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This study presents a modified hot-embossing process to fabricate micro-triangular-pyramidal array
(MTPA). First, a tungsten (W) steel mold (as the first mold) is manufactured by precision machining
including optical projection grinding, lapping, and polishing processes. The dimension of a triangular
pyramid with acute angle of 85� on the W-steel mold is about 300 lm in width and 139 lm in height. The
pitch between two triangular-pyramidal tips is about 170 lm. Then, only the portion of the tip area of the
triangular-pyramidal patterns is transferred on bulk metallic glass (BMG, Mg58Cu31Y11) using this mod-
ified multi-step hot-embossing method to reduce the pattern size. With a position-adjustable mechanism,
size-reduced concaved-shaped MTPA can be selectively formed, used as the secondary mold. In this way,
not only can the size of triangular-pyramidal patterns on W-steel mold be reduced down on BMG, but also
the tool arc between each triangular-pyramid on W-steel mold caused by machine tool can be eliminated.
This is based on the fact that amorphous glass alloys contain no dislocation that can be responsible for
yielding in crystalline materials. Thus, BMG is expected to be strong and hard enough to be used as a mold
material. Then the secondary mold is used to emboss convex-shaped MTPA on PolymethylMethacrylate
(PMMA) optical film. Experiments with different embossing times and embossing pressures are conducted
and discussed. Large-sized triangular-pyramidal array on the W-steel mold has been successfully and
selectively miniaturized on BMG, and then transferred on PMMA. Finally, this optical film of PMMAwith
MTPA is packaged on light-emitting diode (LED) to improve its lighting uniformity and luminance. In
comparison with commercial 3M� optical film (3M� Vikuiti� TBEF2-T-65i), the film with MTPA shows a
good optical performance.
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1. Introduction

In recent years, micro-optical elements have been gaining a
lot of attention by researchers due to their wide applications in
the fields of optical communication, optical storage, and digital
displays. Among these applications, integrated microstructure
array plays an important role in micro-optical components such
as video cameras, video phones, optical scanners, and high-
definition projection displays. The major objective of optical
film, such as micro-lens arrays, is to increase the coupling
efficiency of optical system, to enhance the brightness of
backlight module (BLM) for liquid crystal display (LCD) and
to increase the efficiency of optical switches. For instance, Ezell

(Ref 1) applied micro-lens technology to enhance optical
intensity output in a laptop display.

Many fabrication methods of refractive micro-lens were
reported (Ref 2-13), and most of which used photoresist reflow
technique (Ref 2-7). Some micro-optical components were
fabricated by molding (either hot embossing or injection
molding) (Ref 14-16). In addition, deep x-ray lithography was
used to fabricate micro-optical components (Ref 17). Other
methods, such as the contraction effect of UV-curable photo-
polymers method (Ref 18), excimer laser micromachining
method (Ref 19), and focused ion beam (FIB) milling method
(Ref 20) were also used to fabricate micro-lens array. The cost
of synchrotron radiation facility is considerably more than
ultraviolet (UV) exposure system. In addition, hot-embossing
technology can offer a low cost process to form circular micro-
lens array (Ref 21).

In general, microstructure array fabricated on optical film
was used to increase efficiency of optical system, such as the
optical films reported by Kim (Ref 22, 23) and Chang and Fang
(Ref 24) for LCD backlight. In addition, optical films with
micro-lens array were combined with light-emitting diode
(LED) to improve brightness and chroma (Ref 25). Further-
more, the films were used to maximize the directivity of the
output beam of LEDs, to optimize the external quantum
efficiency, and to focus the light on a spot at a certain distance
(Ref 26). Thus, it can be seen that an optical film plays an
important role in the development of LED.

