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a  b  s  t  r  a  c  t

Press  molding  of silicon  (Si)/high-density  polyethylene  (HDPE)  composite  is an  important  technology  for
producing thin  hybrid  infrared  (IR) optics  with  microstructures.  In  this  research,  Si-HDPE  hybrid  micro-
lens  arrays  were  press  molded  under  various  conditions,  and  the form  accuracy  and  surface  integrity  of
the molded  lenses  were  evaluated.  Air trapping  occurs  inside  the  micro-lens  cavities  during molding  in
a  non-vacuum  environment,  which  leads  to severe  surface  defects.  To  investigate  the  air  trapping  phe-
nomenon,  a new  in-situ  observation  system  was  developed  which  enables  real-time  direct  observation
of  the  molding  process.  From  the  in-situ  observations,  it was  found  that  air  traps  were  formed  among
the  HDPE  pellets  during  melting,  and  an increase  in  the  pressing  force  will  increase  the  pressure  of  the
ens array
nfrared lens
ress molding
icrostructure

trapped  air,  forming  trenches  on  the  lens  surface.  The  trapped  air  also  impacts  the  mold  coating,  causing
trench  formation  on  the  coating  surface.  To  minimize  air  trapping,  the  molding  temperature,  and  pressing
force  must  be strictly  controlled.  By  performing  press  molding  in  a vacuum  environment,  trench  forma-
tion  was  completely  eliminated.  Moreover,  polymer  shrinkage  compensation  was  performed  to  improve
the lens  form  accuracy.

© 2016 Elsevier  Inc.  All  rights  reserved.
. Introduction

Press molding and hot embossing are effective processes for
orming microstructures and high aspect ratio optical components
f glass and polymers [1–5]. In most of the press molding and hot
mbossing processes, glass and polymer are heated above their
lass transition temperature (Tg), followed by the pressing stage.
fter the cooling stage with applied pressure, the part is removed
nd the microstructures are copied from the molds to the parts.
n press molding, high precision microstructures can be formed
nder precisely controlled conditions, namely molding tempera-
ure and force, to improve the shape transferability, surface quality,
nd interface strength [6,7]. Using the press molding method, in our
revious research, we successfully obtained Si-HDPE adhesion and
ormed a mechanical lock to form a hybrid IR lens substrate [8].

In press molding and hot embossing of microstructures, air trap-
ing is a critical issue which highly impacts the surface integrity

f the final part. The trapped air prevents the polymer from com-
letely filling the cavities of the mold [9]. The trapped air has also
een reported to form a pattern on the formed surface [10]. In press

∗ Corresponding author.
E-mail address: yan@mech.keio.ac.jp (J. Yan).
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141-6359/© 2016 Elsevier Inc. All rights reserved.
molding of Si-HDPE hybrid lenses in a non-vacuum environment,
we also confirmed the presence of air trapping induced surface
defects on the pressed lenses, which creates the interface gap
between the Si-HDPE substrates. However, the formation mech-
anism of the air trapping is not clear yet. Especially, in the present
work, we  used HDPE pellets instead of a polymer plate which has
been used in hot embossing, but the impact of the use of polymer
pellets as raw material on air trapping has not yet been investigated
before.

Finite element simulation is used extensively to predict the
behavior of the air trap during the molding process [11,12]. How-
ever, up to date, there is few experimental study on real-time direct
observation of the air trapping phenomenon during press molding
[13,14]. As of yet, the effects of trapped air on the performance of
mold coating have not yet been clarified. In this study, we con-
structed an in-situ real-time observation system for clarifying the
air trapping phenomenon during the press molding of the Si-HDPE
hybrid lenses.

To solve the problem of air trapping, normally evacuation tools
are required for the air to escape and are often used in micro-

injection molding [1,15]. Micro-aspiration mold cavities are also
useful for air trap ventilation [16]. However, it is not clear whether
there are other methods to eliminate air trapping, such as by using
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Table 1
Si material properties.

