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Computational Lithography for 3-Dimensional Fine
Photolithography using Sophisticated Built-in Lens Mask

Tomoaki Osumi, Akio Misaka, Kousuke Sato, Masaaki Yasuda,
Masaru Sasago, and *Yoshihiko Hirai

Physics and Electronics Engineering, Graduate School of Engineering,
Osaka Prefecture University

1-1, Gakuencho, Nakaku, Sakai, Osaka 599-8531, Japan
*hirai@pe.oasakafu-u.ac.jp

Built-in lens mask lithography realizes 3D imaging by a single exposure using a
conventional proximity exposure system. 3D structures are divided into seed elements with
different depth of focus, and the complex amplitude of the mask is designed by combining
the wavefronts that image these elements. However, due to the interference of the seeds, the
three-dimensional image may be missing. For this reason, it has been necessary to set the
seed pattern based on empirical knowledge. In this paper, we have developed a system to
automatically design the seed pattern. The system calculates the light intensity-distribution
in space and places seeds with opposite phases to cancel where excessive image remains. On
the other hand, additional seeds are placed in space where light intensity is not sufficient.
This procedure is repeated step by step until the required image is obtained. Computational

lithography will show that this results in the required 3D image.

Keywords: Optical lithography, 3D image, Aerial image, Built-in lens mask

1. Introduction

3-dimensional fabrication has been increasing
required for fine micro-scale devices such as
advanced microfluidic devices, micro- and
nanostructured electromechanical systems,
advanced biomimetics systems, and wiring at deep
steps in advanced integrated circuits.

Several beam technologies and 3-D printing
technology have been proposed for the fabrication
of  three-dimensional  (3D)  micro- and
nanostructures [1-6].

Si micro machining using sacrificial layers is one
of promising approaches [7]. Beam-based
processing methods have been proposed, such as
focused ion beam deposition techniques [8] or
multi-beam exposure methods based on two-photon
absorption [9]. Formation of 3D structures has been
demonstrated using nanoimprint techniques [10,11]
or a multiple exposure technique [12] based on
conventional photolithographic processing.
Furthermore, microdevice fabrication has also been
demonstrated using 3D printer systems [13].

1, 2021
27,2021
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However, these more conventional methods
require long production times because they use
multiple exposures and step-by-step processing, and
they need beam scanning and/or stage movement.
As a result, huge processing time is required for
integrated 3 D structures.

On the other hand, novel 3D photolithography
approaches that are based on single-shot exposure
without beam scanning or stage movement through
a photomask have been proposed, including inverse
lithography [14], and holographic lithography [15-
17], however, these methods could only be applied
to the exposure of two-dimensional or periodic
patterns.  Also, they need specific optical systems
such as lens or millers.

To solve these problems, we previously proposed
a novel 3D photolithography method that used the
multi-focusing function of built-in lens mask
lithography [18] and demonstrated the 3D imaging
process  capability  through  computational
lithography simulations [19-21].
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2. 3-D Photo lithography by built-in lens mask

The built-in lens mask is an optically transparent
mask with complex optical transmittance
characteristics (in terms of the amplitude and phase
of the optical wave). When coherent light is used to
irradiate a built-in lens mask, the complex optical
amplitude of the light that is transmitted through the
mask is modified. Designing of the complex
transmittance, multiple focused imaging could be
realized by single mask and single shot. Then,
imaging at voluntary focus depth could be realized.
Then, 3D imaging could be realized when the 3D
structures are divided into seed elements and the
complex amplitude of each seed is superposed on a
mask. The details of the mask and the associated
processes were described theoretically and
experimentally in our previous work [19,20].
However, due to the interference of the seeds, a part
of three-dimensional image may be missing or
unexpected ghost is coming out. For this reason, it
has been necessary to set the seed pattern based on
empirical knowledge.

To overcome the problem, we have developed a
system to automatically design the seed pattern.

3. Automatic seed optimization

Figure 1 shows schematics of automatic seed
optimization system. Firstly, the demanded 3D
structure is divided into small seeds, which are
usually around a quarter of exposure wavelength.
Then, the optical intensity in the space is calculated
by the seeds. The system calculates the light
intensity-distribution in space. Then, the system
calculates the light intensity-distribution in space
and places seeds with opposite phases to cancel
where excessive image remains. On the other hand,
additional seeds are placed in space where light
intensity is not sufficient. This procedure is repeated
step by step until the required image is obtained. As
aresult, the system automatically relocates the seeds
to compensate for the inconveniences.

The procedure of the seed optimization is as
follows: Firstly, image intensity profile /;(x,y,z) in
space is calculated for given seed pattern. Then the
differential 6/ between the desired profile /y (x,),x)
and /i(x,y,z) is evaluated as :

ol(x,y,z)= 1y (x,y,x) —1i(X.y,z). (1)

When the expected image intensity is weak or
missing, the intensity of the seed Zwea(x,),Xx) i
revised as:

Leea(%,y,%)" 1= Leea(x,y,x)"+61(x,,2) *fi/n, (2)
where 7 is the number of iterations.
On the counterrally, when the image is generated
on unexpected area, the intensity of seed pattern is
revised as:

Leea(,y%)""'= Licea(x,.)" +0l(x,p.2)*fo/n,  (3)

where f; and f; are feedback coefficients.

Beside intensity revision of the seed, phase
inversion of the seed is also performed to prevent
interference due to additional seed patterns with the
each other.

Set initial Seed

v

Calculate
Image intensity

Revise
seed pattern

ol
Converge?

End

Fig. 1. Schematics of automatic seed optimization system.

4. Results and discussion

We demonstrate exposure results of novel 3D
structures using the proposed systems by
computational study.

Figure 2 shows line pattern on step of 20 um in
height. The space of each line is 10 um. The gap
between the mask and substrate is 60 pm. The
exposure wave length A is 365 nm. Figure 2 (a)
shows initial seed pattern. Without optimization, the
image intensity profile has missing portion nearby
step edges as shown in Fig.2 (b) due to interference.
After optimization, the missing parts are recovered
and fine line pattern with 2.0 pm in width is
successfully obtained.

The number of iterations for optimization was only
once, where convergent parameters were f;=0.01,
and />=0.001, respectively.
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Fig. 2. Line pattern along a step.

Figure 3 shows three-dimensional frame structure.
There are three parallel rods of 40 um in length with
20 pm in spacing, and connecting with each other.
The exposure wave length A is 365 nm. Without
optimization of seeds, there are some missing
portions due to interference. After optimization,
file rod connected structure is successfully obtained
as shown in Fig.3 (c), where the rod size is about 3.0
pm. In this case, the number of iterations was 4
times.

5.Conclusion

Smart optimization system of seed patterns for 3-
dimensional imaging using the built-in lens mask is
newly proposed. We confirmed the optimization
methods is effective for elimination of fatal defects
such as pattern missing due to interference.

Using the system, we demonstrated automatic
optimize of seed arrangement for line pattern along
a step and parallel frame structure. As a result, fine
3-dimensional photolithography is successfully
confirmed by optimization of the seed using
proposed smart system.

60 um

(a) Desired structure

Seed intensity Light intensity

" -

/ | 06
o o

&

> / - 104
Mlsimg/'

= © \,6‘
Seed pattern Image intensity

(b) Without optimization

Seed intensity Light intensity

|l
/IO ’/|0.4

60 um 60 pm

Seed pattern Image intensity

(c)After optimization (f; = 0.5, /5=0.05)
Fig. 3. Parallel frame structure.
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Increasing the catalyst surface area is effective for enhancing the photocatalysis effect. To
understand the impact of increasing the surface area, micropillar patterns were fabricated
using ultraviolet (UV) nanoimprint lithography (UV-NIL). A titanium oxide (TiO») layer was
coated in a micropillar pattern by dip coating and this was used in a water treatment reactor.
Photocatalytic decontamination was investigated using methylene blue (MB) aqueous
solution. Changes in concentration of MB were observed during UV exposure to TiO; in the
MB aqueous solution. As a result, the reaction rate of the 50 um diameter pillar pattern was
accelerated; therefore, increasing the surface area is effective for photocatalysis using TiO».
On the other hand, the reaction rate of an 18.8 um diameter pillar pattern was smaller than

that of a flat surface because of a certain level of water-shedding effect.

Keywords: Photocatalysis, Micro-pillar, Water-treatment reactors, UV-NIL

1. Introduction

Recently, environmental cleanup technology
using titanium oxide (TiO.) photocatalysis has
attracted attention [1]. In particular, there have been
significant advances in the field of water cleanup [2]
that uses TiO»-coated reactors. The cleanup method
for water is as follows. First, a TiO;-coated reactor
is prepared. Then, polluted water, including bacteria
such as legionella and salmonella, is allowed to flow
into the reactor. Simultaneously, the transparent
reactor is subjected to ultraviolet (UV) light from
the outside. When the reactor is exposed to UV light,
the TiO, coating reacts with the polluted water, and
detoxification by photocatalysis takes place. To
obtain effective photocatalysis, enlargement of the
surface area [3—5] and UV transparent materials
[6,7] are important. In our previous study,
MEXFLON beads were coated with TiO» and these
were used as reactors. MEXFLON is a fluorinated
polymer material and its refractive index is the same
as that of water (n=1.33). This reactor obtained 3.8
times more photocatalytic reaction than a glass
beads reactor [8]. This means that the MEXFLON
beads did not interrupt UV light in water, because

Received March 31, 2021
Accepted April 6, 2021

the refractive index of MEXFLON matches that of
water and therefore suppresses UV light scattering
and reflection between water and MEXFLON bead
surfaces, and improves the exposure to UV light.
Enlargement of the surface area is a candidate
method for obtaining more efficient photocatalysis.
In this study, to increase the surface area, micro-
pillar structures were fabricated on a MEXFLON
substrate by UV nanoimprint lithography (UV-NIL).
The merit of UV-NIL is development less process,
so production speed of UV-NIL is faster than that of
photolithography. Using the patterned substrates for
the reactor, the reactor performance was evaluated
based on the concentration of methylene blue (MB)
in solution. MB is a blue pigment and is used as a
reagent for photocatalysis reactions, as described in
the ISO method 10678 [9].

2. Experimental setup
2.1. Fabrication of micro-pillar pattern

Micropillar patterns were transferred using UV-
NIL. The fabrication procedure was as follows: First,
a master pillar-shaped mold was fabricated using
photolithography. Then, a replica mold was
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transferred from the master mold using UV-NIL.
The replica mold shape was a hole pattern. Using
this replica mold, pillar patterns were transferred to
a MEXFLON substrate by UV-NIL.

The fabrication process of the master mold is
illustrated in Fig. 1.

6000 rpm, 60s

~_.
. . 95°C 10 min bake
1. Spin coating
uv 2. Pre-bake
v 60 mJ/cm?
Mask H B BB

3. UV irradiation 4. Post-exposure bake

IPA , pure water

PEGMEA 5 min

5. Development 6. Rinse

200°C , 30 min

7. Hard bake
Fig. 1.

Fabrication process of the master mold.

Photoresist (SU-8 3025, Nippon Kayaku Co., Ltd.)
was dropped onto a silicon substrate and spin-
coated at 6000 rpm for 60 s (Fig. 1(1)). After spin
coating, SU-8 was pre-baked at 95 °C for 10 min
(Fig. 1(2)). Two photomask patterns were prepared.
One was a regular array with a 20 um diameter
circle and a 40 um pitch, and the other was a regular
array with a 50 pm diameter circle and a 100 pm
pitch. These photomasks were covered with SU-8§,
and UV light was applied at 60 mJ/cm? (Fig. 1(3)).
After UV exposure, post-exposure baking (PEB)
was carried out at 95 °C for 10 min (Fig. 1(4)). After
PEB, development was carried out by immersing in
propylene glycol monomethyl ether acetate
(PEGMEA) for 5 min (Fig. 1(5)). After
development, the pillar-patterned sample was rinsed
with isopropyl alcohol (IPA) and water (Fig. 1(6)).
Finally, the pillar-patterned sample was baked at
200 °C for 30 min (Fig. 1(7)) to produce a pillar-
shaped master mold. The fabricated master mold
was release coated using 1 wt% Optool DSX
(Daikin Co., Ltd.), which is a fluorinated release
agent.

The fabrication process of the replica mold is
illustrated in Fig. 2. SU-8 3025 was dropped onto
the master mold (Fig.2(1)). Then, a polyester film

6.5 MPa, 5 min

SU-8 3025 T
polyester
EEEE u W poyes

[ |
2. Filling the resin

1. Dropping the resin

uv
1.5 Jicm?
] “ | EEEN
. !
3. UVirradiation 4. Bake

5. De-molding

Fig. 2. Fabrication process of the replica mold.

(Cosmoshine A4300; Toyobo Co. Ltd.) covered the
SU-8. The sample was then pressed at 6.5 MPa for
5 min to fill the mold with SU-8 resin (Fig. 2(2)).
UV light was applied at 60 mJ/cm? while
maintaining the pressure, to cure the resin (Fig.
2(3)). The sample was then baked at 95 °C for 10
min (Fig. 2(4)). Finally, the replica mold was
released from the master mold (Fig. 2(5)). The
photoresist SU-8 was used as a UV-curable resin,
and the pattern shapes were hole patterns. This
replica mold was also release coated using 1 wt%
Optool DSX.

The fabrication process of the micro-pillar pattern
is shown in Fig. 3.