This study presents a modified hot-embossing method to
fabricate micro-triangular-pyramidal arrays (MTPA). For opti-
cal function, when the light passes through the optical film with
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MTPA, it would be expected to improve the intensity and
uniformity. Combined with a precision machining method, a
tungsten (W) steel mold with triangular-pyramidal array is
manufactured by optical projection grinding, lapping, and
polishing. Then, the triangular-pyramidal array is transferred on
bulk metallic glass (BMG) to form a smaller MTPA. Selection
of BMG as mold material is based on the fact that amorphous
alloys contain no dislocation that can be responsible for
yielding in crystalline materials, and are therefore expected to
be strong and hard (Ref 27-32). Then using a modified multi-
step hot-embossing method with position-adjustable mecha-
nism, a more miniaturized concaved-shaped MTPA than the
original one on W-steel mold can be formed on Mg58Cu31Y11

of BMG material. The BMG material is used as a secondary
mold. Then with this mold, a convex-shaped MTPA is
embossed on PolymethylMethacrylate (PMMA) sheet using
this modified multi-step hot-embossing process. In addition,
Photo research 650 (PR-650) is used for optical measurement.
The MTPAs were fabricated on a polymer film, called an
optical film, and were tested by Spectra Scan Colorimeter
PR-650 (Photo Research, Inc., Chatsworth, CA, USA). The
measurement set-up was controlled by a computer, including a
test sample and a power supply. It can measure the luminance
of a light source. A clamping apparatus is mounted on X-Y-Z
table which can move at specific distance. A power supply
(2400 Source Meter, Keithley) can provide DC (direct current)
to an optical film as a light source in this measurement. The
optical characteristics of this optical MTPA-PMMA film such
as uniformity and luminance are compared with those of the
commercial 3M� optical film (3M� Vikuiti� TBEF2-T-65i) to
realize its optical performance.

2. Optical Function for Triangular Pyramid

When incident light passes through a MTPA, light reflection
and then refraction can happen on the opposite surface. As a
result, the light propagates toward the direction of observer
after reflection. In our laboratory, a gapless triangle microlens
arrays have been fabricated and studied (Ref 33). The result
shows that triangle microlens is better than spherical one. Thus,
pattern of triangle microlens array is a good choice for optical
film. In addition, the design of micro-triangular pyramid array
is inspired by the module of 3M� BEF. When two pieces of 3M
films are stacked relative to 90�, the projection of the stacked
pattern looks like a pyramidal structure. Therefore, based on the
concept, the design and fabrication of the micro-triangular
pyramid is conducted. The preliminary result shows that the

film with triangle microlens can be comparable with that of 3M.
It shows potential in the BEF application.

For a single incident light, the optical function of two
neighbor micro-triangular-pyramidal structures is illustrated in
Fig. 1. The refraction and reflection happen at both interfaces,
which depend on the critical angle, Fresnels equations, and the
refractive index of the PMMA material. It shows the predicted
light path, including an incident angle of ha, a refractive angle
of hb, and a reflective angle of hc. For this reason, MTPA is
fabricated in the study. In this study, Fig. 1 is a schematic
projection of the front view. It only shows the propagation of
light ray schematically. Since most fabrications of optical film
are restricted by the 3M� patents, this study aims at how to
create a new film, but comparable with 3Ms. Before fabrication
process, micro-triangular pyramid arrays were simulated. At
first, the various apex angles of triangular pyramid such as 80�,
85�, and 90� were simulated using FRED commercial optical
software. The result shows that triangular pyramid with 85�
exhibits better optical performance. Based on the simulation
result, the mold is fabricated using mechanical cutting method.
With this mold, the optical thin film can be made.

3. Process Procedures

3.1 Multi-Step Hot-Embossing Concept

In this study, we present a modified hot-embossing process
to fabricate MTPA as schematically shown in Fig. 2. The
schematic illustration of multi-step hot-embossing process is
shown in Fig. 2(a). It is worth noticing that there could be a
tool arc left behind after precision machining. The arrangement
of patterns on the W-steel mold is shown in Fig. 2(b). First, the
W-steel mold (as the first mold) with the triangular-pyramidal
patterns is embossed on BMG for the first step hot-embossing
process as shown in Fig. 2(c). With position-adjustable mech-
anism, the second step hot-embossing process is performed. If
more steps are taken, then a denser and more complicated
pattern can be formed. In this study, only a two-step embossing
process is demonstrated. In this way, a smaller concaved-
shaped MTPA without tool arc is formed using this modified
multi-step hot-embossing method as shown in Fig. 2(d).