Material properties Value

Type P
Doping element Boron
Resistance (� cm)  27
Refractive index 3.5
Thickness (�m) 755
Surface roughness (Ra) (nm) 3.5

Table 2
HDPE material properties.

Material properties Value

Density (g/cm3) 0.955
Melting point (◦C) 133
Softening temperature (◦C) 125
Shape Pellets
Pellet size (mm) Diameter 3

Height 3.5
Melt flow rate (at 190 ◦C, 21.2 N) (g/10 min) 9

F
m

ig. 1. Schematic diagram of: (a) Si-HDPE hybrid lens array design, and (b) lens cross
ection.

acuum molding environment and/or by controlling molding con-
itions.

This paper presents experimental results of the fabrication of
 Si-HDPE hybrid micro-lens array using press molding in non-
acuum and vacuum conditions with different press molding
arameters and different mold designs. The influences of the HDPE
ellets on the air trapping phenomenon were directly observed, and
he resulting lens form accuracy and surface integrity were investi-
ated. Furthermore, the coatings on the molds were also examined
o investigate the influence of trapped air on the coating surfaces.

. Experimental procedures
.1. Sample materials

In the experiments, micro lenses were formed on a HDPE thin
lm which is adhered to a Si substrate to form a hybrid structure.

ig. 2. (a) Photograph of an aluminum mold insert with micro-lens array, (b) three-dimen
old  insert, (d) layer structure of the mold insert coating.
Refractive index 1.5

HDPE is a silane cross-linkable resin, where silane is capable of gen-
erating crosslinks and forming a chemical link network between
non-polar surfaces [17,18]. Cylindrical HDPE (LINKLON HM600A)
pellets, 3 mm in diameter, 3.5 mm in height, supplied by Mitsubishi
Chemical Corporation, Japan were used. A boron-doped Si (p-type)
wafer provided by Global Wafers Japan Co. Ltd. was used as the
base for the HDPE lenses. The Si wafer measured 755 �m in thick-
ness and was  two-sided polished. The wafer was cut into 15 mm

squares as test pieces. The material properties of Si and HDPE can
be found in Tables 1 and 2.

sional topography of the mold, (c) form error profile of a micro-lens dimple on the
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Fig. 3. Schematic diagram of molds (a) without a plunger, and (b) with a plunger.

Fig. 4. Process parameters for hybrid lens press molding.
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The lens array mold insert was coated with nickel (Ni), silicon
dioxide (SiO2), and polytetrafluoroethylene (PTFE) to lower the sur-
.2. Hybrid lens structure

A plano-convex micro lens array with a Si-HDPE hybrid struc-
ure was designed as shown schematically in Fig. 1. The lens
urvature radius was 10 mm,  the diameter 2 mm,  and the sag height
6 �m.  The total diameter of the lens area was  22 mm,  and the
ormed area of the lens was 15 mm in diameter. As per our previ-

us research, a mechanical lock was used to surround the Si edges
o improve strength of the hybrid structure.

Fig. 6. Sag heights of lenses formed at different molding forces and different temp
Fig. 5. Photograph of a cross-section of sliced molds.

2.3. Mold fabrication

The micro-lens array shapes were machined on an aluminum
(Al) mold insert using an ultraprecision diamond lathe, NanoForm X
(Ametech Inc., USA), which is equipped with an air bearing spindle.
A single crystalline diamond tool with a nose radius of 250 �m was
selected for the micro-cutting process. A constant spindle speed of
2700 rpm was used to roughly cut the surface with an 18 mm/min
feed rate and a rough cut depth of 20 �m.  The spindle speed was
unchanged for the finishing cut, but the depth of cut was reduced to
4 �m while the feed rate was  slowed down to 3.6 mm/min. A pho-
tograph of the mold insert and its three-dimensional topography
are shown in Fig. 2(a) and (b), respectively. Fig. 2(c) shows a plot
of form error distribution of a lens array, which was calculated by
comparing the measured cross-sectional profile with the ideal lens
profile. The peak-to-valley of form error was  approximately 98 nm.
Meanwhile, the surface roughness of the lens array of the mold was
3.3 nm Ra.
face adhesion energy during the demolding process. To improve the
coating strength, Ni coating layer was first applied on the mold, fol-