‘ PAK primer
120°C 5 min bake
1. O, plasmaashing 2. Dropping the primer 3. Bake

@t I

——————

14.3 MPa, 5 min

4. Dropping the resin

5. Vacuuming 6. Filling the resin

1.3 Jicm?

oINS ¢ nans

8. De-molding
7. UVirradiation

Fig. 3. Fabrication process of micro-pillar pattern.
Micropillar ~ patterns were  fabricated on
MEXFLON substrate, which is composed of a
fluorinated polymer, so the adhesion force is weak
for UV-curable resins. Therefore, pre-treatment is
necessary. First, oxygen plasma ashing was carried
out for 45 s to make the MEXFLON surface
hydrophilic (Fig. 3(1)). Next, the primer for PAK-
01-CL (Toyo Gosei Co., Ltd.) was dropped on and
coated (Fig. 3(2)). The sample was then baked at
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120 °C for 5 min (Fig. 3(3)). This process is a pre-
treatment to improve the adhesion of UV-curable
resin. PAK-01-CL was used for pillar patterning
because of the high fidelity and stability of the TiO»
dip coating process. PAK-01-CL was dropped onto
the pre-treated MEXFLON substrate (Fig. 3(4)). In
the case of the microscale hole pattern replica mold,
air bubbles are included in the transfer pattern. In
this case, therefore, UV-NIL was carried out in a
vacuum environment. The coated MEXFLON and
replica mold were installed in a vacuum chamber

and evacuated to less than 0.1 Pa by a dry pump (Fig.

3(5)). After that, a pressure of 14.3 MPa was applied
for 5 min to fill the mold with resin (Fig. 3(6)). Next,
UV light was applied at a dose of 1.3 J/cm? while
maintaining the pressure. In this case, UV LED light
was exposed from the side direction because the top
and bottom plates were opaque materials (Fig. 3(7)).
After ventilation, the replica mold was released, and
micropillar patterns were fabricated on the
MEXFLON substrate (Fig. 3(8)).

2.2. Photocatalyst coating method

The TiO, photocatalyst was coated on the
patterned surface by dip coating. TKC-303 (Tayca
Co., Ltd.) was used as the TiO, coating liquid
material. The coating process is shown in Fig. 4.

Masking tape TiO; coated
< ! ' P
\\\ ' 65 mm ' ///
\\ //
Immersing speed '~_~ f
3.0 mm/s '
TiO, solution l
(TKC-303, Pulling speed
TAYCA Corp.) 0.3 mm/s
Immersion time: 5.0 s
1. Immetrsion 2. Pulling out
Curing (60 °C) Cooling
30 min 30 min
3. Curing 4. Cooling

Fig. 4. Dip coating method of TiO» photocatalyst.

To define the TiO; coated area, masking tape was
used. The TiO,-coated micropillar pattern area was
5 mm % 65 mm. This sample was then immersed in
a TiO; solution (TKC-303) for 5 s (Fig. 4(1)). Next,

the sample was removed at a speed of 0.3 mm/s (Fig.

4(2)). After removal, the sample was cured at 60 °C
for 30 min in an electrical furnace (Fig. 4(3)).
Finally, the sample was cooled for 30 min at room
temperature (Fig. 4(4)). Water absorption occurs in
the cured UV-curable resin. To prevent this, the TiO»
coating is necessary.

2.3. Water treatment reactor set-up
A reactor was constructed for treatment of polluted
water, as shown in Fig. 5.

Black light

[ | |
y ‘5L"‘ FEP pipe

Side view

ww gz

Black light

TiO; coated
@ FEP pipe

Front view

4
xl£~v

Fig. 5. Diagram of water treatment reactor using TiO»-
coated micropillar pattern.

This reactor consists of a fluorinated ethylene
propylene (FEP) pipe containing the TiO, surface
immersed in polluted water, which is exposed to UV
light. A 1 ppm MB aqueous solution was used to
represent polluted water. The MB aqueous solution
flowed into the FEP pipe and reacted with the TiO,-
coated micropillar structure set inside the FEP pipe.
FEP has high transparency for UV light and a high
chemical stability. These properties are required in
this experiment. The inner diameter of the FEP pipe
was 10 mm, and its length was 150 mm. Black light
(FL6BLB, Toshiba Lighting & Technology, Co.,
Ltd.) was used as the UV light source and placed 26
mm away from the FEP pipe. The main wavelength
of the black light was 352 nm and the intensity of
the black light was 6.4 uW/cm?. To clean the
polluted water (MB aqueous solution), UV light was
applied to the TiO,-coated micropillar pattern
through the FEP pipe. A photocatalytic reaction
occurs at the TiO, surface, and the concentration of
MB is reduced. The entire system is illustrated in
Fig. 6. A reservoir with a stirrer, turbine flowmeter
(FT200-016-PP, Japan Flow Controls Co., Ltd.),
reactor, and magnetic pump (MD-15R-N, Iwaki Co.,
Ltd.) are arranged in series using a silicone tube.
The MB aqueous solution was impounded in the
reservoir and circulated inside the silicone tube and
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reactor using the magnetic pump. The flow rate was
0.42 L/min and the temperature was maintained at
20 °C using a chiller (NCB-1200P, Tokyo Rikakikai
Co., Ltd.). The temperature inside the reservoir was
measured using a thermocouple. Before the start of
UV irradiation, circulation of the MB aqueous
solution was carried out for 1 h to stabilize the
system.

Reservoir

Fig. 6. Water treatment reactor system.

2.4. Evaluation methods

Micropillar patterns were observed using a
scanning electron microscope (SEM; ERA-8800FE
Elionix Co., Ltd.). To confirm the photocatalytic
effect, water contact angles were measured with a
contact angle (CA) meter (Drop Master 700, Kyowa
Interface Science, Co., Ltd.). The concentration of
MB was determined by measuring the absorbance at
665 nm, which is the maximum absorbance
wavelength of MB. The absorbance was evaluated
using the Lambert-Beer law. The absorbance
measurement method was as follows: A small
amount of MB aqueous solution was removed from
the reservoir and a halogen lamp (LA-100USW,
Hayashi Watch-works, Co., Ltd.) light was shone
through the MB aqueous solution. The transmitted
light was measured using a multichannel
spectroscope (PMA-12 C10027-01., Hamamatsu
Photonics K.K.). In this equipment, the absorbance
wavelength of 665 nm was monitored. Quantitative
evaluation of the photocatalysis reaction requires a
reaction model. In this study, the Langmuir-
Hinshelwood kinetics model was used [10]. This
model is well known to be representative of
photocatalytic reactions. Usually, this model deals
with the decomposition of gases [11-15], but it is
also applicable to the decomposition of MB in water
[16-20]. In this study, the reaction rate was
calculated wusing the Langmuir-Hinshelwood
kinetics model. The details are given in Ref. [10].

3. Results and discussion

3.1 Observation of transferred micropillar pattern
SEM images of a regular array with a 50 pm

diameter circle and 100 pm pitch master mold,

replica mold, and micropillar pattern on the

MEXFLON substrate are shown in Fig. 7. The

diameter |
50.0 pm

=== depth
219 ym

50.0 ym

= thickness 36.7 pm

Fig. 7. SEM images of master mold, replica mold and
micropillar pattern on MEXFLON. (a) Top view of
master mold. (b) Tilted angle view of master mold. (c)
Cross-sectional view of replica mold. (d) Cross-sectional
view of micropillar pattern on MEXFLON.

master mold has a diameter of 50 um and a pitch of
101.9 pum, which corresponds to the photomask
design (Fig. 7(a)). The height of the pillars is 24.0
um (Fig.7(b)). The replica mold has a diameter of
50.0 um and a depth of 21.9 um (Fig. 7(c)). The
micropillar pattern was transferred using a PAK-01-
CL on a MEXFLON substrate by UV-NIL. The
pillar pattern has a diameter of 50 pm and a height
of 18.7 pum. In this case, the residual PAK layer is
36.7 um (Fig. 7(d)). The pillar diameter did not
change, but the pillar height was reduced because of
shrinkage of the photocurable resin (PAK-01-CL).
Shrinkage was mostly in the vertical direction.
Despite this pillar height shrinkage, micropillar
patterns were successfully transferred by the UV-
NIL process. The obtained micropillar patterns had
a diameter of 50.0 pum, a pitch of 101.9 um and a
height of 18.7 um (pillar pattern A). SEM images of
a regular array with a 20 um diameter circle and 40
pm pitch master mold, replica mold, and micropillar
pattern are shown in Fig. 8. The master mold has a
diameter of 19.9 um and a pitch of 40.1 um (Fig.
8(a)). The height of the pillars is 18.7 pm (Fig. 8(b)).
The replica mold has a diameter of 18.8 um and a
depth of 18.4 um (Fig. 8(c)). The pillar pattern has
a diameter of 18.8 um and a height of 18.1 pm. In
this case, the residual PAK layer is 30.2 um (Fig.
8(d)). In this case, shrinkage occurred during the
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fabrication process of the replica mold (see Fig. 2),
and SU-8 was mainly reduced by the UV-NIL
process. Although the pillar diameter was reduced
by 1.2 pum, the micropillar pattern surface was
successfully transferred by the UV-NIL process.
The obtained micropillar patterns had a diameter of
18.8 um, a pitch of 40.1 um and a height of 18.1 um
(pillar pattern B).

i (d) e
height 18.1 ym |

I diameter
§_18.8 um

. i

Fig. 8. SEM images of master mold, replica mold and
micropillar pattern on MEXFLON. (a) Top view of
master mold. (b) Tilted angle view of master mold. (c)
Cross-sectional view of replica mold. (d) Cross-sectional
view of micropillar pattern on MEXFLON.

3.2 Confirmation of photocatalytic effect of TiO»-
coated micropillar pattern

One pillar pattern A (sample 1) and two pillar
patterns B (samples 2 and 3) were coated with TiO»
by the dipping method (see section 2.2). Flat plates
with/without TiO, were prepared for comparison
(sample 4). Their fabrication method is the same as
Fig. 3, but a non-patterned replica mold (flat film)
was used. The thickness of the TiO» layer was 100
nm, as measured using a surface profilometer on a
flat plate. To confirm the photocatalytic effect, the
TiO, was exposed to UV light for 10 min.
Subsequently, water contact angles (CAs) were
measured for each surface. The volume of the water
droplets was 20 pL. The measurement results are
presented in Table 1.

Table 1. Contact angle before UV irradiation and after
UV irradiation of each sample

Sample No.  Without TiO, With TiO, With TiO,
CA[] CA[] and UV
CA[l
1 975 36.6 19.8
2 120.6 459 28.3
3 1215 48.2 20.5
4 90.3 90.6 83.0

As shown in Table 1, sample 1 (50 um diameter
pillar pattern) had a lower CA than samples 2 and 3
(18.8 um diameter pillar pattern). This result shows
that samples 2 and 3 have hydrophobic properties,
such as a lotus effect. In fact, without TiO: coating,
all samples were hydrophobic (CA >90°), and
samples 2 and 3 had higher CA values. Micropillar
patterns (sample 1,2,3) were smaller CA than flat
plate after UV irradiation, so enlargement of surface
area is effective to reduce CA values.

3.3 Water cleaning using water treatment reactor

Figure 9 shows the degradation of MB by
photocatalysis. The concentration of MB was
measured at 1 h intervals. The y-axis of Fig. 9 is
normalized concentration, i.e., the concentration
divided by the initial concentration (A/Ay).

1.0088¢

0.98

A

0.96

—< Flat plate w/o TiO,

—&— Flat plate L
0.94 | -5 Sample 1 1Y
—+— Sample 2
—— Sample 3 N
T | =g
Q 2 4 6 8

time [h]

Fig. 9. MB concentration changes for each sample.

As shown in Fig. 9, the flat plate without TiO;
shows no change because decomposition of the MB
did not occur. The MB concentration of the TiO»-
coated samples was reduced, and the reduction rate
of sample 1 was faster than that of samples 2 and 3.
This trend is similar to that of the CA trend. Using
Fig. 9 data, reaction rates were calculated using the
Langmuir-Hinshelwood kinetics model (see section
2.4), and the results are summarized in Table 2. For
comparison, the surface areas are also listed.

Table 2. Summary of reaction rate and surface area
Picth Diameter Height Surface area .
2 Reaction rate
[um]  [pm] [pm] [mm?]
Flat plate 2.6%10-
without TiO. " ) ) 325 )
Flatplate | - - - 9.5%10°°
Sample1 [101.9 50 18.7 416.9 12.2x10"3
Sample2 | 401  18.8 18.1 5411 6.8x10°°
Sample3 | 40.1  18.8 18.1 ' 6.3x10°2
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As shown in Table 2, sample 1 (50 pm diameter
pillar pattern) had the highest reaction rate. This
means that sample 1 is the most effective for
treatment of water pollution. Although samples 2
and 3 (18.8 pm diameter pillar pattern) had the
largest surface area, their reaction rates were lower
than that of the flat plate with TiO,. The reasons for
this are as follows. Samples 2 and 3 had larger CAs
than sample 1, even with UV irradiation, indicating
that this surface has low wettability (see Table 1).
Thus, we assume that a certain level of water-
shedding effect occurred in samples 2 and 3. These
results suggest that both surface area and water
wettability are important for enhancing the reaction
rate. To compare flat plate, sample 2 and 3 had lower
CAs, so wettability was more effective than flat
plate for static water droplet. However, this reactor
was circulated, so dynamic wettability for water is
different to CAs trend. We assume that water flow
does not reach at bottom of smaller micropillar
patterns, this generates loss of reaction surface area.
These results suggest that optimize of micropillar
pattern shape is important. In this study, sample 1
(50 um diameter pillar pattern) is the best for
circulated water treatment reactor. In order to
improve the cleaning efficiency of the photocatalyst,
one of the solutions is to put a large number of TiO,-
coated micropillar plates in the reactor. This is the
future work.

4. Conclusion

In this study, the impact of a water treatment
reactor using a TiO,-coated micropillar made by
UV-NIL was investigated. Using UV-NIL,
micropillar patterns with diameters of 50.0 and 18.8
um were obtained at 6 mm x 65 mm area. After
fabricating the pillar pattern, the TiO, coating and
photocatalysis effects were evaluated in MB
aqueous solution, with MB representing a pollutant.
The reaction rate with the 50 pum diameter pillar
pattern was higher than that of the flat plate, so
increasing the surface area is effective for enhancing
the photocatalytic effect.
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Polymer
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We report a low-cost, high-throughput process for fabricating a moth-eye-
like anti-reflector on a curved surface. First, a curved surface was made from a
UV-curable resin via UV imprinting. Then, the moth-eye-like structures were
formed directly on the polymer surface via oxygen ion-beam etching. This
produced flexible, transparent, and curved polymer products with anti-reflective
properties. The method avoids duplication, which is generally needed for

conventional anti-reflector fabrication.

