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Abstract

This study presents a new process to fabricate micro-lens array. The process of Micro-Electro-Mechanical Systems (MEMS) includes photoresist
reflow technique, and nickel—-cobalt (Ni—Co) electroplating to fabricate a first mold. Then, this first mold is applied to hot emboss on Mg—Cu-Y
amorphous alloy to form a secondary mold. The secondary mold is a bulk metallic glass (BMG) material, whose thermal properties such as the
glass transition temperature (7), the onset temperature for viscous flow (Toe), the steady-state viscous flow temperature (7ys), and the finish
temperature for the viscous flow (Tjy;sn) are investigated using differential scanning calorimetry (DSC) and thermomechanical analyzer (TMA).
The glass transition temperature of BMG is around 140 °C (413 K). Therefore, the temperature of the hot embossing experiment is set at 423 K. This
hot embossing process on BMG material makes molding process faster and more diverse applications. Next, the secondary mold is used to emboss
on polymethylmethacrylate (PMMA) sheets. BMG is not only a good material for hot embossing process to fabricate micro-structure directly, but
also fast-molding material for hot embossing process. Molding process using BMG material as a secondary mold can be more cost-effective and

time-saving than the traditional MEMS process does.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bulk metallic glass (BMG) is referred to an amorphous
metallic alloy that can be formed into bulk specimens with a
minimum diameter greater than 1 mm. The materials show very
high strength at room temperature and excellent viscous flow
property at temperatures between the glass transition tempera-
ture (Tg) and crystallization temperature (7%). In recent years,
micro-lens array has been attracting much attention for a vari-
ety of applications. For display field, it is used to enhance the
brightness of illumination and simplify the light guide module
construction. Both higher accuracy and lower cost of micro-
lens fabrication methods are needed to meet the rapid growth
of the commercial devices. It is an important issue to make a
high accuracy and strength mold to replicate micro-lens array
precisely. The selection of BMG is based on the fact that amor-
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phous alloys contain no dislocation that can be responsible for
yielding in crystalline materials, and are therefore expected to
be strong and hard.

The viscous flow behavior of the MgsgCus; Y bulk amor-
phous rods in the supercooled viscous region was investigated. It
was found that the appropriate working temperature for micro-
forming was about 460-474 K [1]. The maximum diameter of
glass formation (D.), T, temperature interval of the supercooled
liquid region (ATY), melting temperature (7Ty,), liquidus temper-
ature (77) as well as heats of crystallization (AHy) and melting
(AHp,) were reported for Ga-based [2] and Mg-based bulk amor-
phous alloys [3]. Glass transition and crystallization behavior
of several Mg—Ni—Nd metallic glasses have been systemati-
cally studied by temperature-modulated differential scanning
calorimetry (TMDSC). It provided clear observation of glass
transition and crystallization micro-mechanism [4]. The appli-
cation of melt-spinning process of MggsCusZns5Y5 alloy was
studied, which was found to cause the formation of a mixed
structure consisting of nanoscale crystalline particles embedded
in an amorphous matrix [5]. Yuan and Inoue reported that an
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appropriate substitution of Cu by Ni in MggsCuo5Gdig signifi-
cantly improved its mechanical properties, especially improved
the ductility of Mg-based bulk metallic glass [6]. It is known that
BMG alloys can exhibit not only the unique physical properties
such as excellent elasticity and strength, but also the significant
plasticity occurred in the AT, due to a drastic drop in viscos-
ity during glass transition upon heating [7]. Several researchers
have reported the mechanical properties by uniaxial tensile test-
ing [5,8,9] and uniaxial compression testing [1,3,6,10,11]. The
literature indicated that BMGs exhibited high strength and brittle
property at room temperature, and they also showed low stress
and superplasticity at the supercooled liquid region. Mg—Cu—Y-
based system exhibited reasonably good forming ability (GFA)
with a wide supercooled liquid region before crystallization
[12]. There have been numerous studies on the fabrication of
BMGs. These literatures reported the forming ability of BMGs.
Several kinds of BMGs were welded to BMGs or crystalline met-
als by liquid-phase welding using explosion, pulse-current and
electron-beam methods, and by supercooled liquid-phase weld-
ing using friction method [13-16]. Turning [17] and drilling [18]
were also tested and characterized.