eratures: (a) 133 ◦C, and (b) 140 ◦C, using the upper mold without a plunger.
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Fig. 7. Sag heights of lenses formed at different molding forces and different tem
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1) A Si substrate and a measured volume of HDPE pellets are placed
Fig. 8. Lens sag heights for different HDPE thicknesses.

owed by SiO2, layer [19]. The PTFE layer was then applied on SiO2
ayer, where bonding of both layers was reacted by oxygen (O) and
ydroxide (OH). The coating layer were illustrated in Fig. 2(d). The
hicknesses of the coatings were 20 nm,  10 nm,  and one molecular
ayer, respectively, for the three coating materials. The PTFE coating
rovides lubrication on the mold surfaces to ease the part removal
rocess [20]. Demolding is very important when removing a lens
rom the mold. Excessive demolding force can cause damage to the

icrostructures, which are caused by the sticking force between
he mold and the polymer [21]. The coating process was performed
y physical vapor deposition (PVD) in Geomatec Co. Ltd., Japan.

As illustrated in Fig. 3, the upper mold was comprised of two

ifferent designs. The first design was without a plunger while the
econd design was with a plunger. The effectiveness of the different
pper mold design will be compared in the experiments. The other

Fig. 9. (a) Photograph of trench formation on a lens surface and (b) three-dimensi
peratures: (a) 133 ◦C, and (b) 140 ◦C, using the upper mold with a plunger.

side is the lower mold with an outer ring which functions as a mold
cavity and holds the HDPE polymer during the molding process.

2.4. Molding conditions

A glass molding machine GMP211 (Toshiba Machine Co. Ltd.,
Japan) was  used for the fabrication of the Si-HDPE hybrid lenses.
The machine is not equipped with a vacuum system. Instead, it is
equipped with a transparent silica glass tube chamber which holds
the purging nitrogen gas during molding to prevent oxidation of the
mold at high temperatures. The molding temperature can rise up
to 800 ◦C with a ±1 ◦C tolerance and monitored by a thermocouple.
The pressing force of the machine ranges from 0.2 kN to the maxi-
mum  of 20 kN with a 0.98 N resolution. The lower mold movement
accuracy towards the stationary upper mold is controlled by an AC
servomotor with a resolution of 0.1 �m.

In the experiments, two different melting temperatures were
used, 133 and 140 ◦C. A temperature higher than 140 ◦C is not suit-
able as it will degrade the polymer and affect the IR properties [8].
The pressing forces used were 0.2, 0.4, and 0.6 kN. The sag height
of the lens for different molding conditions will be compared to
determine the best molding process parameters. The surface of the
lenses and coating were also examined.

In this study, the isothermal molding method was used, where
both the mold and molded materials are heated to the same tem-
perature [22]. The molding process is schematically shown in Fig. 4,
and the experimental steps are described as follows:
into the mold cavity. The molding chamber is then closed.
2) The lower mold is raised closer to the stationary upper mold. A

2 mm  gap is set between the two molds to enhance the heating

onal topography of a Si–HDPE hybrid lens, showing an uneven lens surface.
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Fig. 10. Air trap and trench formation under different pressing forces and temperatures.
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process. To prevent mold oxidation during heating, the chamber
is purged with nitrogen gas for 20 s.

) Both the molds and the specimen are heated with an IR lamp
from room temperature to the molding temperature (133 or
140 ◦C) at a heating rate of approximately 0.6 ◦C/s.