We compared the anti-reflective

performance both flat and curved lenses before and after etching. The reflectance
after etching for 150 s was substantially 10% lower than that of the non-etched
surface. The usefulness of this method for polymer optical products with anti-

reflective properties was demonstrated.

Keywords: Anti-reflection, Moth-eye, Nanostructures, UV nanoimprinting, Ion-

beam etching

1. Introduction

Moth-eye-like structures are well known anti-
reflectors (ARs), which have applications in devices
such as solar cells [1], liquid crystal displays [2,3],
and optical lenses [4-6]. Their nanostructure mimics
that of a moth's eye, which has many nanoscale
bumps on its surface, allowing it to gather light with
high efficiency. To satisfy the increasing demand
for AR devices, better methods to fabricate such
nano-scale structures are required.

One of a most popular methods for moth-eye
fabrication is a combination of etching (dry or wet)
and nanoimprint lithography (NIL). In the etching
process, moth-eye-like structures are formed on a
hard material, such as silicon [2], metal [3,4],
carbon [7-9], or a ceramic [10]. In this process,
masking is sometimes used to make regularly
arranged patterns. For example, Ji et al. reported a
particle-masking method (‘colloidal lithography’)
that uses a particle monolayer as a mask [11, 12].
Processes that do not need masking have also been

Received March 26, 2021
Accepted April 24, 2021

reported, whereby the moth-eye-like nanostructures
are etched on glassy carbon using an oxygen ion
beam [7-9].

After etching, several NIL processes using a soft
and flexible resin are needed to copy the etched
moth-eye shape to the target devices or to additional
NIL molds, as schematically shown in Fig. 1(a) [8,
13-15]. This is because it is difficult and costly to
make smooth curved surfaces, such as lenses and
roll-to-roll molds, directly on hard materials.
Although these processes can be used to fabricate
practical moth-eyes with low reflectance [7-9, 16,
17], cheaper and higher-throughput methods are
needed, particularly for AR applications in portable
camera devices [18-20].

To meet the aforementioned demands, we propose
a method to fabricate moth-eye-like nanostructures
directly on a photo-curable polymer via oxygen ion-
beam etching. Figure 1(b) shows the proposed
method, which consist of two steps: UV imprinting
and etching. First, a curved surface was fabricated
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using a UV-curable resin. The cured resin was then
directly etched by the ion beam to form the moth-
eye-like nanostructure. The use of a UV curable
resin makes this process is both low-cost and high-
throughput. Another advantage of the process is that
there is no need for duplication of the structure onto
a flexible and transparent polymer. This also lowers
the cost and increases the throughput.

In this study, we formed moth-eye nanostructures
on a UV-curable resin on flat and curved (concave
and convex) surfaces and investigated their AR
performance. In addition, AR etching on an UV-
NIL-duplicated lens array was demonstrated.

2. Experimental
2.1. Materials
The moth-eye-like structures were made using a
UV-curable resin. The resin consisted of a monomer

(a) Example of
conventional method

(b) Proposed method

uv

o

UV imprint

lon beam, gas

70999

Etching
on hard materials

| o

Transparent soft resin mold

o Duglosted ; ; ; ; ;

Copy to soft, flexible resin

[

Etching on the
UV imprinted polymer lesr

' }

Fitting to curved surface
1 ; Direct-formed anti-reflector
(500 nm- 700 nm)

@ i H Transparent, flexi
Imprinted moth-eye single material

on curved surface /

Anti-reflection structure
on curved surface

Lens etc.

Additional Duplication by NIL

to COpy on curve surrace :
Fig. 1. Comparison of the conventional and
proposed moth-eye fabrication methods. (a)
Conventional method, which involves etching the
moth-eye structure onto hard materials, and then
duplicating this to a soft, transparent, and flexible
resin replica mold. (b) Proposed method to form
moth-eye structures directly onto UV-curable
polymers via oxygen ion-beam etching.

(2,2-bis(4-glycidyloxyphenyl)propane; Tokyo
Chemical Industry Co., Ltd., Tokyo, Japan), and a
photo-acid generator (PAG) (CPI-100P; San-Apro
Ltd.,, Tokyo, Japan) as the photopolymerization
initiator; the chemical structures are shown in Fig.
2(a) and (b), respectively. PAG (0.01 g) was directly
mixed into the monomer (0.5 g) in a hot-water bath
(85 °C) with ultrasonic mixing for 10 minutes. This
mixture produced a UV-curable resin by cationic ring-
opening polymerization of the epoxy functional
groups [21, 22].

2.2. Processes

Our process produces moth-eye-like structures on a
UV-cured polymer surface in two-step process: UV
lithography (e.g. UV-NIL) and oxygen ion-beam
etching. The fabrication process is schematically
shown in Fig. 3a and 3b for flat and curved surfaces,
respectively.

For the flat surface, the UV-curable resin droplet
was first dropped onto a cut Si wafer substrate (15 mm
x 15 mm) and spin-coated with a rotational speed of
3000 rpm (Fig. 3(a-1)). We note that we coated the Si
wafer substrate with hexamethyldisilazane (HMDS)
(Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) to
improve the adhesion between the Si substrate and the
resin layer. The HMDS-coated-substrate was baked
on a hot plate at 120 °C for 20 minutes. After baking,
the substrate was washed with acetone. The spin-
coated resin layer was then cured with a UV lamp
(Aicure UP-50; Panasonic Co., Osaka, Japan) with a
UV dose and peak wavelength of 60 mJ/cm? and 365
nm, respectively (Fig. 3(a-2)). The cured layer was
etched using an oxygen ion beam produced by an
inductively coupled-plasma (ICP) etching machine
(EIS-700; ELIONIX Inc., Tokyo, Japan) with a power
and oxygen flow rate of 500 W and 3.5 sccm,
respectively (Fig. 3(a-3). The distance from the beam
gun to the workpiece was 110 mm. Three different
etching times were used (90, 120, and 150 s). Finally

(a) Momomer

CHs

|
cmo@o@cmo
7 ! 7
0 CHs 0]
(b) PAG
Fig. 2. Materials used for the UV-curable resin:

(a) monomer; (b) photopolymerization
initiator.



J. Photopolym. Sci. Technol., Vol. 34, No. 2, 2021

(a) Flat condition
Prepared U/V curable resin % % % %UV
—_—
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(1) Spin coating (2) UV curing

b) Curved condition ,
IRe’(re]:ln replica

(1) Duplicating an original lens

(2) Removing the original lens

Oxygen plasma
Moth-eye-like structure

UV polymer moth-eye

Y,
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(4) Obtain polymer motheye

<
—

(3) Dry etching by ICP
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200 L
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(3) Dry etching by ICP (4) Obtain moth-eye on lens

Fig. 3. Fabrication process of moth-eye structures on a UV-cured polymer using ICP etching. (a) Flat surface: (a-1)
spin coating of the resin on a Si substrate; (a-2) UV curing; (a-3) oxygen plasma etching by ICP without masking;
and (a-4) the moth-eye structure obtained on the polymer surface. (b) Curved surface: (b-1) duplication of the original
lens by UV curing; (b-2) removal of the original lens; (a-3) oxygen plasma etching onto the duplicated concave lens
without masking; and (b-4) the moth-eye structure obtained on the surface of the concave lens.

(Fig. 3(a-4)), a layer with moth-eye-like structures
was obtained on the flat substrate.

To form the structures on a curved surface, we
fabricated a concave lens duplicated from a convex
lens mold. As depicted in Fig. 3(b-1), the UV resin was
first UV imprinted to form the duplicated lens. The
resin lens was duplicated on a Si wafer substrate for
easy handling. The UV light was irradiated through the
transparent glass lens mold with a UV dose of 60
mJ/cm?. A release agent was coated of the surface of
the lens mold by first dipping the lens into a 1.0%
OPTOOL DSX (DAIKIN Industries, Ltd., Osaka,
Japan) solution for 3 hours and baking on a hot plate
at 100 °C for 15 minutes. After baking, the lens mold
was washed in NOVEC7300 (3M Company,
Minnesota, USA) to remove contamination. Owing to
the release coating, the lens mold was released
smoothly from the UV cured resin, and a concave resin
lens was obtained. Next, the duplicated concave resin
lens was etched with the oxygen ion beam under the
same etching conditions as described above (Fig. 3(b-
3)). Finally, the moth-eye-like structure was obtained
directly on the concave resin lens (Fig. 3(b-4)). Each
sample was observed using a scanning electron
microscope (SEM; ERAS8S00FE, ELIONIX Inc.,
Tokyo, Japan) and its reflectance was measured using
a spectrophotometer (Solidspec-3700; Shimadzu
Corp., Kyoto, Japan).

3. Results and discussion
3.1. Flat surface

An SEM image of the etched layer on a flat-
polished Si substrate for an etching time of 120 s
is shown in Fig. 4. The moth-eye structure was

formed on the UV-cured polymer layer, which had
a thickness of 44.7 um, as seen in Fig. 4(a). Pillar
structures, as shown in Fig. 4(b), covered the
surface of the 20 mm X% 20 mm polymer layer. The
average pillar height, diameter, and pitch were 700,
300, and 100 nm, respectively. Thus, this single
etching process can produce high-aspect-ratio
moth-eye-like nanostructures. The shape and
height of the structures were almost same as those
formed on glassy carbon.

We measured the reflectance from the flat
surface. Figure 5 shows the reflectance ratio before
and after etching for etching times of 90, 120, and
150 s. Figure 5(a) and (b) show the reflectance for
initial layer thicknesses (i.e. before etching) of 26
(condition A) and 92 pm (condition B),
respectively. The reflectance decreased with
etching time for both conditions, reaching 7% after
150 s. Thus, the oxygen ion beam effectively
produced antireflective structures onto the UV-
cured polymer layer. Figure 5(c) shows the
relationship between the etching time and average
reflectance in conditions A and B. For each
etching time, the decrease in reflectance was
similar for both conditions. On the basis of these
results, we suggest that the height of the moth-eye-
like structure was independent of the initial
thickness. Therefore, it is possible to add an anti-
reflection structure to films of any thickness.

3.2. Curved surface
Next, we fabricated moth-eye-like structures on
concave and convex polymer lenses, which were
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Fig. 4. Cross-sectional SEM images of the moth-eye-
like nanostructure on a flat surface. (a) Etched UV-
cured polymer layer. (b) Pillar structures on the
polymer layer. (c) Higher-magnification image of the
pillars, from which the average height and pitch were
measured to be 200 and 700 nm, respectively.

duplicated by UV imprinting from original glass
lenses, as schematically shown in Fig. 3(b). Figure
6a and 6b show SEM images of the etched concave
and convex lenses, respectively. In this
demonstration, the concave lens was shaped on a
substrate and the convex lens was shaped as a
stand-alone-lens. In each sample, bumpy
structures were formed over the entire surface. The
pitch of the structure was wider than that created
on the flat surface. The height of the
nanostructures on both the concave and convex
lenses was 700 nm. However, the width of the
nanostructures was smaller on the convex lens
than on the concave lens. In summary, moth-eye-

like structures formed on the UV-imprinted replica
lenses.

The reflectance was measured for both etched
lenses with the method described above for the flat
surface. Figure 7a and 7b show the reflectance of
the concave and convex lenses, respectively; the
reflectance from the non-etched lenses is shown for
comparison. For both lenses, the reflectance
decreased after etching, although the extent of the
reduction was much greater for the concave lens.
This demonstrates that AR nanostructures could be
etched in a single step using the oxygen ion beam.
On the basis of these results, we expect that our
method will improve future manufacturing
processes for AR lenses and their molds.

—_—
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Fig. 5. Reflectance of the etched surfaces for etching
times of 90, 120, and 150 s for initial thicknesses of (a)
26 um (condition A) and (b) 92 um (condition B). (c)
Comparison of the reflectance for conditions A and B
for each etching time.

3.3. Etching onto a microlens array

Finally, we formed a moth-eye-like structure on a
UV-imprinted lens array. The process involved first
UV-imprinting a lens array on a primer coated Si
wafer with a UV dose of 60 mJ/cm?. The convex
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500 ym

500 ym

Fig. 6. SEM images of the moth-eye-like
nanostructures etched on (a) concave and (b)
convex polymer lenses shaped by UV imprinting.