Then the BMG mold (used as the secondary mold) shown in
Fig. 2(d) is used to emboss convex-shaped MTPA on PMMA.
As a result, using this multi-step hot-embossing process,
triangular-pyramidal patterns on the W-steel mold can be
successfully miniaturized on BMG, and then transferred on
PMMA. Furthermore, MTPA with different sizes and densities

Fig. 1 Schematic illustration of optical function for the neighbor triangular-pyramidal structures
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can be readily formed with just a single mold, which can be
more cost-effective.

3.2 W-Steel Mold Manufacture

Precision machining, including computer numerical control
(CNC) optical projection grinding, lapping, and polishing, is
employed to fabricate a W-steel mold with triangular-pyramidal
patterns. A diamond grinding wheel of knife type is used in this
study. The radius of tool is 25 lm as shown in Fig. 3(a), which
will cause tool arc. The tool path of manufacture for a triangular
pyramid is schematically shown in Fig. 3(b). In this current

design, the dimension and geometric relationship of the
triangular pyramid is schematically illustrated in Fig. 4. The
slanted surfaces of the triangular pyramids can be fabricated
with assistance of punch grinders. For a single triangular
pyramid shown in Fig. 4(b), the dimensions are defined as
values of length (L), centerline (D), and taper angle (h) of the
W-steel tip and a tip-to-tip spacing (G) as shown in Fig. 4(c).

4. Results and Discussions

4.1 W-Steel Mold with Triangular-Pyramidal Array

Figure 5(a) shows the scanning electron microscopic (SEM)
images of W-steel mold with triangular-pyramidal array. From
the SEM image, the dimensions of length (L) and centerline (D)
are about 300 and 173 lm, respectively. In addition, a tip-to-tip
pitch (G) of two neighbor triangular pyramids is about 170 lm.
Based on the taper angle of the W-steel tip of 85� (h, see
Fig. 4b), the height of the W-steel mold is about 139 lm. From
the result, the W-steel mold with triangular-pyramidal patterns
can be fabricated by precision machining. Nevertheless, the
tool arcs are caused as shown in Fig. 5(b) as a result of the tool
radius of 25 lm during precision machining process.

4.2 One-Stepped Hot-Embossing Process

To demonstrate the proposed hot-embossing process, the
W-steel mold is used to emboss on BMG in one-stepped
forming process with a constant load of 36.06 N for 2-9 min.

Fig. 2 The schematic illustration of (a) multi-step hot-embossing process using (b) the W-steel mold and the patterns after (c) one step
hot-embossing process, and (d) the miniaturized and compact micro-triangular-pyramidal tip array can be obtained by the concept of multi-step
imprint

Fig. 3 The tool (a) with a radius of 25 lm and an angle of 10�-15�
is used to manufacture the triangular-pyramidal shape following (b)
the path from 1 to 8
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Fig. 4 The schematic illustration of (a) the triangular pyramid array and the dimension and geometric relationship of (b) a single triangular
pyramid with the dimensions of L, D, and h and (c) the horizontal pitch, G, of two neighbor triangular pyramids on the wolfram steel mold

Fig. 5 SEM photos of (a) triangular-pyramidal micro-array and (b) a single triangular pyramid on the wolfram steel mold (convex-shaped)
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Fig. 6 One-stepped hot-embossing process using the wolfram steel mold is carried out on BMG (concaved-shaped) with constant load of
36.06 N and for different time (a) to (h) 2 to 9 min, respectively, and (g) the height (H) as a function of embossing time
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Fig. 7 One-stepped hot-embossing process using the W-steel mold is carried out on PMMA sheet (concaved-shaped) under a constant load of
51.94 N and for different times (a) to (h) 1 to 8 min, respectively, and (g) the height (H) as a function of embossing time
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The concaved-shaped patterns can be transferred on BMG after
one-stepped hot-embossing process and the triangular patterns
are shown in Fig. 6(a) to (h). Also, the embossed depths of the
BMG patterns as a function of embossing time are shown in
Fig. 6(g). It reveals that the embossing is going to approach
saturation, and the dimension of triangular-pyramidal patterns
is reaching stable. It takes about 3-4 min to complete a
successful embossing process. It can be seen clearly that there
are some marks, such as residual scratched indent and cavities,

as shown in Fig. 6(a) or (e) on the surface of a BMG raw
material, which was 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 Fig. 6(a) to (h)
after embossing.