) The temperature is then maintained for 70 s, followed by the
press molding until the mold is completely closed. The pressing
force is set to 0.2, 0.4, and 0.6 kN.

) The pressing force is maintained while nitrogen gas is intro-
duced into the chamber again for cooling at a rate of
approximately 0.3 ◦C/s until the mold temperature was  80 ◦C.
The pressing force is maintained during cooling to prevent shear
deformation at the substrate interface, which affects the adhe-
sion strength while compensating for the shrinkage of HDPE.

) Finally, the mold is opened and the molded Si-HDPE hybrid
micro-lens is demolded from the molds and naturally cooled
to room temperature. The time taken for a complete cycle of the
press molding process was approximately 370 s.

.5. In-situ air trapping observation

To investigate the air trapping phenomenon during the pressing
rocess, we designed and fabricated a mold with a cross-sectional
lice to observe how the HDPE pellets flow during pressing. As
hown in Fig. 5, the mold was cut in half and included a slot feature.

 glass plate was then attached into the slot, and a digital camera
as used to record the flow of the polymer during the pressing pro-

ess through the glass plate. To begin the in-situ observation, both
he mold and the specimen were heated inside the quartz chamber
o the required temperature. Once the temperature was reached,
he chamber was opened immediately, enabling the pressing step
o be captured.
.6. Surface measurement and characterization

The lens topography measurements were performed after the
olding process using a non-contact measuring machine, NH-
3SP (Mitaka Kohki Co, Japan), to avoid contact damage to the
lens surfaces. It was equipped with a laser probe (semiconductor
laser, wavelength 635 nm)  which can scan the lens surfaces three-
dimensionally. The vertical resolution of the machine is 1 nm, while
the laser beam diameter was approximately 1 �m to ensure the
narrow edges of the lens surface can be precisely measured. Dur-
ing the lens surface measurement, a horizontal resolution of 10 �m
was selected. The topography obtained was then analyzed using
the Talymap software (Taylor Hobson Ltd.), where the micro lens
cross-section was  obtained.

3. Results and discussion

3.1. Lens form error

In this study, for simplicity, the form error of the molded lens
was evaluated by measuring the lens sag height. The sag height of
the lens molded at pressing temperatures of 133 and 140 ◦C and
pressing forces of 0.2, 0.4, and 0.6 kN are shown in Fig. 6. In the
experiments, the first upper mold design without plunger was used.
It can be seen that the lens sag height depends on the pressing tem-
perature. Fig. 6(a) shows that the average sag height is about 43 �m
at the pressing temperature of 133 ◦C. At a temperature of 140 ◦C,
the sag height of the lens decreases to 42 �m,  as shown in Fig. 6(b).
The sag height difference was caused by polymer shrinkage during
the cooling stage. The higher the molding temperature is, the larger
the shrinkage rate is during the cooling stage [23].

In Fig. 6, it was found that at both temperatures, the press-
ing force had no significant effect on the lens sag height. This is
because when the molds are closed, the upper mold and the ring
on the lower mold get into contact, thus preventing them from fur-
ther movement during cooling to compensate the HDPE shrinkage.
From this meaning, the mold without a plunger is unsuitable for
improving the lens form accuracy.
The second design of the mold, which had a plunger, was then
used for comparison. Fig. 7(a) shows the lens sag height formed
at a temperature of 133 ◦C under different pressing forces. The sag
height was measured at 44 �m with the pressing force of 0.2 kN.
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Fig. 11. Air trapping phenomena at different HDPE thicknesses.