(a) Curve condition: Concave lens
; . ;

Non-moth-eye lens

Reflectance / %

Moth-eye lens
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o Non-moth-eye lens

Reflectance / %
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300 400 500 600 7€
Wavelength / nm

Fig. 7. Comparison of reflectance of the moth-eye-
etched and non-etched (a) concave and (b) convex
lenses.

lens array was imprinted from a glass convex master
mold. As shown in Fig. 8, the moth-eye-like
nanostructure formed over the entire lens array with

Fig. 8. Photograph and SEM images of the moth-eye-
like nanostructures formed on a UV-imprinted
convex microlens array.

an average pillar height of approximately 700 nm.
Thus, our method can even create moth-eye-like
structures by etching on regular patterns formed by
UV-NIL. We expect that this method will be used
to fabricate moth-eye structures on microscale
patterns using NIL

4. Conclusion

In this paper, we proposed a simple method to
fabricate moth-eye-like AR nanostructures via
oxygen ion-beam etching directly onto a UV-
curable polymer. The moth-eye-like nanostructures
had a high aspect ratio and an average height of 700
nm. For both flat and curved lenses, the reflectance
was  substantially reduced after etching,
demonstrating the potential of these surfaces for AR
applications. We also formed moth-eye-like
structures on a UV-imprinted lens array. The
method can make moth-eye-like nanostructures on
patterns formed by the UV-NIL process. In
summary, our method allows the low-cost
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production of polymer lenses with AR functions and
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their NIL molds.
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The selection and design of appropriate resist materials is indispensable for a successful
nanoimprint lithography (NIL) technique. Currently, the pattern resolution of NIL is below
10 nm. Therefore, atomic-scale analysis of the NIL process is required for further
development in this field. In this study, we performed all-atom molecular dynamics (MD)
simulations of the filling process of resist molecules in ultraviolet NIL (UV-NIL). To
simulate the filling process, silicon molds with different trench widths (1, 2, and 3 nm)
were pressed into different resist materials composed of two or four molecular species with
different viscosities (viscosity range 4 to 5,566 mPa-s) under constant pressure (100 atm).
In the MD simulations, resists with viscosities lower than 10 mPa's were successfully filled
into the 3-nm wide trench. Lowering the resist viscosity shortened the time required for
complete filling. In the resist consisting of four molecular species, the 1-nm-wide trench
was preferentially filled by the lower-viscosity molecules; consequently, the resist
molecules were non-uniformly distributed in the system. This inhomogeneity would lead to
defects after the UV curing process. The MD simulations also showed that when mixed
with small resist molecules, the multi-functional resist molecules can more easily enter a
narrow cavity, which is advantageous for fabricating high-resolution patterns by UV-NIL.
The molecular behaviors during the filling process observed in the MD simulations provide
useful information for the future design of defect-free resists.

Keywords: Nanoimprint lithography, Molecular dynamics simulation, Viscosity of

resist

1. Introduction

Nanoimprint lithography (NIL) is a promising
technology for fabricating nano-scale patterns at
low-cost  with  high  throughput.  Using
compression molding, NIL creates a pattern in a
thin resist carried on a substrate [1, 2]. In 2012,
Li et al. demonstrated the transfer of 4-nm-wide
half-pitch lines into a resist using NIL combined
with high-resolution helium ion beam patterning
[3]. When the pattering size is below 10 nm, the
molecular properties of the resist molecules and
the atomistic interactions between the resist and
the mold significantly affect the resolution and
defect formation in NIL. Therefore, atomic-scale
analysis of the NIL process is essential for further
development in this field. Molecular dynamics
(MD) simulation is a powerful tool for

Received March 24, 2021
Accepted April 28, 2021

investigating the molecular behavior of materials
at the atomic level. The effects of resist polymer
size on the resist filling process in thermal NIL
(T-NIL) have been well studied in MD
simulations [4-7]. Adhesion between the mold
and the resist polymer in the T-NIL process has
also been simulated by MD methods [8-10]. In
contrast, the behaviors of the resist molecules
during the filling process of ultraviolet NIL
(UV-NIL) are not well understood. To fill this
knowledge gap, we performed MD simulations of
the UV-NIL filling process using four different
resist materials with viscosities ranging from 4 to
5,566 mPa's, and investigated how the
macroscopic viscosity of the resist affects its
filling behavior.
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2. Simulation model and methods
2.1. Resist models

Table 1 lists the molecular constituents,
viscosities, and numbers of acryloyl or vinyl
groups in the resist materials. Fig. 1 shows the
molecular structures, and Table 2 gives the
compositions and experimentally measured
viscosities of the four resists.

Table 1. Viscosities and numbers of acryloyl or vinyl
groups of the resist molecules used in this study

Molecule Viscosity? [mPa's] Functional groups
NVP (N-Vinyl pyrrolidone) 2.07° one vinyl group
HDDA (Hexane-1,6-diyl diacrylate) 4 two acryloyl groups
TPGDA (Tripropylene glycol diacrylate) 10 two acryloyl groups
TMPTA (Trimethylolpropane triacrtlate) 92 three acryloyl groups
DPHA (Dipentaerythritol hexaacrylate) 5.702 six acryloyl groups

DMPA(2.2-Dimethoxy-2-phenylacetophenone)

* Value at room temperature.
®From PubChem (PubChem CID: 6917).
°DMPA is a polymerization initiator, which is solid at room temperature.

Fig. 1. Structures of molecules in the resist material
used in this study: (A) NVP, (B) HDDA, (C) TPGDA,
(D) TMPTA, (E) DPHA, and (F) DMPA (see Table 1
for descriptions). Figures were generated by VMD

[11].

Table 2. Compositions and measured viscosities of the
four resist materials examined in this study

Composition (w/w%) Viscosity [mPa's]

Resist I HDDA (96%), DMPA (4%) 4
A TMPTA (10%), TPGDA (57%),
a
Resist Il NVP (29%), DMPA (4%) 8
Resist I1T TMPTA (96%), DMPA (4%) 95
Resist [V DPHA (96%), DMPA (4%) 5,566

?From Ref. [12]

2.2. Simulation systems and methods

Fig. 2 is a schematic of the simulation system
used in this study.

The mold and substrate were made of silicon
(Si), which has a diamond unit cell with a lattice
constant of 5.43 A. The trench width was varied
as 1.09, 2.17, and 3.26 nm. A general Amber
force field (GAFF) [13] and an Austin Model 1

with bond charge correction [14, 15] were used
for the force field parameters and atomic charges
of the resist molecules, respectively. The bonds
and bond angles consisting of neighboring Si
atoms were restrained by harmonic potentials
with universal force field (UFF) parameters [16].
The Lennard-Jones parameters of the Si atoms
were adopted from Ref. [17] and the interactions
between the Si atoms and resist molecules were
handled by Lorentz-Berthelot combination rules
[18].

Mold Press
8.2 nm
6.5 nm
AP
10 ~
Resist 11 nm
7y “ 111 am q
/ Substrate / \
X ¥ 5.4 nm |
6.5 nm

Fig. 2. Schematic of the simulation system. The trench
width A was set to 1.09, 2.17, or 3.26 nm. The
simulation box is drawn with green lines.

In all MD simulations, periodic boundary
conditions were imposed in all directions. Van der
Waals and short-range electrostatic interactions
were cut off at 12 A and the long-range
electrostatic interactions were computed with the
particle-mesh Ewald summation method [19].
The time step was 2 fs and all bonds containing
hydrogen were constrained by the SHAKE
algorithm [20]. The temperature was controlled
by a Langevin thermostat [21] with a collision
frequency of 1.0 ps!. The pressure was
controlled by a Berendsen barostat [22] with a
pressure relaxation time of 1.0 ps.

The resists were prepared as follows: 1) The
resist molecules were randomly placed in a box
of fixed size (x = 6.5 nm, y = 5.4 nm) without
significant overlaps. The number of molecules
was calculated based on the weight ratios listed in
Table 2 (second column); 2) The system was
minimized by the steepest descent method for the
first 1000 steps and by the conjugate gradient
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method for the subsequent 1000 steps; 3) MD
simulations were performed at 298 K and 1 atm
until the system was well equilibrated. The
pressure was controlled only along the z-direction
(as mentioned above, the dimensions along the x-
and y-axes were fixed).

When simulating the filling process, the
prepared resist was placed between the mold and
the substrate, and the MD simulation was run at
298 K and 100 atm along the z-axis.

750
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Trench width =2nm —
Trench width = 1 nm
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o
g
&
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Resist I g \
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The use of periodic boundary condition in
z-direction would introduce unwanted
dipole-dipole inter-layer interactions. However,
the surfaces between resist layers are separated
by several nanometers. A 2.8-nm-width Si layer
exists between the resist layers even in the
complete filling states. Additionally, the resist
molecules are randomly arranged in the resist
layer with various conformations. Therefore,
effects of the inter-layer interactions along the
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Fig. 3. Time evolutions of the simulation volumes and the system configurations with various trench widths at the
end of the simulation: (A) resist I, (B) resist II, (C) resist IIl, and (D) resist IV. In panels A and B, the arrows on
the graphs indicate the times and volumes at which the fillings were completed in the MD simulations. Graphics of

the simulation systems were generated by VMD [11].
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z-direction would be negligible in the simulation
systems used in this study.

All MD simulations and analyses were
performed using the Amber16 and AmberTools16
packages [23, 24]. The MD program code was
slightly modified to introduce the pressure
control along the z-axis while fixing the x- and
y-dimensions.

3. Results and discussion
3.1. Filling behaviors

Long-time MD simulations were conducted in
12 systems (combinations of the four resist
materials and three trench widths). Fig. 3 plots
the system volumes as functions of simulation
time and the configurations of the various
systems at the end of the simulation.

Resist I (Fig. 3A) completely filled the 3- and
2-nm-wide trenches in the Si mold within ~150
ns and ~250 ns, respectively. In the 1-nm-wide
trench, the system volume fluctuated around its
initial value throughout the MD simulation (1.8
us) and the trench was not filled.

Resist II (Fig. 3B) filled the 3- and 2-nm-wide
trenches within ~350 ns and ~950 ns, respectively.
These longer filling times (2—4 times longer than
those of resist I) reflect the different viscosities of
the resists: resist I was twice as viscous as resist
I (see Table 2). In the simulation of resist II filling
the 1-nm-wide trench, the system volume
gradually decreased during the 2.8-pus simulation
time and the top of resist Il in the trench reached
approximately half the trench height. Interestingly,
the viscosity of resist II was higher than that of
resist I but resist I could not fill the 1-nm-wide
trench. The filling process will be discussed in
detail later.

In the simulations of resists Il and IV (Fig. 3C
and D), the viscosities were higher than 90 mPa's,
and the volumes of the systems remained almost
constant regardless of trench width. The resist
molecules did not fill the trenches, even when the
width was extended to 3 nm. It has been reported
that high-viscosity resists cannot easily penetrate
nano-level patterns [25]. Previously, we
investigated the filling of 100 micro-scale
patterns with high-viscosity resists (2,900 and
13,090 mPas). The pattern filling required high
pressures (of the order of megapascals) and long
filling times (over one minute) [26]. Therefore,
the under-filling of the 3-nm wide trenches in the
microsecond time range of the present MD
simulations is consistent with the actual behavior

of the resist.

3.2. Distribution of molecules after the filling

Next, we examined the individual distributions
of the four molecular species in resist II after
complete filling. In general, high-viscosity
molecules are bulky, multi-armed, and
multi-functional (see Table 1 and Fig. 1). Such
molecules increase the hardness and curing speed
after UV exposure [27-29]. Therefore, to ensure a
defect-free filling, the resist molecules in the
resist layer and cavities must be uniformly
distributed.

(A)

NVP TPGDA DMPA TMPTA

(B)

TMPTA

NVP TPGDA DMPA

Fig. 4. Distributions of the four molecular species
constituting resist I in the trenches with widths of (A)
3 nm and (B) 1 nm at the end of the simulation. In B,
the red line indicates the top of the resist in the trench.

Fig. 4A shows the distributions of NVP,
TPGDA, DMPA, and TMPTA at the end of the
simulation in the 3-mm-wide trench. All types of
molecules within the resist layer were almost
equally distributed on the substrate and inside the
trench. The molecular species in resist II were
also uniformly distributed in the 2-mm-wide
trench (data not shown). However, in the system
with the 1-mm-wide trench, NVP and TPGDA
more easily entered the trench than TMPTA (see
Fig. 4B). In fact, TMPTA entered the trench to
approximately half the entry height of NVP and
TPGDA during the 2.8-us filling process. The
viscosities of NVP, TPGDA, and TMPTA are 2,
10, and 92 mPa's, respectively (see Table 1).
Therefore, even when the molecules are well
mixed in the resist layer, the low-viscosity
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molecules would preferentially enter the narrow
cavity in the UV-NIL filling process. This
preference results in an inhomogeneous
distribution of the resist II molecules, and
subsequent defects after UV curing.

Fig. 5 shows the configurations of TMPTA in
resist II at various times of the simulation in the
1-nm-wide trench. In the initial state, the TMPTA
molecules were equally distributed and dispersed
within the resist II layer on the substrate (Fig. 5,
left panel). As the filling process proceeded,
TMPTA accumulated near the entrance of the
cavity, while NVP and TPGDA passed into the
trench (Fig. 5, middle panel). Later, TMPTA
gradually entered the trench (Fig. 5, right panel).
This retardation of TMPTA filling at the entrance
can be attributed to the three-armed bulky

structure of this molecule (see Table 1 and Fig. 1).

Interestingly, TMPTA completely entered the
2-nm-wide trench in resist II (Fig. 3B), but could
not enter the 3-nm wide trench in resist III (see
Fig. 3C). This result suggests that mixing
high-viscosity molecules with low-viscosity
molecules facilitates the filling of a narrow cavity
with  high-viscosity molecules. One can
reasonably suppose that the small resist
molecules surround the multi-functional large
molecules, preventing the formation of
multimeric complexes of the large resist
molecules. Therefore, mixing low-viscosity and
high-viscosity molecules is an effective strategy
for high-resolution, defect-free pattern transfer in
UV-NIL.

0 ns

Fig. 5. Configurations of TMPTA in resist II in the
I-nm-wide trench at various times of the simulation.
The red line indicates the top of the NVP or TPGDA
molecules in each snapshot.