On the other hand, to realize the characteristics of PMMA,
similar experiments are performed on PMMA under a constant
load of 51.94 N for 1-8 min, the W-steel mold is used to
emboss on PMMA sheets in one-stepped forming process with
a constant load of 51.94 N for 1-8 min. For a constant load, the
sizes of the formed patterns (concaved-shaped) are shown in
Fig. 7(a) to (h). However, in Fig. 7(c) and (d), it can be seen
that some of the formed patterns have curved sides due to
insufficient embossing time, which influences the qualities of
patterns transferred. For the thermal expansion of PMMA,
below the glass transition temperature (Tg) of about 120 �C, a
thermal expansion coefficient (a) of (75± 25)9 10�6 m/mK
was reported (Ref 34). Thus, to reduce the influences of thermal
expansion on the forming process, the embossed material
should be held under a constant pressure until the temperature
is cooled down to room temperature. The embossed depths of
the PMMA patterns are shown in Fig. 7(g). It reveals that the
embossing is going to approach saturation, and the dimension
of triangular-pyramidal patterns is reaching stable. It takes
about 4-5 min to complete a successful embossing process.
Figure 8 shows the SEM photos of the triangular-pyramidal
array on PMMA (concaved-shaped) using one-stepped hot-
embossing testing with constant load of 51.94 N for 5 min.

Compared with the patterns in Fig. 7(a) to (h), most of the
patterns shown in Fig. 6(a) to (h) have straight sides. It may be

Fig. 8 SEM photos of the micro triangular-pyramidal array on
PMMA (concaved-shaped) using one-stepped hot-embossing testing
with constant load of 51.94 N for 5 min

Fig. 9 (a) On the Mg58Cu31Y11 BMG, (b) the minified concaved-shaped micro triangular-pyramidal array is formed using a two-stepped hot-
embossing method with the W-steel mold and a position-adjustable mechanism for a displacement of about 150 lm, and (c) triangular pyramids
have an average side (L1) of about 55.1 lm
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for two reasons. One reason is that the embossed material BMG
is held under a constant pressure until the temperature is cooled
to room temperature in hot-embossing process; the other is that
for the Mg58Cu31Y11 BMG, below its Tg of about 140 �C, a
low linear thermal expansion coefficient (a) of (3± 1)9
10�6 m/mK was reported (Ref 27). In addition, having a good
glass-forming ability (GFA), the dimension of triangular-
pyramidal patterns on the Mg58Cu31Y11 BMG is going to
approach stable value, which is shown in Fig. 6(g), under a
smaller pressure than that pressed on the PMMA sheet, which
is shown in Fig. 7(g).

Therefore, we believe that the triangular-pyramidal patterns
can be successfully transferred on BMG or on PMMA using the
W-steel mold. In this case, most of the applied pressure and
mold deformation could be focused on the W-steel mold tips. It
is necessarily to choose a properly hot-embossing force to
avoid damaging the mold. Referring to the above experiments,
a force smaller than 36.06 N is high enough for BMG forming.
Based on Fig. 6(g), a proper force can be chosen for multi-
stepped hot-embossing process on BMG.

4.3 Multi-Step Hot-Embossing Process

4.3.1 The Secondary Mold, BMG Mold. Two-stepped
hot-embossing method was applied on the Mg58Cu31Y11 BMG
(see Fig. 9(a)) with a displacement of 150 lm to fabricate a
secondary mold. The stepped displacement is defined as the
distance between two different embossing movements. The
displacement is shown in Fig. 9(b). In Fig. 9(b), a miniaturized
MTPA has been embossed on BMG using the W-steel mold.
The patterns in the area surrounded by red lines are the patterns
embossed in step 1 and those surrounded by blue lines is
embossed in step 2; thus, with an appropriate force and
displacement during the hot-embossing process, patterns with-
out overlapping can be fabricated. With the multi-step hot-
embossing concept, in addition to miniaturized MTPA, the tool
arc between each triangular-pyramid in the first mold caused by
machine tool can also be avoided. The BMG mold (see Fig. 9b)
considered as a secondary mold is used to emboss convex-
shaped MTPA on PMMA.