he increase of pressing force to 0.4 and 0.6 kN has further reduced
he sag height to 43 and 41 �m,  respectively. The reasons for sag
eight errors in Fig. 7(a) involve two aspects: air trapping at the
pex of the lens during molding, and polymer shrinkage during
ooling. The latter is not affected by pressing force, but the former
s strongly affected by the pressing force. At a low temperature

hich causes a high polymer viscosity, a higher pressing force will
ause a thicker air trap, as will be shown later in Section 3.3. As

 result, the increase of the pressing force reduced the sag height.
s shown in Fig. 7(b), the sag height was measured at 43 �m when

orming at a temperature of 140 ◦C with the pressing force of 0.2 kN.
s the pressing force increased to 0.4 and 0.6 kN, the sag height
ccuracy was slightly increased to 44 �m.  At this temperature, the
olymer viscosity is reduced, and the different pressing forces make

 difference in the sag height. An increase in the temperature helps
o decrease the viscosity of the polymer, thus improving the filling
f the cavities [14]. The second design of the mold with a plunger
s suitable because it can increase the cavity pressure during the

ressing process. The plunger also provides additional movement
uring the cooling stage to compensate for polymer shrinkage.

Furthermore, the sag height of the lens also decreased with the
eduction of the HDPE thickness on the Si substrate, as shown in
ngineering 47 (2017) 469–479

Fig. 8. The phenomenon might be due to the retarding flow of HDPE
as the cavities become narrower [24].

3.2. Trench formation on lens surface

When the molding test was  done in non-vacuum environment,
sometimes trenches were formed on the lens surface, as shown in
Fig. 9(a), leading to severe surface unevenness as shown in Fig. 9(b).
The images of the lens surface which are formed at different mold-
ing temperatures and pressing forces are illustrated in Fig. 10. As a
general trend, air trapping and trench occur in the center region at
a low pressing force, and in the outer area of the lens array at high
forces, as shown in Fig. 10(a)–(c). It might be due to that an increase
of pressing force causes the movement of trapped air from the cen-
ter of the lens array to the outside area of the lens during pressing.
The results in Fig. 10 also indicate that the use of a small pressing
force (0.2 kN) is better than a high pressing force (0.6 kN) to reduce
the area of trapped air. In addition, as shown in Fig. 10(d)–(f), air
trapping and trench formation are reduced when the lens is formed
at a higher temperature (140 ◦C). An increase in the temperature
lowers the influence of molecular weight, and in turn, the viscosity
of the polymer, thus suppressing the formation of trenches [24,25].

The air trapping phenomenon was  further investigated by press-
ing HDPE into different thicknesses. The images of the center and
outer areas of the lens array obtained at various HDPE thicknesses
are illustrated in Fig. 11. As shown in Fig. 11(a) and (b), an air trap
occurs at the center of the lens array when HDPE has pressed thick-
nesses of 108 and 96 �m.  When the HDPE is further pressed, the
trapped air moves from the center to the outer lens arrays, as shown
in Fig. 11(c) and (d). As the HDPE is pressed to 60 �m thick, the
trapped air moves entirely to the outer area of the lens array and
tends to escape from the lens array area. The remaining air at the
outer area receives the molding pressure, and trenches are created
on the top of the lens surface, as shown in Fig. 11(e).

3.3. In-situ air trapping observation

To investigate the air trapping phenomenon during the press
molding, in-situ observation was  performed using the newly devel-
oped observation unit. The images of the in-situ observation at
a temperature of 133 ◦C are illustrated in Fig. 12. As shown in
Fig. 12(a), air pockets are formed at the boundaries between HDPE
pellets and upper mold as well as between Si substrate and HDPE
pellets. Also, weld lines are formed at the boundaries between the
HDPE pellets. During pressing, the air pockets become smaller and
are flattened, as shown in Fig. 12(b)–(e). As a result, trapped air
channels are formed on the lens surface. However, when the press-
ing continues, the trapped air escapes and vanishes as shown in
Fig. 12 (f). Due to excessive pressing, an overflow of the HDPE is
seen inside the gap between the glass plate and the mold.