However, there were only few studies on imprinting or hot
embossing process of BMG material. Saotome et al. [19] used
imprint process to fabricate nano-patterns. A silicon-based die
was fabricated. With that die, they examined the nano-forming
ability of Pd-based amorphous alloy. Chu et al. [20] reported
the fabrication of a silicon-based grating die to imprint on
Pd4oNiggPo plate, and then it was replicated on polymer.

The objective of this study is to fabricate a gapless hexagonal
micro-lens array with high fill factor by this new emboss-
ing process. The previous study has reported fabrication of
a Ni—Co mold of gapless hexagonal micro-lens array using
LIGA-like process (LIGA, a German acronym for Lithographie,
Galvanoformung, and Abformung) [21]. In this study, a modified
molding process using MgsgCusz; Y11 BMG as a secondary mold
to replicate the gapless hexagonal micro-lens array is attempted.
The schematic illustration is shown in Fig. 1. Before hot emboss-
ing process, the thermo-mechanical properties of the Mg-based
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|
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Fig. 1. The schematic replication process on the PMMA.

MgsgCus Y ) system are investigated using differential scan-
ning calorimetry (DSC) and thermomechanical analyzer (TMA).
The working temperature for superplastic microforming is the
one close to the glass temperature around 413 K. It shows experi-
mentally that the optimum working temperature is dependent on
the applied stress level. Since the BMG material has superplastic
property at the supercooled liquid region, it can be easily formed
by the master die. After cooling, the material has very high
mechanical strength to be a secondary mold. Then, the BMG
mold is used to replicate micro-lens array on the polymethyl-
methacrylate (PMMA) sheet. The embossing feasibility and
degree of forming ability of the Ni—Co (first mold), BMG (sec-
ondary mold), and PMMA replica are compared and discussed.

2. Material

The Mgs3Cu3; Y1 BMGs in the rod form with a diame-
ter of 4 mm were prepared by a copper mold injection casting
technique, through the induction melting of pure Mg and pre-
alloyed Cu-Y ingots in an argon atmosphere. The basic thermal
properties were first measured in a continuous heating mode
by DSC (TA Instruments DSC 2920) and TMA (Perkin-Elmer
Diamond). The applied heating rate was 10 K/min. The T, Tx
and Ty, are 413 K (140°C), 479 K (206 °C), and 711 K (438 °C),
respectively, which are obtained by DSC.

Fig. 2(a) shows the temperature dependence of the rela-
tive displacement of the bulk amorphous MgsgCus; Y alloys
obtained by TMA operated in the compression mode at vari-
ous stress levels and a fixed heating rate of 10 K/min [1]. The
maximum displacement (ALmpax) occurred in the supercooled
liquid region reaches 60.9, 162.6, 265.3, 748.8, and 923.3 pum
under the applied compressive load of 0.8, 2.4, 7.1, 117.8,
318.5 kPa, respectively. Such displacements correspond to engi-
neering strains ALmax/Lo (Where Ly is the original specimen
height 4 mm) of 1.52%, 4.07%, 6.63%, 18.72%, and 23.08%.
The relative displacements become pronounced at temperatures
greater than Ty, indicating the high deformability of the glassy
alloy in the ATx.

Fig. 2(b) shows the typical TMA and differential thermo-
mechanical analyzer (DTMA) curves measured at a stress level
of 7.1 kPa on the bulk amorphous MgsgsCusz; Y1 alloys [1]. The
DTMA curve is obtained from the derivative of the displacement
with respect to time. The onset temperature for the viscous flow
(Tonset), the semi-steady-state viscous flow temperature (7ys),
and the finish temperature for the viscous flow (Tnish), is marked
on the TMA or DTMA curve. Thus, under a higher loading
stress, crystallization tends to start at a lower temperature, and
brings viscous flow to the end sooner.