4.3.2 Convex PMMA Microstructures. In Fig. 10(a),
using the BMG mold with MTPA as the secondary mold, the
convex-shaped MTPA (see Fig. 10b) can be transferred on
PMMA sheet. Nevertheless, the shrinkage (d) phenomena exist
due to the thermal expansion. The rough estimation of
shrinkage is calculated by comparing the lateral lengths of
the pyramid between the BMG material and the PMMA
material. Figure 9(c) shows that the patterns on BMG have an
average side (L1) of about 57.5 lm, while the patterns on
PMMA sheet have an average side (L2) of about 55.3 lm as
shown in Fig. 10(c); thus, the d, which is defined as |(L1�L2)|/
(L1), is estimated to be around 0.038, about 3.8%.

The concept of multi-step embossing process has been
carried out in this study. However, in the two-stepped hot-
embossing process, there are some p problems that need to be
addressed. Firstly, the position accuracy is difficult to control
because the high temperature condition and embossing force
may affect the positioning accuracy of position-adjustable
mechanism, which should be improved in the future study.
Secondly, in Fig. 9(b) and 10(b), the patterns of step 1 are
slightly different from that of step 2. The variation may be due
to thermal reflow and compression effect, which could affect
the embossed result in the first step.

4.4 Optical Measurement

In order to realize optical characteristics such as luminance
and uniformity, the optical film are measured using PR-650. A
LED (light emitting diode; 1505 White SMD LED, LT-
15056C1-WD-CA1-0A) of lampshade is used as a light source.
It is packaged with the optical film with MTPA. The test result of
sample one to three is shown in Fig. 11. Figure 11(a) shows an
optical instrument, PR-650, used to measure the optical prop-
erties such as luminance and uniformity for these samples. The
sample No. 1 is an optical film without any pattern on PMMA
film, used as reference film; the sample No. 2 is a purchased 3M�

Fig. 10 (a) Using the BMG mold as the secondary mold for a hot-
embossing process, (b) the convex-shaped MTPA can be transferred
on PMMA sheet; (c) triangular pyramids have an average side (L2)
of about 51.4 lm
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optical film (from 3M� Vikuiti� TBEF2-T-65i), which has been
widely used in back light module (BLM) package for thin film
transistor liquid crystal display (TFTLCD); and the sample No. 3
is a sample fabricated according to the process mentioned in
section 4.3.2. Compared to the optical thin film of 3M� as
illustrated in Fig. 11(b), The authors made some mistakes in the
luminance of blank PMMA. To have clear understanding for
reader, the graph was re-arranged. 3MT, 3MM brightness
enhancement film (BEF) and ours are compared. No. 1 and No.
2 are optical films from 3MT and 3MM, respectively. The result
shows that the luminance of 3MTand 3MM are larger than that of
ours (No. 3). However, the standard deviation of No. 3 is better
than those of 3MT and 3MM. Figure 11(b) shows the optical
luminance and standard deviation of samples; No. 1 is 45400 cd/
m2 and 1410; and No. 2 is 45300 cd/m2 and 1520; No. 3 is
43200 cd/m2 and 1170, respectively. When the value of standard
deviation is smaller, itmeans that the variation of brightness in the
nine points is less; thus, the uniformity is better. The commercial
product of 3M� BEF is used predominantly for back light
module. 3M holds this key patent. In this study, the optical film
with micro-triangular pyramid array can really enhance the
luminance, which is comparable with 3M� BEF, but a little less
than that of 3M.Thus, this optical film can be fabricated using this
multi-step size-reducible hot-embossing process, and shows a
potential to substitute for 3M� thin films for LED package.

5. Conclusion

Micro-triangular-pyramidal arrayhas successfully fabricated in
this study.Using theW-steel tips array,micro-triangular-pyramidal

arrays with different sizes and densities can be readily formed
with a single mold. Furthermore, with the concept of the
secondary mold, convex-shaped micro-triangular-pyramidal
array is transferred on PMMA optical film. Thus, concave- or
convex-shaped microstructures can be formed by the new multi-
step hot-embossing process. Though the luminance decreases
due to a medium absorption effect, the variation relative to the
initial light can be controlled below 15%. In addition, the
uniformity improved by this optical MTPA-PMMA film shows a
good optical performance when compared to that of the
commercial 3M� optical film. This technique is expected to
provide a simple, efficient, and low-cost method to create
variable micro-arrays for optical application.
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