimensions of the Mg58Cu31Y11
BMG mold and the UV-cured optical film, respectively, which were
151.38 �m and 150.69 �m in width, respectively, averaged from at
least four measurements. It was noted that the surface of the BMG
mold (shown in Fig. 13(b)) was not perfect, and had some visible
marks; this is because, during manufacturing of the Mg58Cu31Y11

raw material using the metal casting method, some marks were
produced after the quenching process, which causes roughness and
oxidation on the surface. The defects of the surface of the mold can
then be transferred to the final product; thus, the UV-cured optical
film has several cavities on its surface (Fig. 14(b)). According to Eqs.
(7) and (8), the shrinkage rates of the first and second replicas were
0.2% and 0.4%, respectively.

Finally, we used a luminance meter (BM7, TOPCON, Japan) to
determine the luminance of the LED chip packaged with a GDMLA
optical film. The experimental data were compared with those
of the simulation. For this measurement, the LED chip was wire-
bonded with gold lines as an electric conduction pad (as shown
in Fig. 15(a)). Fig. 15(b) illustrates the LED configuration, and a
schematic illustration of the measurement of the packaged LED is
shown in Fig. 16(a). The lighting area of the LED was divided into
nine portions for luminance (cd/m2) measurement. Fig. 16(b and c)
illustrates the measured data of a UV-curable optical film without

Fig. 16. The measurement setup of a LED packaged with optical film: (a) the measured point of an optical film packaged for a LED; (b) the measured data of a LED with a UV
optical curable film without a GDMLA pattern; (c) the measured data of a LED with a UV optical curable film with a GDMLA pattern.
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Fig. 16. (Continued ).

a GDMLA and with a GDMLA, respectively, and shows the sim-
ulation result as 6.5442 × 105 cd/m2 and the experimental result
as 6.461 × 105 cd/m2 at the central part. The error of luminance is
less than 1.2%; however, larger variation is shown at the left and
right parts. This may be explained by the fact that the thin film
was packaged on the LED chip with some defects, such as gaps,
warpage and deflection, due to the existence of the bonding wire,
and thus the measured values at the edge area are of larger devia-
tion.

5. Conclusion

This study presents a new packaging method for LEDs using a
gapless dual-curvature microlens array to enhance the illumina-
tion of a panel. The GDMLA has the properties of dual curvature
and a fill-factor of 100%; it was packaged on a LED chip in order to
improve the luminance and uniformity. The GDMLA was fabricated
by a LIGA-like process, which included lithography, electroplating,
and a UV-curing process. The first mold was obtained using a nickel
cobalt (Ni–Co) electroplating process. In order to obtain a highly
accurate and strong mold, Mg58Cu31Y11 was chosen as the material
for the second mold, which exhibits an excellent forming ability and
high hardness. After the simulation data were calculated from Eqs.
(1)–(3), the results revealed similar trends. However, the luminance
average of the GDMLA showed a maximum and that of the GTMLA
showed a minimum, and the � of the GHMLA showed a minimum.
This means that the GHMLA has a better uniformity than the others,
but the GDMLA has a greater average brightness than the others. In
particular, the difference in C.V. between 10-�m and 20-�m films
can be seen clearly. A thicker film exhibits a better optical perfor-
mance. The shrinkage between the first and the second mold was
less than 0.2%, and that between the second mold and the UV-cured
optical film was less than 0.4%, meaning that the process has a high

replication ability. The simulation result was 6.5442 × 105 cd/m2

and the experimental result was 6.461 × 105 cd/m2 at the central
part. The error of luminance was less than 1.2%, but larger vari-
ation is shown at the left and right parts owing to mistakes in
packaging.
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