4. Conclusion
We performed all-atom MD simulations of the
filling process in UV-NIL using four different

types of resist materials. In the simulations,
molds with line patterns were pressed into the
resists under constant pressure. The trenches of
the molds with trench widths of 3 and 2 nm were
successfully filled with the low-viscosity resists
(<10 mPas), and the filling speed decreased with
increasing viscosity of the resist. Conversely, the
resists with viscosities exceeding 90 mPa's did
not fill the trenches. These results are consistent
with empirical rules obtained from experiments.
In the resist consisting of four molecular species,
the lower-viscosity molecules preferentially
entered the 1-nm-wide trench, so the resist
molecules were non-uniformly distributed in the
trench. This material would develop defects after
the UV curing process. The MD simulations also
suggested that mixing multi-functional and bulky
resist molecules with small resist molecules
facilitates the entry of the large molecules into a
narrow cavity, which could be advantageous for
high-resolution patterns in UV-NIL. The
molecular behaviors during the filling process
found in this computational study provide useful
information for the future design of defect-free
resists.
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Proposal of hybrid deep learning systems for process and
material design in thermal nanoimprint lithography

Sou Tsukamoto, Hidekatsu Tanabe, Ryuhei Yamamura, Kai Kameyama,
Hiroaki Kawata, Masaaki Yasuda, and Yoshihiko Hirai

Physics and Electronics Engineering, Graduate School of Engineering,
Osaka Prefecture University
1-1, Gakuencho, Nakaku, Sakai, Osaka 599-8531, Japan
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A hybrid smart process and material designing system for nanoimprint is proposed based
on combination of deep learning system and numerical simulations. The system consists of
deep learning system based on experimental data base and simulated table data base. The
system complements the missing information with each other, and suggests better processes
condition and/or materials. We demonstrate process and material design for low temperature
nanoimprinting process using glycol contained polyvinyl alcohol.

Keywords: Nanoimprint, Polymer, Smart system, Neural network, Simulation, Process

1. Introduction

Nanoimprint lithography [1,2] realizes direct
nanofabrication of a wide variety of materials. For
example, organic semiconductors [3-5], low-
melting-point glasses [6,7], and various materials
[8] can be directly processed, and various
applications such as electronics, photonics, and bio-
devices have been approached.

In the field of conventional lithography,
prediction of hot spots and correction of layout
patterns to avoid defects are being carried out,
where optimization of pattern layout is effective
because highly standardized materials and
equipment are good for deep-learning [9,10]. In
nanoimprint lithography, few reports have been
published to predict hot spots as well based on past
experimental reports [11,12]. Nevertheless, no
report has been seen for process and material
proposals or designing for nanoimprint.

In thermal nanoimprinting, the processing
conditions are determined by mechanical properties
such as the viscoelastic modulus of the material and
topological conditions such as the pattern width,
pattern height, and pressure [13-16]. Therefore, the
process conditions were set by simulation analysis
or empirical knowledge based on the results of
mechanical property measurement by rheometer

Received March 30, 2021
Accepted April 27, 2021

and geometrical conditions [17].

On the other hand, one of the main features of
nanoimprinting is to process customized materials
according to each application. Therefore, process
optimization including pattern layout based on
characteristics of the material is required.

However, for materials with unknown properties
or novel new processes, a series of preliminary
experiments was necessary, which need huge time
for measurement of material characteristics and
optimization.

The purpose of this research is to propose a smart
manufacturing system that can handle new
processes or materials based on the experimental
and simulation knowledge bases to provide the
optimized nanoimprinting process for various
materials and structures using artificial neural
network systems [18-20].

In this study, we used multi-layered back
propagation neural network (BPNN) system, which
is one of the typical deep learning systems among
machine learning systems for prediction of the
nanoimprinted results, and suggestion of
nanoimprinting processes and materials.

2. Low temperature direct nanoimprint for
Polyvinyl Alcohol (PVA) with Glycerol added
The motivation for this study is to develop low
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temperature direct nanoimprint process for PVA.
PVA is a water-soluble resin and has great value for
use as a disposable mold and sacrificial layer.
However, it is known that the water solubility of
PVA is impaired when heated above about 150°C.
Therefore, in order to perform nanoimprinting using
PVA, it is necessary to do so at the lowest possible
temperature below 150°C.

To solve this problem, we newly discovered that
the pressing temperature of PVA can be lowered by
adding Glycerol to PVA. Figure 1 demonstrates
direct nanoimprint to Glycerol added PVA. The
effect of Glycerol additive is evidently revealed.

However, there is no way to know the optimal
additive concentration of Glycerol, and many
experiments are required to confirm the optimal
conditions by successively changing the amount of
Glycerol added and the process temperature. On the

Conditions

Press Temp

M Press Time
VD RS,
SR @ERK
Material ;‘\\\\‘& 4""7

0 05 1 4 45 s

15 2 25 3 35
Pressure [P/E]

Numerical Simulation study

other hand, for simulation prediction, it is necessary
to measure the unknown material parameters.

Glycerol .
\ PVA/Glycerol
]

Glycerol added

Without Glycerol

Fig. 1. Direct nanoimprint results with and without
Glycerol additive to PVA. (10MPa, 130°C, Line
width=2.0pm)).

Pattern Heigh

Under restricted condition
(e.g. under constant pressure)

Pattern height

» Pattern Heigh

Under restricted condition
(e.g. various pressure, topology)

Fig. 2. Schematics of ‘hybrid’ deep learning system in combination with numerical simulation.

3. Hybrid deep learning

We propose a novel system that predicts the pattern
height after thermal nanoimprint by complementing
experimental learning and simulation under various
conditions.

We use deep learning systems to predict pattern
height for various process temperature and the
glycol concentration under fixed imprinting
pressure based on the experimental database. On the
other hand, numerical simulation has done and the

results are tabled to compensate the prediction of the
deep learning results.  Here, we assume the
imprint results are approximately determined by the
ratio of imprinted pressure various elastic modulus
of material and topology of the mold pattern.
Therefore, we need training experimental dates
where only the glycol concentration is varied.

So, we call the proposed system as hybrid system
in combination with deep learning and numerical
simulation systems.
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Figure 2 shows the schematics of the hybrid
system. In the deep learning, we input the
experimental results of the pattern height after
nanoimprinting in various glycol concentration and
pressing temperatures. The deep learning system
consist of 2 hidden layers with 11 nodes for each,
which was determined concerning prediction errors.
Typical epochs for learning process were 5,000.

In this case, we predict the dependence of the
pattern height on the glycol concentration and on the
press temperature. However, the dependence on
pressing pressure could not be predicted because the
learning data is out of consideration.

On the other hand, simulation can calculate the
dependence on the pattern shape, press temperature,
press pressure, and elastic modulus of the material,
but it could not handle the dependence on an
unknown material with unknown physical
parameters. However, the system is normalized
system based on continuous mechanics and under
the similarity rule, relative normalized pattern
height could be derived from normalized pressure
P/E, where P is pressing pressure and £ is elastic
modulus of polymer.

In other words, if the mechanical properties of the
resins are relatively the same, then if we know the
normalized pattern height, we can find the
normalized relative press pressure. As a result, even
if the modulus of elasticity of the material is
unknown, the relative pressure can be estimated.

Furthermore, if we know the relative press
pressure, we can predict the pattern height after
nanoimprinting by the change in press pressure.

In this way, under a certain approximation, the
simulation can complement the learning results.

In this study, PVA with Glycerol was considered as
a rubber elastic material and mechanical dynamics
was expressed by the Mooney-Rivlin model [21,22],
where the Mooney coefficient was determined by
well-known empirical formula.

In this study, the elastic modulus of the PVA with
Glycerol was substituted by the elastic modulus of
PMMA (Polymethyl methacrylate). By the
similarity rule, the pattern shape after
nanoimprinting was assumed to be uniquely
determined by the relative pressure, P/E as
discussed, which the relative value of press pressure
P is and elastic modulus E.

Thanks to this approximation, measurement of
the actual elastic modulus of each resin is skipped
and provides a relative relationship of the molding
height to the press pressure. Changes in the shape of
the mold can be handled in the same way.

3. Results and discussion

Table 1 shows examples of the experimental
results for learning data. The weight present of the
added Glycerol to PVA is varied from 0 to 25 %.
The nanoimprinting temperatures were 100, 130,
and 150 °C, respectively. The pressing pressure is
10 [MPa]. The total number of learning data sets
was 43.

Figure 3 demonstrates deep learning results of the
pattern height after nanoimprint for various pressing
temperature and Glycerol concentrations.

In this system, the inputs are press temperature,
pressure, pressing time, baking temperature, and
baking time as a process conditions, and Glycerol
concentration as a material condition, and pattern
width, pattern height of mold, and initial thickness
as a topological parameter.

The learning system has 2 intermediate layers,
and each layer has 11 nodes, which are determined
regarding to the learning error.  The learning
coefficient was set to 0.01 and number of learning
epochs was over 5,000.

Table. 1 Experimental result for PVA with Glycerol
(Pressure:10MPa)
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Fig. 3. Learning results of the prospected pattern height

for various pressing temperature and Glycerol
concentration.

Based on deep learning, the pattern height after
nanoimprinting could be prospected in any
temperatures and Glycerol concentrations under
constant pressure.

Nevertheless, the pressure dependence is not
included because it was out of consideration in
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learning experiments. To complement the pressure
dependence, the relationship between relative
pressure and relative height is calculated using
simulation in advance as demonstrated in Figure 4.

Then, from the relative height predicted by the
artificial intelligence, the relative breath pressure is
obtained from Figure 4. Then, the pattern height at
any given pressure can be estimated based on the
relative pressure.

Figure 5 demonstrates experiments and prediction
results for wvarious pressures when the
nanoimprinting temperature is 100 ‘C and the
concentration of Glycerol is 25%. The solid line
shows the predicted pattern height after nanoimprint
in variation with pressure, and the squares
experimental results at SMPa and 15 MPa,
respectively. The prediction by the deep learning
shows good agreements to experimental results.

1.0

0.5

Normalized height

0
0 1 2 3 4 5

Normalized Pressure [P/E]

Fig. 4. Simulated relation between normalized pressure
and pattern height by nanoimprint under fixed
topological condition. (Aspect ratio of mold pattern:1.2)

2.5

W Experiments

Predicted pattern height [ um]

0 10 20 30 40
Pressure [MPa]

Fig. 5. Prediction by deep learning and experimental
results. The nanoimprinting temperature was 100°C and
the concentration of Glycerol was 25%. (Solid line:
Prediction, Squares: Experiments)

4. Conclusion

We firstly proposed smart design systems for
process and material for nanoimprint, based on
hybrid system of deep learning and numerical
simulation. The hybrid smart system well predicts
results for unknown process conditions and
materials in nanoimprint.

The system will expand for various materials and

topological structures and confirm the results.
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In this paper, a flexible and semi-transparent antenna is proposed having impedance
bandwidth of 110 MHz (from 2.45 GHz to 2.56 GHz) of ISM band which covers the most
popular (2.4 GHz) for Wi-Fi application all over the world. A simple dipole shape
rectangular ring antenna with two extended edge on the opposite sides was prepared by
laser direct writing on an Au sputtered PET film. The center part of the antenna was kept
empty and transparent intentionally to incorporate with either a planar capacitor for
microwave wireless charging or to integrate this antenna with a solar cell in future. The
compact, miniature and flexibility of the antenna are suitable for easy integration in any
smart devices or clothing for wireless charging to implement self-powered sensors. The
performance of the patch antenna is evaluated using return loss (S11) parameter analysis. A
measured reflection coefficient and simulated current distribution along with radiation

pattern demonstrate that the fabricated antenna is suitable for Wi-Fi application.
Keywords: Flexible, Semi-transparent, Direct Laser writing, Wi-Fi

1. Introduction

Flexible electronics describe circuits that can
bend and stretch, enabling significant versatility in
applications and the prospect of low-cost
manufacturing processes. A flexible substrate
should be mechanically robust with highly
deformability and extreme tolerance levels of
bending repeatability to adapt with flexible
technologies and integrated components. Flexible
electronics have been extensively studied because
they provide a simple means of integrating
electronic devices on curved surfaces for various
applications, such as wearable devices, artificial
skins, flexible displays, and flexible solar energy
harvesters [1]. All of these reconfigurable antennas
are mainly focused on frequency tuning and
exhibit their radiation patterns with relatively low
directivity. Moreover, the flexible antennas have
over-performance compared to rigid devices, in
terms of compactness, flexibility, durability,
lightweight, and energy efficiency. However, the

Received March 31, 2021
Accepted April 9, 2021

antenna designers working on flexible antennas
must address some challenges, including the shift
of the resonant frequency and degradation
impedance mismatch due to the variation of
effective capacitance during bending of the
antenna. Other than the reconfiguration and
flexibility characteristics, the antenna compactness
is highly appreciated as the miniaturized antennas
significantly reduce the size of electronic systems
[2]. Furthermore, optically transparent antennas
have attracted a great deal of interest in the recent
years due to the potential applications in solar
panels integrated with satellites, smart windows
and other related areas [3]. However, the
realization of flexible and optically transparent
patch antennas is very challenging due to the
unavailability of suitable materials and complex
fabrication processes.

In the traditional transparent thin films [4] and
meshed conductors [5], there is a tradeoff between
the optical and electrical properties, hence, high
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optical transparency and good RF performance
cannot be achieved simultaneously. Moreover,
complex and costly fabrication techniques are
required to fabricate antennas with these materials.
It is also challenging to maintain robust integration
of these transparent conductors with flexible
substrates in harsh physical deformations [6].

In near future, all the devices will be
interconnected that linked with an internet itself.
Smart energy distribution, health care, smart cities
and smart car supposed to exchange information in
forthcoming years through internet access. In
massive loT applications, consistent wireless
connectivity between sensor and cloud is
prerequisite with the cost of sufficient low power.
Radio frequency (RF) band for GSM, 3G, LTE,
and Wi-Fi with frequencies between 900 MHz and
2.6 GHz are considered as one of the potential and
optimistic sources in urban environment due to
their greatest amount of ambient energy. However,
there is a need for low-cost and eco-friendly
antenna materials that are flexible and/or optically
transparent to fully embody the ubiquitous
potential of IoT [7]. Flexible wireless sensors
could be integrated as wearables in clothing [8] or
directly on the human body to monitor, for instance,
the temperature, blood pressure and heart rate of
patients on a continuous basis [9].