3. Process procedures

The new process is used to fabricate a BMG mold to replicate
micro-lens array on PMMA sheets. Two different molds are pre-
pared, which are the first mold (Ni—Co) and the secondary mold
(MgsgCu3z Y11 BMG), respectively. The Ni-Co mold is used to
replicate a secondary mold of Mg—Cu—Y amorphous alloy. Next,
the secondary mold is applied to hot emboss on PMMA sheets.
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Fig. 2. Results of (a) temperature dependence of relative displacement and (b)
typical TMA and DTMA curves measured at stress level of 7.1 kPa from the
DSC and TMA for MgsgCusz; Y1 [1].

3.1. First mold process

Four inch silicon wafer substrate was prepared for lithog-
raphy process including the wafer cleaning process and
dehydration baking etc.; first, the wafer was sent to prime the
hexamethyldisilazane (HDMS) and spin coated with photoresist
AZ4620. The spin rate was set at 1100 rpm for 25s. The final
thickness of 25 pm was obtained. Then, the silicon substrate was
sent to the mask aligner to expose for 40 s after soft-baking at
85 °C. The dose of the exposure was 380 mJ. After developing,
a column array on the silicon substrate was defined. And then,
this structure was heated to a temperature above the photoresist
glass temperature. The photoresist columns were melted and
changed the photoresist profile into a hemispherical micro-lens
array. After the hemispherical micro-lens array was completed,
Ni thin film was sputtered on the hemispherical structure sur-
face, served as seed layer. Then Ni—Co electroplating technique
was used to form a hexagonal micro-lens mold, served as the
first mold.

3.2. Secondary mold replicating process

The first mold was used to transfer the hexagonal micro-
lens on the MgsgCu3; Y1 alloy, served as the secondary mold.
Two different hot embossing facilities including high and low
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Fig. 3. Hot embossing set-up: (a) oil hydraulic system; (b) spring plate system.

pressure systems are set up for the embossing experiments,
respectively. An oil hydraulic plate for the high pressure emboss-
ing system is shown schematically in Fig. 3(a). On the other
hand, a spring plate for the low pressure system is illustrated
schematically in Fig. 3(b). The oil hydraulic plate system
provides large embossing pressure up to 2MPa for the hot
embossing process. And the spring plate provides much lower
range of pressure (about several kPa) than that of the oil hydraulic
plate. The reason is that BMG only requires much lower pres-
sure level for embossing process than that required of PMMA.
The deformability at different pressure levels is explored.

After the micro-lens patterns were transferred, the patterns
on the first mold, the secondary mold and replica on PMMA
were compared, respectively.

4. Results and discussions

In this study, a large dimension of gapless hexagonal micro-
lens array of 330 wm in diameter of an inscribed circle is
designed and fabricated. The experimental result of the Ni-Co
mold is shown in Fig. 4. The dimension of the Ni-Co mold with
gapless hexagonal micro-lens array is 3cm x 3 cm in area. The
reason why it is designed at such a large dimension is that the
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Fig. 4. Ni-Co mold with gapless hexagonal micro-lens array.

Table 1

Variation in average dimension

Point 1 2 3 4 5
Width (pm) 329.69 322.97 330.58 326.58 319.89

Average (um) 325.94

forming ability and viscous flow can be enhanced and observed
clearly. The dimensions of this micro-lens over the array are
measured. Points from 1 to 5 (see Fig. 4) are selected for the mea-
surement. The variation in average dimension is listed in Table 1.
It shows that the variation is less than 6.05 wm. Fig. 4 also shows
that there is no gap between the micro-lenses, meaning that a
gapless micro-lens array has been successfully fabricated using
the electroplating process.

Fig. 5 shows the replicated patterns on the BMG material,
embossed by the first mold at 150 °C under pressure of 2 MPa.

On the other hand, Fig. 6 illustrates the deforming evolution
of the replicated patterns onto the BMG material. Excellent
replicated patterns can be obtained using a larger pressure level
as shown in Fig. 5, with the embossing parameters of 150°C
(423 K) and 2 MPa for 10 s held in the oil hydraulic plates. The
glass transition temperature of BMG is about 140°C (413 K).
Therefore, temperature of 150 °C is chosen for the hot emboss-
ing experiment. The roughness of the surface quality of the
micro-lens shown in Fig. 5 is better than that shown in Fig. 6.
It can be explained that a high pressure level enables the vis-
cous flow of the BMG material to fill up the Ni-Co mold
completely. As a result, better surface quality and formabil-
ity are achieved as shown in Fig. 5. The deforming evolution
of the micro-lens array on the BMG material with different
forming time is shown experimentally in Fig. 6, with parame-
ters of embossing temperature at 150 °C, pressure of 400 kPa
and forming time from 1 to 4min by the spring plates. It

Fig. 5. Replicated patterns on the BMG material imprinted at 150 °C and 2 MPa.
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3 minutes

4 minutes

Fig. 6. Deforming evolution of the secondary mold, operated at 150 °C and 400 kPa.

reveals that it takes about 4 min to complete the embossing
process.