The images of the in-situ observation at a temperature of 140 ◦C
are illustrated in Fig. 13. Weld lines are seen among the pellets but
less obvious than those in Fig. 12. This is due to the decrease of HDPE
viscosity with the temperature rise. However, air pockets still exist
among the pellets, as shown in Fig. 13(a). When the HDPE pellets
are further pressed, the weld lines started to vanish, and the air
pockets size is reduced, as shown in Fig. 13(b) and (c). Air pockets
cannot be clearly seen in Fig. 13(d). Then, with further pressing, air
pockets vanished completely along an overflow of HDPE, as shown
in Fig. 13(e) and (f).

Based on the above observations, Fig. 14 shows the schematic
diagram of the weld lines and air pocket formation. It is demon-

strated that the HDPE pellets contribute to the air trapping
phenomenon. Differing from plastic injection molding, where the
pellets are heated and mixed inside a barrel before injected into
the mold, in the present study the pellets need to be mixed during
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Fig. 12. In-situ air trappin

ressing. Weld lines and air pockets occur among the pellets which
ead to air trapping.

To further clarify the effect of specimen shape on air trapping,
nstead of HDPE pellets, a flat HDPE plate with a diameter of 15 mm
nd a thickness of 1.5 mm was used for press molding at a temper-
ture of 140 ◦C. The plate was made by melting and compressing
DPE pellets together before the molding experiments, because

here were no HDPE plates commercially available. The in-situ
bservation result is shown in Fig. 15. In this case, no weld line
nd air pockets are found. Thus, from the meaning of preventing
ir trapping, a plate shape specimen is better than pellets. How-
ver, remelting the HDPE plate during press molding of lens arrays
ill cause deteriorations of the polymer properties [26].

.4. Trench formation on mold coatings

It has been known that mold coating will be worn out due to the
lternating stress during a hot embossing and press molding pro-
ess [27]. In this study, mold coating surface was  examined after 80
ycles of press molding to investigate impact of trapped air on the
oating. Fig. 16 shows scanning electron microscope (SEM) images
f the mold coating surfaces. Trenches, which have similar patterns
s those on the lens surfaces (see Fig. 9), are also formed on the

old coating surface. This fact indicates that the trenches formed

n the lens surface due to the trapped air have affected the mold
oating. The trapped air created non-uniformity of contact pressure
istribution which consequently cause stress concentration in the
ervation results at 133 ◦C.

coating. The repetition of this kind of non-uniform contact cycles
will peel off the coated layer, thus, trenches are created.

In addition to the trenches, the coating was also partially worn
out, as illustrated in Fig. 16(c). HDPE adhesion to the mold coat-
ing was  also confirmed, as shown in Fig. 16(d). Fig. 17(a) shows
the error distribution profile of the mold after being used for 80
cycles. An average error of approximately 500 nm has been formed
compared to the original mold profile, which is caused by trench
formation, coating wear and HDPE adhesion.

The worn out phenomenon might have been caused by the HDPE
polymer and the coating itself. The HDPE used in the experiments
contained silane, which is used to achieve adhesion between HDPE
and Si. However, there have been reports that silane can be used
to strengthen the bonding of PTFE to its substrate [28]. There-
fore, the silane-crosslinked HDPE may  create an adhesion with the
PTFE layer during molding. The repetition of contact and adhesion
between the HDPE and the coating causes the wear of the coating,
especially during demolding. Silane may  also react with the SiO2
layer after the peeling off of the PTFE layer, because the wear resis-
tance of the PTFE itself is limited [29]. Fig. 17(b) shows the worn
out phenomenon of PTFE/SiO2 coatings. In some areas of the figure,
the PTFE/SiO2 layer has been removed, leaving the exposed Ni mold
surface.
3.5. Press molding in vacuum environment

In order to solve the air trapping problem, a press molding
experiment was conducted in vacuum environment using a newly



476 A.R. Abdul Manaf, J. Yan / Precision Engineering 47 (2017) 469–479

Fig. 13. In-situ air trapping obs
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ig. 14. Schematic diagram of (a) weld line and air pocket formation after heating,
nd  (b) trapped air after pressing.

eveloped molding machine GMP-311V (Toshiba Machine Co. Ltd.,
apan) that was equipped with a vacuum system. The pressing tem-
erature was set to 140 ◦C while the pressing force was  set to 0.2,
.4, and 0.6 kN. The vacuum pressure was set to 0.1 Pa while the
acuuming time was 60 s. The rest of the press molding parame-
ers were the same as per the previous experiment in a non-vacuum
nvironment.