The innovation of sensor manufacturing process
both in material and fabrication technique is
necessary to reduce the cost of them. The printed
electronics is one of the candidates for the
innovative manufacturing. The contribution of
laser processing in printed electronics is expected
because of the compatibility with on-demand
manufacturing and role-to-role processing [10]. A
number of printing and lithographic techniques
have been used for the preparation of in plane
patch antenna, but further improvements in cost,
fabrication time, scalability, and compatibility to
the current electronic industry are required to exert
their full potential and commercialization. Laser
direct writing is a noncontact, fast, single-step
fabrication technique with no need for masks, post
processing, and a complex clean room, and
compatible with current electronic product lines for
commercial use. Thus, it has potential to be
employed in the fabrication of materials with
specific patterns and even preparation of
self-powered integrated stretchable devices [11].
The advantages of the laser direct writing are the
high resolution up to sub-micron level and the fast
sintering process where the local heating at a small

laser beam focal point reduces the damage of a
polymer substrate in flexible device manufacturing
[12].In this paper a compact, flexible and
semi-transparent antenna for (Industrial, Scientific
and Medical) ISM band that achieves a stable
impedance bandwidth even after 5 mm bending
diameter has been designed and investigated. The
planar antenna consists of a simple rectangular ring
structure with extended length at opposite direction.
The antenna structure is flat and its design is
simple and straightforward.

<35,

26

12
! 22

2.5

40

Fig. 1. Dimension in mm of the proposed antenna.

2. Material Preparation and Antenna Design
Figure 1 shows the geometrical layout of the
proposed laser-written antenna pattern, which
consists of a simple dipole shape rectangular ring.
The patch, which has a compact dimension of
40x22 mm, is prepared in an inexpensive
(polyethylene terephthalate) PET substrate of
relative permittivity 2.1, loss tangent 0.003 and
thickness 0.5 mm, which is a special PET film
designed for monochrome laser printing (A-ONE
27054). The surface roughness of the PET film
improved the adhesion between Au layer and PET
substrate. Thin substrates with lower dielectric
constants are desirable for good antenna
performance because they minimize undesired
radiation and coupling and provide Dbetter
efficiency and larger bandwidth, respectively [13].
The performance of the antenna has been analyzed
by AXIEM 3D planar method-of-moments (MoM)
EM analysis simulator by Cadence. The proposed
antenna is designed to operate at 2.45 GHz to 2.56
GHz to cover the Wi-Fi band. At first deep UV
treatment using a UV/ozone surface processor
equipped with a low-pressure Hg lamp (PL-16,
SEN LIGHTS Co., Ltd.) was carried out for 10
minutes followed by Au sputtering of 120 nm
thickness by JFC-1500 ion sputtering device.
Finally, an antenna pattern was drawn by laser
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ablation using a galvano-scanning of the laser
beam controlled witha laser marking software
(BJJCZ, EzCAD). The laser source was an ns fiber
laser (Raycus, RFL-P30Q, 1064 nm, 34 W, pulse
width 125 ns, 30-60 kHz). The laser beam was
scanned by a galvano-scanner through an f-0 lens
with the focus length of 100 mm. The return loss
spectra were observed by a Tektronix TTR506A
vector network analyzer for both flat and bending
condition from 55 mm to 5 mm bending diameter.
The transparency of the realized antenna was
measured by spectrophotometer by Jasco V-670,
within the wavelength from 300 to 1100 nm.

3. Simulation and Experimental Results
The semi-transparent antenna was subsequently
fabricated for experimental verification, as shown

Fig. 2. a) Prototype of the antenna b) Transparency of
the fabricated antenna

in Figure 2a and 2b. The variation of the optical
transparency of the fabricated antenna exhibits in

Quily PET 87.7%
Conter of the Au Ring 67.5%

On Au layer 34%

Transmittance (%)

sl b e P e e b 0
400 600 800 1000

Wavelength (nm)

Fig. 3. Variation of measured transparency

figure 3. The transparency is about 87.7% for the
PET before Au sputtering at 500 nm wavelength.
The transparency drops to 67.5% and 34 % in the
center of the rectangular ring structure and on Au
layer of the antenna respectively as predicted.
Figure 4 illustrates the plots of the reflection
coefficient (S11) for both simulation and

measurement of the proposed antenna. It is
observed from the plot that the prototyped antenna
achieved a good impedance matching from 2.45 to
2.56 GHz with a measured|S11| parameter below
-10dB. The return loss was reduced to a highest
value of 15.45 dB and 35 dB for the simulation and
measured results, respectively. The simulation and
measured operating bandwidth of the proposed

b
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Fig. 4. Simulation and measured reflection coefficient

antenna were found to be 90 MHz and 110 MHz
respectively with resonant frequency at 2.49 GHz
which covers the entire Wi-Fi frequencies as
mentioned earlier. A small deviation was observed
because of the fabrication tolerance.

55 mm di; bendi 35 mm di;

25 mm diameter bending

Fig. 5. Bending measurement process

The material exhibits remarkable flexibility and
robustness, consequently, without any mechanical
damage the antenna can be bent until 5 mm
bending diameter as shown in Figure 5. The
reflection coefficient against the frequency for the
antenna bending from 55 mm to 5 mm were
illustrated in Figure 6. Such bending experiments
were carried out from the practical interest to
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demonstrate the flexibility of this antenna. From
the figure it was observed that for all the cases the
variation of the antenna resonance frequency was
only 2 MHz but with constant impedance
bandwidth.

The simulated surface current distributions of
the proposed antenna at resonance frequency of
2.49 GHz are illustrated in Figure 7. It is seen that,

Fig. 7. Simulated surface current distribution of the
proposed antenna

the strongest currents are concentrated on the right
wing and the upper left side of the patch antenna
and play a key role in creating resonance and
omnidirectional radiation pattern.
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‘ . ‘ .

w

(a) E-Phi

(b)E-Theta

Fig. 8. a) Simulated 3D radiation pattern for E-Phi
b) Simulated 3D radiation pattern for E-Theta

The presented antenna achieves a wider frequency
range because the surface current maintains a
harmonic order flow. From Figure 8 we can
observe the simulated 3D radiation pattern of the
proposed antenna. Figure 8a and 8b depicted an
omnidirectional and donut shape radiation pattern
for E-Phi and E-Theta respectively. Figure 9a and
9b demonstrate the top and bottom of the total
radiation pattern. A considerable amount of back
lobe has also been observed.

(a)Top (b)Bottom

Fig. 9. (a) Simulated 3D radiation pattern from top view
(b) Simulated 3D radiation pattern from bottom view

4. Conclusion

In this paper, a flexible and semi-transparent
antenna is presented for Wi-Fi antenna application.
Experimental results demonstrate that, the
fabricated antenna could achieve an impedance
bandwidth from 2.45 GHz to 2.56 GHz both in flat
and 5 mm bending diameter status. The design of
the proposed antenna is simple, easy to fabricate
and will be compatible for any flexible electronic
devices.
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Self-assembly of Amphiphilic Peptide
in Phospholipid Membrane
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An amphiphilic molecule Lipid-(RADA): consisting of a repeating RADA peptide
sequence and alkyl chains appending a fluorescent nitrobenzoxadiazole (NBD) dye, was

synthesized.

In a fluorescence microscopic observation, localization of an aggregate

containing Lipid-(RADA): at a bilayer membrane formed with 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) was observed.
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1. Introduction

In physiological conditions, cells control various
biological functions by assembling biomolecules in
a bilayer membrane [1-5]. For example, lipid raft,
a type of membrane microdomain composed of self-
assemblies of sphingolipids and cholesterol,
accumulates membrane proteins, and plays
important roles in signal transduction through the
membrane, infection of bacteria and viruses, cell
adhesion, vesicle transport, and intracellular
polarity [1-3]. Inspired by the lipid raft formation
in a biological membrane, a variety of synthetic
methodologies of self-assembly in a bilayer
membrane have been developed. For example,
self-assemblies of nucleic acids [6], saccharides [7],
synthetic polymers [8] and peptides [9] in
phospholipid membranes have been reported.

Peptide-based self-assemblies in aqueous media
are an attractive platform capable of imparting
various bioactive functions by controlling the amino
acid sequence. Indeed, a lot of biomaterials with
superb functions have been realized by using self-
assembling peptides [10-20]. In this work, to
study self-assembly of peptides at a bilayer
membrane, we designed an amphiphilic molecule
Lipid-(RADA),. Lipid-(RADA), consists of a
peptide headgroup having a repeating RADA
sequence and alkyl chains attached at main-chain
and side-chain amino groups of the N-terminal
lysine residue, in which a fluorescent
nitrobenzoxadiazole (NBD) dye was appended
(Figure 1). (RADA); peptide has alternating
hydrophilic (R and D) and hydrophobic (A) amino
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Fig. 1. Molecular structures of Lipid-(RADA),
(RADA)2, and DOPC used in this study.

acid residues [21]. Such an alternating sequence
between hydrophilic and hydrophobic amino acid
residues is known to be favorable to form a 3-sheet
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self-assembly [18-20]. The alkyl chains with a
fluorescent group were attached to (RADA);
peptide as an anchoring unit into the phospholipid
membranes and for direct observation under a
fluorescence microscopy.

2. Methods
2.1. General

"H nuclear magnetic resonance (NMR) spectra
were recorded on a JEOL ECX-400 spectrometer.
High-resolution electrospray ionization time-of-
fight mass (HR ESI TOF MS) spectra were recorded
on a Bruker micrOTOF-QII.  Fluorescence and
phase-contrast microscopic observations were
performed with an Olympus IX-73 microscope.

2.2. Reagents

N,N’-Dimethylformamide (DMF), Et,O, N-
methyl-2-pyrrolidone (NMP), piperidine, and
trifluoroacetic acid (TFA) were purchased from
Kishida Chemical (Tokyo, Japan). N,N-
Diisopropylethylamine (DIEA), hydrazine
monohydrate and mineral oil were purchased from
Nacalai Tesque (Kyoto, Japan). Stearic acid, 12-
aminolauric acid 1), NBD-CI, and
triisopropylsilane (TIS) were purchased from Tokyo
Chemical Industry (Tokyo, Japan). Fmoc-Ala-
OH<H,O, Fmoc-Arg(Pbf)-OH, Fmoc-Asp(OtBu)-
OH, Fmoc-Lys(Dde)-OH, Fmoc-NH-SAL Resin,
HATU, HBTU, and HOBt*H,O were purchased
from Watanabe Chemical Industries (Hiroshima,
Japan). 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC) was purchased from
Avanti (Alabama, U.S.A)). Ultrapure water
(filtered through a 0.22 ym membrane filter, >18.2
MQ cm) was purified in Purelab DV35 of ELGA
(Buckinghamshire, UK).

2.3. Synthesis
2.3.1. Synthesis of 2

To an aqueous solution (4.5 mL) of NaHCO;
(0.88 g, 10.5 mmol), a MeOH solution (25 mL) of 1
(2.3 g, 10.5 mmol) was added at 50 °C and stirred
for 10 min. To the resulting solution, a MeOH
solution (18 mL) of NBD-CI (0.30 g, 1.5 mmol) was
added and stirred for 2 h at 50 °C.  After cooling to
room temperature, the reaction mixture was filtered,
and the filtrate was extracted with CH,Cl, (20 mL,
three times). The collected organic phase was
evaporated and the residue was chromatographed on
silica gel with a mixture of CHCl; and MeOH (10/1
v/v) as an eluent, followed by recrystallization from
a mixture of CH,Cl, and n-hexane to allow isolation

of 2 (473 mg, 1.25 mmol) in 83% yield.

'"H NMR (CDCl;, 400 MHz): 6= 8.49 (d, J = 8.8 Hz,
1H), 6.46 (s, 1H), 6.19 (d, J = 8.8 Hz, 1H), 3.50 (q, J
= 6.4 Hz, 2H), 2.35 (t,J= 7.2 Hz, 2H), 1.82 (quin, J =
7.3 Hz, 2H), 1.63 (quin, J= 7.5 Hz, 2H), 1.47 (quin, J
= 7.4 Hz, 2H), 1.29 (m, 12H).

2.3.2. Synthesis of (RADA); and Lipid-(RADA),
(RADA); and Lipid-(RADA); were synthesized
by Fmoc solid-phase peptide synthesis as shown in
Figure 2. A mixture of HBTU (3.05 g, 8.04 mmol)
and HOBt*H,O (1.25 g, 8.16 mmol) in DMF (16
mL) as condensation reagents, a mixture of DIEA
(2.8 mL) and NMP (14.3 mL), and a mixture of TIS
(62.5 uL), TFA (2.4 mL), and water (62.5 uL) as
cleavage reagents were prepared just before the
synthesis. Fmoc-NH-SAL Resin (0.1 mmol) was
dispersed in DMF (2 mL) in a polypropylene tube
and soaked over 3 h at 25 °C. After removing
DMF by filtration, piperidine in DMF (20%, 2 mL)
was added to the resin and mixed with a vortex
device for 1 min. After removing the reaction
solution, piperidine in DMF (20%, 2 mL) was added
and the reaction mixture was shaken for 10 min at
25 °C. After removal of the solution phase of the
reaction mixture, the resin was washed with DMF
(2 mL, 5 times), CH>Cl, (2 mL, 3 times) and DMF
(2 mL, 3 times). Then, Fmoc-protected amino
acid (0.3 mmol) dissolved in the mixture of
condensation reagents (700 xL) and the mixture of
DIEA and NMP (700 uL) was added to the resin.
After shaking for 15 min at 25 °C, the solution phase
of the mixture was removed by filtration and the
resin was washed with DMF (2 mL, 5 times),
CHxCl; (2 mL, 3 times) and DMF (2 mL, 3 times).
The Fmoc deprotection reactions with piperidine
and coupling reactions of Fmoc-protected amino

acid were repeated following the designed sequence.