Fig. 7 shows a similar result. The experimental result shown
in Fig. 7 is obtained with different levels of pressures at the same
embossing temperature of 150 °C and forming time for 4 min.

The result reveals that pressure level of 400 kPa is a better param-
eter to replicate a micro-lens array compared to others. The result
is consistent with that shown in Fig. 2(a), which exhibits a larger
strain at a larger pressure level. However, when the embossing
time lasts too long, the BMG material may be crystallized. Thus,

b il o}

200 kPa

Fig. 7. Experimental results with different pressures at the same forming temperature of 150 °C and the same duration time of 4 min.
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the forming time of 4 min is chosen at this experiment. The
stress enhanced crystallization phenomena as a function of the
stress level, forming time and temperature will be continuously
examined in the future study.

Before the embossing process, it can be seen clearly that there
are some marks on the surface of a BMG raw material, which is
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produced during its manufacturing process. To improve this, the
surface was polished with abrasive papers of No. 2000. However,
parallel bands and marks on the surface are observed clearly in
Figs. 6 and 7 after embossing.

Fig. 8(a) is a scanning electron microscopy (SEM) picture of
a BMG sample using the oil hydraulic plate system, and Fig. 8
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Fig. 8. SEM micrographs of the BMG samples which are fabricated by (a) the oil hydraulic plate, and the images for the dimension 50 wm x 50 wm of the area 1, 2,
and 3 are presented for differences in roughness from the center to the perimeter of a micro-lens by nano indenter system; (b) the spring plate system, at 150 °C and
for 4 min. (a) The sample by the oil hydraulic plate system (b) The sample by the spring plate system.



428 C.T. Pan et al. / Sensors and Actuators A 141 (2008) 422431

(b) is a SEM photo using the spring plate system. It can be seen
in Fig. 8 that there are marks on the surface of a micro-lens.
These marks were present on the BMG raw material prior to hot
embossing process. Since the BMG raw material is manufac-
tured using metallic mold casting method, the viscous flow of
the BMG material causes some marks. Besides, the wear cav-
ity of the Ni—-Co mold can transfer some marks to BMG during
hot embossing process. It was found that the roughness and the
geometry of the sample using the oil hydraulic plate are bet-
ter than that using the spring plate. The roughness is measured
and observed by nano indenter system (From Nano Indenter
XP System, MTS co.). By this system, three different points
from the center to the perimeter of a micro-lens (see Fig. 8(a))
are scanned. The roughness can be observed roughly in the
scanned images. The larger pressure applied in the experiment,
the higher the forming degree of the BMG material becomes.
Thus, when a higher pressure is applied, a higher transferability
can be achieved. The result also indicates that micro-lens using a
low pressure level shows more marks left behind than that using
a high pressure level. It explains that a larger pressure condition
produces a better formability, and more precise and smoother
replica can be obtained.

The PMMA sheet with 1 mm in thickness is purchased from
Hsintou Company in Taiwan. The Ty of PMMA is around
105 °C. Therefore, the parameters of the hot embossing experi-
ment are set to be 120 °C and 2 MPa. Fig. 9 shows that similar
defects on BMG mold are replicated on the surface of the PMMA
sheets. The forming pressure of the PMMA is much higher
than that of MgsgCu3; Y11 material. It means that MgsgCusz; Y11
is more deformable material than PMMA. The patterns are
replicated completely on the PMMA and they exhibit optical
characteristics because clear focused spots are observed. It is
noted that the longer the holding time is, the better the surface
quality is, as revealed in Fig. 9(b). However, the temperature
cannot be too high; neither can the heating time be too long
due to the limitation of thermal properties of MgsgCu3; Y.
When the holding time is too long, MgsgsCus; Y11 may be crys-
tallized to make it become brittle and vulnerable of breaking
at high pressure. Therefore, an appropriate forming tempera-
ture and holding time are key parameters to the hot embossing
process.