In the vacuum condition, since no air pockets are formed among
he HDPE pellets during molding, no air trapping-induced surface
efects were observed on the lens surface, as shown in Fig. 18. The

ress molded micro-lens array in Fig. 18(c) shows a perfect surface
opography. These results indicate that the press molding in vac-
um environment is crucial for achieving a high surface integrity
ithout air trapping even using HDPE pellets as a raw material.
ervation results at 140 ◦C.

Finally, to further improve the form accuracy of the lens array
by achieving the targeted lens sag height (46 �m),  HDPE shrink-
age compensation was  included into the mold sag height during
mold design, i.e., the sag height of the mold was designed to 49 �m,
3 �m bigger than the targeted lens sag height by considering the
HDPE shrinkage rate. As shown in Fig. 19, the lens sag height was
improved to 46 �m,  accurately the same as the targeted value. The
use of different pressing forces 0.4, 0.6, and 0.6 kN had no signif-
icant effect on the lens sag height. Fig. 20 shows a photograph of
pressed Si-HDPE hybrid lens arrays in the present study.

4. Conclusions

Si-HDPE hybrid micro-lens arrays were formed by press mold-
ing under various conditions, and the form accuracy and the surface
integrity of the fabricated lenses were evaluated. The following
conclusions were obtained:

1. The mold with a plunger helps to improve the lens form accu-
racy. The plunger increases the cavity pressure and contributes
to compensate for HDPE shrinkage during the cooling stage.

2. Air trapping and trench formation occur in the center region at
a low pressing force, and in the outer area of the lens array at
high forces. They are reduced when the pressing temperature
increases.
3. By using the developed in-situ direct observation unit, the air
trapping phenomenon during press molding was  investigated.
Air pockets were formed at the boundaries between the HDPE
pellets and the Si substrate, and are flattened during the pressing
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Fig. 15. In-situ air trapping observation for a flat shaped HDPE: (a) after heating, (b) after pressing.

Fig. 16. (a) Surface of mold coating; (b) magnified view of rectangle (i) showing trench formation; (c) magnified view of rectangle (ii) showing worn out of coating; (d)
magnified view of rectangle (iii) showing HDPE adhesion.
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Fig. 17. (a) Cross-sectional profile of a micro-lens dimple on the mold, showing
worn out, HDPE adhesion, and trench formation areas; (b) three-dimensional topog-
raphy of mold surface showing worn out of coating.

Fig. 18. A press molded Si–HDPE hybrid lens array in vacuum environment: (a)
center region, (b) outer region, (c) three-dimensional topography.

Fig. 19. Lens sag height obtained at different pressing forces in vacuum environ-
ment.
Fig. 20. Photograph of two pressed Si-HDPE lens arrays, showing different sides.

process, forming trenches on the lens surface. Weld lines are
formed at the boundaries among the HDPE pellets when pressing
at 133 ◦C. Increasing the temperature to 140 ◦C minimizes the
weld lines.

4. Air trapping in molding press affects strongly the mold coating
surface. Trench formation, wear marks and HDPE adhesion occur
on the mold coating surface.

5. Molding a Si-HDPE micro-lens array in a vacuum environment
helps to improve the lens surface integrity by completely elimi-
nating air trapping and trench formation.

6. By compensating the HDPE shrinkage in mold shape design, the
lens form accuracy is greatly improved.
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