For the synthesis of Lipid-(RADA),, after the
deprotection of Fmoc group of 4, stearic acid (142.2
mg, 0.5 mmol) was coupled using HATU (186.5 mg,
0.49 mmol) and DIEA (0.17 mL, 1.00 mmol) in
DMF (1.5 mL), which was then reacted with
hydrazine monohydrate (30 uM) in DMF (1.5 mL)
for deprotection of the Dde group to afford 5. 5
was coupled with 2 (189.2 mg, 0.50 mmol) using
HATU (186.5 mg, 0.49 mmol) and DIEA (0.17 mL,
1.00 mmol) in DMF (1.5 mL) to afford 6. After
removal of the solution phase of the reaction
mixture, the resin was washed with DMF (2 mL, 5
times), CH,Cl, (2 mL, 3 times) and DMF (2 mL, 3
times). The mixture of cleavage reagents (2.5 mL)
was added to the resin and the reaction tube was left
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to stand for 90 min at 25 °C with gentle shaking
every 30 min. The solution was collected into a
polypropylene centrifuge tube by filtration. The
reaction tube was rinsed with TFA (500 xL, 3 times),
which is also collected by filtration. To the
centrifuge tube Et;O (40 mL) was added and the
tube was mixed on a vortex device for 1 min
followed by centrifugation at 4 °C (3500 x g, 5 min)
and removal of the supernatant liquid.  After
repeating this process for 3 times, the residue was
dried under vacuum over 2 h at 25 °C, dispersed in
water and lyophilized.

HR ESI TOF MS: m/z calculated for C;4H ;50N 0,4
[Lipid-(RADA), + 2H]** 799.9834; found 799.9855.

3. Results and discussion

To study self-assembly of Lipid-(RADA); at a
lipid bilayer membrane, DOPC giant unilamellar
vesicles (GUVs) were prepared in the presence of
Lipid-(RADA),. A 10 uL of CHCl3/MeOH (2/1)
solution of DOPC (2 mM) and a 10 uL. of MeOH
solution of Lipid-(RADA); (2 uM) were mixed in a
glass test tube, and the mixture was gently dried
under N flow to produce thin lipid film. The film
was subsequently dried under vacuum over 3 h at
25°C. 200 uL of mineral oil was added to the lipid
film and sonicated for 1 h. For the preparation of
an emulsion, a 75 uL of the resulting mineral oil
solution was mixed with a 3 uL of sucrose aq. (200
mM). The remaining mineral oil solution (125 uL)
was gently put on a 50 uL of glucose aq. (200 mM)
and the mixture was centrifuged (1600 x g) for 1
min.  After the centrifugation, a 50 uL of the
emulsion was put on top of the resulting mixture and
centrifuged (1600 x g) for I min.  On the top of the
resulting mixture after the centrifugation, a 50 L of
the emulsion was put on and centrifuged (1600 x g)
for 1 min.  After removing the upper layer
composed of the mineral oil, the lower layer was
collected for the microscopic observations.

Phase-contrast micrographic observation showed
aring image (Figure 3a), indicating the formation of
a GUV. A ring image was also observed by
fluorescence microscopy, indicating localization of
Lipid-(RADA); at the DOPC bilayer membrane.
Interestingly, the fluorescence  microscopic
observation showed a bright spot with a strong
fluorescence intensity at a part of the membrane
(Figure 3b, yellow arrow), suggesting localization
of an aggregate containing Lipid-(RADA),. It is
also noteworthy to mention that, in the phase-
contrast micrograph, intravesicular medium is
relatively dark compared to the extravesicular

(a) {b)
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T

Fig. 3. Phase-contrast micrograph (a) and
fluorescence micrograph (b) of the DOPC vesicle
containing Lipid-(RADA): (DOPC/Lipid-(RADA),
= 1000/1). Yellow arrows indicate an aggregate
Scale bar =5 um.

containing Lipid-(RADA)..

Fig. 4. A photograph of (RADA): in water containing
2.2% trifluoroacetic acid.

medium.  This is likely due to the different
refractive index between glucose and sucrose
aqueous solutions, and the sucrose solution was
enclosed in the vesicle. Thus, it is likely that a
mixture of DOPC and Lipid-(RADA);
([DOPC]/[Lipid-(RADA),;] = 1000/1) formed a
stable bilayer membrane with a localization of an
aggregate containing Lipid-(RADA),.

As shown in Figure 4, (RADA); in water formed
dispersed precipitates indicating the self-
assembling property. This result suggests that the
self-assembling property of the (RADA); unit likely
contributes to the aggregate formation, at least
partially, of Lipid-(RADA), at the membrane.
Detailed analyses of the self-assembling structures
of Lipid-(RADA), at the membrane and
physicochemical properties of DOPC GUVs
containing Lipid-(RADA), are currently under
investigation.

4. Conclusion
We synthesized Lipid-(RADA);, a lipid
consisting of a peptide with a self-assembling
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property and a fluorescent probe, and studied its
localization at a bilayer membrane. Microscopic
observations indicated that Lipid-(RADA), was
localized at a DOPC bilayer membrane, and an
aggregate  containing  Lipid-(RADA), was
visualized at the membrane.
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Properties of Imidazolinium-containing Multiblock
Amphiphile in Lipid Bilayer Membranes
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A multiblock amphiphile CBA bearing a cationic imidazolinium moiety at its center
formed different types of assembly in THF and CHCIl3, which show characteristic emission
bands around 300 and 465 nm upon excitation at 295 and 320 nm, respectively. These
assemblies were able to be transferred into lipid bilayer membranes, keeping the similar

spectral profiles with those in solutions.

These results indicate a new potential of

self-assembling processes for the control of supramolecular architecture hierarchically

formed in lipid bilayer membranes.

Keywords: Amphiphile, Self Assembly, Lipid Bilayer Membranes.

1. Introduction

Control of self-assembled architecture formed in
lipid bilayer membranes is an important issue
[1-11], in particular for regulating the
transportation of materials across the membrane by
synthetic molecules [1-7]. Meanwhile, the
domain formation due to the lateral phase
separation in lipid bilayer membrane has also been
drawing interest, in association with raft formation
which is considered to play important roles for
controlling activity of membrane proteins [12—14].
We have been involved in development of
multiblock amphiphiles which form
stimuli-responsive ion channels [15-21] and
thermally responsive assemblies in lipid bilayer
membranes  [22,23]. Recently, we have
developed a multiblock amphiphile bearing an
imidazolimium moiety at the center of molecule
(CBA), which are able to transport anions through
lipid bilayer membranes as a mobile carrier [24].
In the course of investigation of the properties of
CBA, we have noticed that CBA may adopt
different states of assembly in solution depending
on the solvent, which were also transferable into
the lipid bilayer membranes. In this study, we
investigated such properties of CBA in different
solvents based on spectroscopic analysis.

1, 2021
22,2021
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Fig. 1. Chemical structure of CBA.

2. Experimental
2.1. Instruments and Reagents

UV-Vis absorption spectra were recorded on
JASCO  V-530 UV-Vis  spectrophotometer.
Fluorescence spectra were recorded on JASCO
FP-6500 spectrometer using quartz cell of 10-mm
optical path length. TEM images were obtained
using a JEOL model JEM-1400 -electron
microscope operating at 100 kV. TEM support
grids (Catalog No. U1015) were purchased from
EM Japan Co., LTD. Negative staining was
performed using NANO-WTM manufactured by
Nanoprobes. Large unilamellar vesicles were
prepared using Avanti Mini Extruder with 100 nm
polycarbonate membranes.
1,2-dioleyl-sn-glycero-3-phosphocholine (DOPC)
was purchased from Avanti Polar Lipids. CBA was
synthesized following the procedure reported in
our previous paper [24].

2.2. UV-Vis absorption and emission spectroscopy
in various solvents.
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15 uL of CBA in CHCI; (1 mM) was taken into
vial and dried under vacuum in dark, and 3 mL of
each solvent (THF, CHCl;, MeOH, DMSO, and
H,0) was added to the vial so as to prepare 5 uM
solution. The solution was transferred into clean,
dried cuvette for absorption and emission
spectroscopic measurements.

2.3. Preparation of DOPC LUVs for spectroscopic
analysis

CHCIl; solution of DOPC (10 mM) was
evaporated in glass tube to form a thin lipid film.
The resulting film was dried for at least 1 h under
vacuum, and hydrated with HEPES buffer (20mM
HEPES, 50 mM NaCl, pH 7.1, same volume as
CHCl;, 10 mM final concentration) at 37 °C,
followed by freezing and thawing (5 cycles). The
resulting solution was incubated at 37 °C for at
least 1 h, and then extruded by polycarbonate
membranes for 21 times at room temperature.

2.4. Spectroscopic analysis in
membranes.

60 uL of DOPC LUVs were added to 2.94 mL
of 20 mM HEPES, 50 mM NacCl, pH 7.1 buffer
solution and stirred for 30 s. THF or DMSO
solution of CBA were added to DOPC LUVs and
stirred for 30 s for incorporation to lipid bilayer
membranes.

lipid bilayer

2.5. TEM Observation

A 1 mM stock solution of CBA in THF or
CHCIl; was prepared and then heated at 60 °C for
30 min followed by dilution to 100 uM.

A 5 puL of sample solution ((CBA] = 100 uM in
THF or CHCIs) was deposited onto a copper TEM
grid with a carbon support film (200 mesh, EM
Japan Co., LTD.) and held in place with tweezers
for 1 min. The sample solution was removed by
capillary action using a filter paper, and the grid
was dried for another 1 min. The sample was
then stained with 5 pL of NANO-W™ (1wt%) for
1 min and the solution was removed by capillary
action using a filter paper. The staining process
was repeated once again. The grid was dried
overnight before imaging.

2.6. Preparation of DOPC GUVs for microscopic
observation

100 pL of 6 mM DOPC in CHCI; was coated on
the ITO-coated side of glass plate and dried on heat
block of 50 °C for 5 min to make a thin lipid film.
The lipid film was dried under vacuum for

overnight. Silicon sheet with squared gap was
filled with milliQ and covered with another ITO
glass plate so that ITO glass plate would face each
other. The plates were connected to the electrode,
and hydrated at 50 °C for 2 h to afford a DOPC
GUYV solution (ca. 2 mM).

100 pL of DOPC GUVs solutions prepared
above were transferred to a vial. To this was added
1 pL of I mM CBA in THF or DMSO, and the
resulting mixture was incubated at 37 °C for at
least 1 h for incorporation of CBAt and CBA( into
the lipid bilayer membranes.

3. Results and discussion
3.1. Spectroscopic analysis of CBA in various
solvents

First, a CHCI; stock solution of CBA was
prepared which was dried under vacuum. Then, to
the residue were added THF, CHCIl;, MeOH,
DMSO, and H,O, respectively, for UV-Vis
absorption and emission spectral analysis.
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Fig. 2. (a) UV-Vis absorption and (b) emission spectra
of CBA in various solvents (e = 305 nm (THF), 320
nm (CHCI; and DMSO), and 315 nm (MeOH and H,0)
before annealing. All measurements were carried out at
5 uM, 20 °C.
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Fig. 3. (a) UV-Vis absorption and (b) emission
spectra of CBA in various organic solvents (Aex =
295 nm (THF), 315 nm (MeOH and H,O) and 320
nm (CHCI3 and DMSO) after annealing at 60 °C for
30 min. All measurements were carried out at 5 uM,
20 °C.

The absorption spectra showed a broad band
around 310 nm, where the absorption maximum
differed depending on solvents (Fig. 2a). As for the
emission spectra, the maximum emission bands
were observed around 465 nm for the solvents
besides THF, which showed the maximum band
around 366 nm, with a shoulder around 465 nm
(Fig. 2b). Interestingly, after annealing at 60 °C
(Fig. 3a), both absorption and emission spectra in
THF showed hypsochromic shifts while the those
in the other solvents remained substantially
unchanged. From these results it is likely that CBA
forms two kinds of assemblies depending on
solvents; one was thermally stabilized in CHClIs,
MeOH, DMSO and H-0O, and gave emission bands
around 465 nm, while another one was thermally
stabilized in THF, and gave emission around 330
nm.

3.2. TEM observation
Based on the above-mentioned spectroscopic
studies, we have carried out microscopic

(b)

Fig. 4. TEM images of CBA prepared in (a) THF
(CBAT) and (b) CHCl; (CBA(). Both samples
were prepared at 100 puM and stained with
NANO-WTM (1wt%)

(@) (b)

Fig. 5. (a), (c), Phase contrast and (b), (d) and
fluorescent microscopic images of (a), (b) CBAr and
(c), (d) CBAc. All samples were prepared as
[CBA/DOPC] = 1/200 in milliQ, Aex = 330 nm—385
nm, Aem = 420 nm. Scale bars indicate 10 um.
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Fig. 6. UV-Vis absorption spectra (solid lines) and
normalized emission spectra (dashed lines) of (a)
CBAr in THF, Aex = 298 nm, (b) CBAr in DOPC
LUVs solution, Aex = 299 nm. Measurements were
carried out at (a) [CBA] = 5 uM, and (b) [CBA] =
2.5 uM, [DOPC] = 200 uM, in 20 mM HEPES, 50
mM NacCl buffer, pH 7.1, at 20 °C.

observations of CBA assemblies prepared in THF
(CBAr) and CHCl; (CBAc), which showed
different emissions as shown in Fig. 3. Considering
the possibility that CBA could form assemblies by
both kinetic and thermodynamic controls, we
dissolved CBA in THF and CHCl; and annealed
the resulting solutions at 60 °C respectively for
complete formation of each assembly. Importantly,
TEM observation of CBAr and CBAc revealed
differences in morphology (Fig. 4): CBAr showed
sharp-edged and ribbon-like structures (Fig. 4a)
while CBAc showed small spherical aggregates
(Fig. 4b). From these observations, it is likely that
the assembly formed in THF has relatively higher
order compared to that prepared in CHCls.