Since the maximum scanning dimension by nano indenter
system is 100 wm x 100 wm in area, in order to scan the whole
profile of 330 wm of a micro-lens, a-step system is used to obtain
the images. The profile of micro-lens of Ni-Co mold is con-
vex, the BMG mold is concave, and the final embossed PMMA
is convex. The profiles of micro-lens on the Ni-Co mold, the
MgsgCu3; Y1 mold, and the PMMA are measured and shown
in Fig. 10(a), (b), and (c), respectively. For comparison, the three
profiles are compared on the same graph as shown in Fig. 10(d).
Note that the profile of the concave BMG has been reversed
for easy comparison. Comparison of data referring to the first
mold, the secondary mold and replicated PMMA are collected
in Table 2 where “H” is the height, “W” is the length of a micro-
lens (see Fig. 10(d)). Fig. 10(a) shows the profile of the first
mold, which is a convex mold. The convex mold is 745.87 um
in width. Fig. 10(b) shows the profile of the secondary mold,

(b

Fig. 9. Micro-lens array replicated on the PMMA sheets at 120 °C and 2 MPa.
(a) 1 min of holding time; (b) 2 min of holding time.

which is a concave mold replicated using the spring plate system.
This concave mold is 745.47 pwm in width. Fig. 10(c) exhibits
the profile of the micro-lens on the PMMA fabricated using the
oil hydraulic plate system, which is a convex lens. The con-
vex lens shows 738.66 wm in width. The shrinkage between the
first and secondary mold shows 0.05% in shrinkage, whereas
the shrinkage between the secondary mold and PMMA replica
shows 0.91%.

Table 2

Comparison of data referring to 1st mold, 2nd mold and replicated PMMA
Height Width Shrinkage
(H, pm) (W, pm) (%)

Ni—Co mold (1st mould) ~14 ~330 0.05

BMG mold (2nd mould) ~13 ~330 0.91

PMMA ~13 ~330
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Fig. 10. The profiles of micro-lens on (a) the Ni-Co mold, (b) the MgsgCu3z; Y1 mold, and (c) the PMMA are measured, respectively; for comparison, (d) the three
profiles are compared on the same graph. (a) Micro-lens profile on the Ni-Co mold; (b) micro-lens profile on the MgsgCus3; Y1 mold; (c) micro-lens profile on the
PMMA; (d) comparison of the surface profiles of the Ni-Co mold, the MgsgCu3z; Y11 mold, and the PMMA.
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5. Conclusion

This study presents a new process to fabricate micro-
lens array. The working temperature for embossing is around
423 K. The maximum engineering strains ALm,x/Lo occurred
in the supercooled liquid region reaches 1.52%, 4.07%, 6.63%,
18.72%, and 23.08% under the applied compressive load of
0.8, 2.4, 7.1, 117.8, and 318.5kPa, respectively. The Ni—Co
mold with an inscribed circle 330 wm in diameter has been suc-
cessfully fabricated using the electroplating process. Excellent
replicated patterns can be obtained using a larger applied pres-
sure level. The result reveals that pressure level of 400 kPa and
forming time of 4 min are good parameters to replicate a micro-
lens array. When high pressure is applied, high transferability
of micro-lens can be achieved. The result also indicates that
micro-lens using a low pressure level reveals more indented
marks left behind than that using a high pressure level. It
is noted that the longer the holding time is, the better the
surface quality is. The forming pressure of the PMMA is
much higher than that of MgsgCu3; Y11 material. It means that
MgsgCu3 Y is more deformable material than PMMA. The
profiles of micro-lens are examined. The profile of the first mold
is 745.87 pm in width. The profile of the secondary mold is
745.47 p.m in width. The profile of the micro-lens on the PMMA
shows 738.66 wm in width. The shrinkage between the first and
secondary mold shows 0.05% in shrinkage, whereas the shrink-
age between the secondary mold and PMMA replica shows
0.91%.
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