3.3. Incorporation of CBAt and CBAc into lipid
bilayer membranes

Since preparation of two different assemblies
could be controlled by proper choice of solvents,
we investigated the possibility whether these two
assemblies could be transferred into lipid bilayer
membranes. Thus we prepared CBAt and CBAc in
THF or DMSO, respectively, and added them to
the vesicles. In this case, DMSO was used to
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Fig. 7. UV-Vis absorption spectra (solid lines) and
normalized emission spectra (dashed lines) of (a)
CBA( in CHCI;, Aex = 322 nm, and (b) CBAc in
DOPC LUVs solution, Aex = 301 nm. Measurements
were carried out at (a) [CBA] = 5 uM, and (b)
[CBA] = 2.5 uM, [DOPC] = 200 uM, in 20 mM
HEPES, 50 mM NaCl buffer, pH 7.1, at 20 °C.

prepare CBAc instead of CHCl;, due to its
miscibility with water.

Incorporation of CBAt and CBA( into the lipid
bilayer membranes was confirmed by microscopic
observations of vesicles after addition of CBAr
and CBAc. To giant unilamellar vesicles (GUVs)
of DOPC, was added CBAt in THF or CBAc¢ in
DMSO, respectively. In the phase contrast and
fluorescent microscopic images shown in Fig. 5,
circular objects corresponding to GUVs were
clearly observed, indicating that CBAt and CBAc
were both successfully incorporated into the lipid
bilayer membranes.

Importantly, the emission spectra of CBAr in
DOPC LUVs showed little difference from that in
THF (Figs. 6a, b, dashed lines). The emission
maximum wavelength was 333 nm in DOPC
LUVs, which was very close to that in THF (328
nm). This result strongly indicates that CBAt was
maintained within the lipid bilayer membranes.
Similarly, emission spectra of CBAc¢ in DOPC
LUVs was very similar to that in CHCl3 (Figs. 7a,
b, dashed lines), where the emission maximum
wavelength was 466 nm in both cases. Therefore,
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CBA( was also preserved within the lipid bilayer
membranes. From these results, it is strongly
suggested that the assemblies of CBA formed in
solvents could successfully be transferred to in the
lipid bilayer membranes.

4. Conclusion

The self-assembling properties of multiblock
amphiphile CBA 1is unique in that the structure
formed in CHCI; gradually changed into other
forms in THF as shown in Figs. 2 and 3. This
apparently slow conversion process between two
states likely allows transfer of CBAt and CBAc
into lipid bilayer membranes, respectively. These
findings suggest a possibility of controlling
supramolecular architectures in lipid bilayer
membranes  through  kinetically  controlled
self-assembling processes in solution [25].
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One dimensional nanowires systems with programmed multi-heterojunction
along their axes have been presumed as an ideal nanomaterials platform for
quantum confinements exhibiting novel electronic/photonic functions. Herein we
have successfully produced free-standing nanowires with multi-heterojunctions
of which spatial alignments are perfectly under control on a substrate by a facile
protocol referred to as Single Particle Triggered Linear Polymerization method.
Uniform nanowires were well-vertically aligned on substrates with tightly bound
bases, and represented by the sequential bottom-up of ~ 10 nano-segments from
copper phthalocyanine and Buckminster fullerene molecules. Efficient
polymerization/crosslinking reactions with high enough G values of 20-40 (100
eV)! were rationalize the formation of the nano-segments with significant
changes in their radial thickness. Although the released energy density by the
employed high energy charged particle was extremely high, which is presumed
from the value of linear energy transfer of 1 — 1.4 x10* eV nm’', however
electronic and Raman spectroscopies confirmed clearly that the nano-segments in
nanowires reflected well opto-electronic characteristics of molecules at least the
outer boundaries, suggesting the future application of the present multi-
heterojunction systems as magneto-optical nanomaterials. We are able to make
our own choices of the molecules with designed electronic states, and program
them to 0-1 dimensional nanomaterials with sequential connection along a
direction by the present technique.

Keywords: nanowire, high-energy particle, heterojunction, solid-state
polymerization, free-standing

1. Introduction

Dot, wire, and plane-like structures of
metals/semiconductor materials with nm-sizes have
been attracted many attentions in view of their
deserving as interesting platforms for quantum
confinements [1, 2]. Single-nm scaled structures of
the above 0-2 dimensional systems have been
predicted as prerequisite for giving discrete energy
levels of electrons, spins, or the other elementary

Received March 26, 2021
Accepted May 8, 2021

excitations, and their deviations in sizes are crucial
for recognizing outputs from the systems clearly
represented by quantum confinements [3]. 2D
quantum well systems with heterostructures have
been widely investigated as a new class of materials
and devices exhibiting novel electronic and
photonic functions till date. Since the last decade,
1D nanowire systems have been developed with
hetero-interfaces of coaxial core-shell manners

167



168

J. Photopolym. Sci. Technol., Vol. 34, No. 2, 2021

High Energy Charged Particles

»

CuPc

Gas

CuPc-Cy, Nanowires

Jil

Dry Process

Fig. 1. Schematic illustration of isolation process of CuPc—Ceso nanowires prepared by STLiP method.
Sublimation of organic molecules is used in the dry process.

[4, 5]. In particular, exciton confinements in the
quantum well exhibited efficient amplification of
light output from the structures and lasing of the
systems [6]. The low-dimensional 1D nature of
nanowires are, however, not reflected by the hetero-
interface of the “core-shell” structure: an extension
of 2D quantum well structures embedding onto the
surfaces of 1D nanowires.

Quantum confinement effects become explicit in
the lower dimensional systems of quantum dot
and/or quantum wires where structural boundaries,
and hence the potentials define the density of states
more discretely in phase space [7]. Resulting unique
properties from heterojunctions among low
dimensional ~ quantum  dots/nanowires  are
widespread over the above photonic applications.
For instance, electron injection into heterojunction
structure of semiconductor quantum dots is affected
significantly by the interplay of spin and repulsive
Coulombic interaction between two adjacent
electrons. By tuning the sizes of quantum dots,
hence Coulombic interaction, the interplay leads
non-magnetic metallic — antiferromagnetic Mott
insulator transition of the system [8, 9]. Upon light
excitation of the heterojunction systems,
photogenerated excitons confined in two adjacent
quantum dots interact with each other, resulting
biexciton states predicted to have a significant
increase in their binding energy [10, 11].

To elucidate these unique properties originated
from quantum confinements, spatial alignment of
quantum dots/quantum wires is necessary for
statistical analysis because electrical conductivity
and/or binding energy of excitons can only be
detected by unidirectional electron transport in their
translational motion or light output under
modulated external magnetic field along a direction
[12, 13]. This has been the case making it hard to
explore quantum confinement effects in low
dimensional nanostructures.

In contrast to the progressive studies on inorganic

nanowires, macromolecular systems as well as
supramolecular polymerization have been the center
for the 1D nanostructure formation based on organic
molecules that enable us to embed functionalities on
their surfaces by chemical processes [14-16].
Herein polymerization reactions and/or
supramolecular interactions limit the resulting 1D
structure of the systems, and their functions have
been often in debates after formation of the structure.
In addition, our “STLiP” technique allows us to
fabricate 1D structure from a variety of small
organic molecules with designated optoelectronic
properties [17-19].

In STLiP protocol, high energy charged particle
is employed as a reaction source, and injected into
the condensed phases of organic molecules. The
released energy from a particle along its trajectory
is transferred efficiently onto the molecules, giving
reactive intermediated to promote polymerization
reactions as well as crosslinking reactions in a
confined cylindrical small spatial area [20-22]. The
molecules included in the area are immobilized with
a considerable increase in their molecular weight,
remaining in the condensed phases after successive
sublimation processes. The length of nanowires
reflects perfectly the initial thickness of the films
because of the orthogonal trajectory of a particle
with negligible change in its momentum against the
substrate supporting the films [23, 24]. This also
define explicitly the alignment of nanowires as
orthogonal to the substrate. One principle requisite
for STLiP protocol is to facilitate -efficient
polymerization reactions of the target organic
molecules; we can make a free choice to satisfy this
requirement in a variety of organic compounds.

We report on alternating heterojunction
nanowires using STLiP technique. Distinct nano-
segments composed of copper phthalocyanine
(CuPc) and Cgo were clearly visualized and adjoined
in one nanowire, confirmed by elemental analysis
and representative optical properties of the
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Fig. 2. SEM images of CuPc—Ceo heterojunction free-staning nanowires ((a, b, d, e, g, h): side view, (c, f,

1): top view) and (j) illustration of the nanowires on a Si substrate. The pristine films were prepared by
alternating vapor-deposition of CuPc and Ce. Nanowires were fabricated by irradiation with 450 MeV
129X e?3* particles at the fluence of (a-c) 1.0x10" cm™, (d-f) 5.0x10" cm™, and (g-i) 1.0x10'2 cm™, followed
by isolation protocol of sublimation (dry process). Scale bars: (a, d, g) 300 nm, (b, e, h) 100 nm, and (c, f,

1) 500 nm.

molecules. As demonstrated herein, we can program
multi-heterojunction structures in 1D nm-sized
cylindrical spaces from any organic molecules and
control perfectly their alignments with an interplay
of free-standing nature and extraordinarily high
aspect ratio, which will be powerful candidates as
future structural optical/electronic 1D nano-
materials.

2. Experimental
2.1. Chemicals

Both Buckminster fullerene 60 (Cs) and
copper(Il) phthalocyanine (CuPc) were purchased
from Tokyo Chemical Industry Co. Ltd. and used
without further purification.

2.2. Nanowire fabrication and observation

Si and quartz substrates were cut into 1.5 cm? and
1.0 cm? square, respectively, sonicated in 2-
propanol, dried, and treated with O plasma prior to
the use by VACUUM DEVICE Ltd. model PIB-20
ion bombarder. Cep and CuPc were deposited on the
substrate in a vacuum at a rate of 0.2-0.4 A s by
using Kenix model KXV-250. The thickness of the
films was evaluated by a Bruker Co. model
Multimode 8 atomic force microscopy (AFM). 450
MeV 12Xe»" particles were generated from a
cyclotron accelerator at National Institutes for
Quantum and Radiological Science and Technology,

Takasaki Advanced Radiation Research Institute.
The prepared thin films were exposed to the above
ion beam in a vacuum chamber (< 1x10* Pa). The
number of incident particles was controlled at 10—
10'? particles cm™ to prevent severe overlapping of
the ion tracks. Then, the irradiated films were
further cut into small pieces, and developed by
sublimation of the unreacted area using JEOL Ltd.
model JFE-400 vacuum evaporator (< 1x107 Pa).
The sublimation temperature was measured directly
with a thermocouple on a tungsten board on which
the substrate/samples were placed. The sizes and
shapes of the isolated nanowires were characterized
by using JEOL Ltd. model JSM-7001F Scanning
Electron Microscope (SEM).

2.3. Spectroscopy measurements

Energy Dispersive X-ray spectroscopy (EDX)
spectrum was measured on HITACHI Ltd. model
Regulus 8220 SEM, equipped with HORIBA. Ltd.
model X-MaxN80 011 silicon drift x-ray detector.
Electronic absorption spectra were recorded on
JASCO V-570 spectrometer. Raman spectra were
measured on JASCO NRS-4100 spectrometer.

3. Results and Discussion

We have chosen two representative p/n type
organic molecules as the target: CuPc and Ce,
respectively. STLiP protocol was applied for
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Fig. 3. EDX spectrum of CuPc—Cso nanowires on
Si substrates. Nanowires were fabricated by
irradiation with 450 MeV #Xe?" particles at the
fluence of 1.0x10'? ¢m?, followed dry process
development. The electron acceleration voltage
was 5 kV. The peak of Cu can be confirmed.

multiple Layer-by-Layer (LbL) films of these
compounds. CuPc has a planner molecular core with
delocalized 7-conjugated system, facilitating
molecular stacking through z-z interaction, often
giving columnar structures which have been
demonstrated by their characteristic condensed
phases of anisotropic discotic liquid crystalline
phases [25]. In contrast the shape of Cg is spherical
and numerous previous works have been focusing
particularly onto formation of 1-3D structure by
polymerizing 0D Cgo molecules [26]. Ceo-based 1D
nanowire formation was previously reported [27], in
contrast, this is the first report on 1D nanostructures
with heterojunctions between anisotropic disk-
shaped 2D molecules and isotropic spherical 0D
molecules. Fig. 1 is schematic illustration of STLiP
technique employed in this work represented by
three simple steps: fabrication of target LbL organic
films of successive vacuum deposition of 10 layers
of CuPc and Cesp (CuPc—Cg) in total at 200 nm thick,
irradiation of high energy particles passing through
the target, sublimation of unreacted molecule for
removal leading to free-standing nanowires on the
surfaces (all-dry process).

Swift heavy charged particles of 450 MeV
129X e?3* were irradiated to the LbL film in a vacuum
chamber (<10 Pa) at the fluence of 1x10''-1x10"?
cm?, followed by isolation of resulting nanowires
by the dry process. Solvent-based wet-development
processes are applicable in this case to isolate the
nanowires on the substrate by dissolving unreacted
parts of the films: this is the common protocol not

only in the present nanowire formation but also in
nanolithography processes [28]. The wet process,
however, causes significant impacts on the
morphology of nanowires via strong dissolution
effects of molecules and surface tension of solvents
themselves, which often leads the nanowires
knocked-down on the substrate being no longer
free-standing [19, 27]. Besides, wet process is
unapplicable to the molecular systems exhibiting
the lower solubility against the solvents employed
with low enough boiling points and viscosity
considering the successive drying of the system.
The present all-dry process needs no solvents,
where we can address all the issues raised in wet
processes with minimized impacts on the
morphology and alignments of nanowires [19]. We
set temperatures at ~560 K for the sublimation of
Ce0 and CuPc in LbL films under vacuum (< 103 Pa).
The sublimation temperature of mono-layer Ceo or
CuPc as ~560 and ~480 K, respectively. The
equivalent sublimation temperatures of both
compounds with small mismatch of ~80 K is
advantageous for the sublimation process of LbL
binary molecular system, because the large
mismatch tends to cause selective vaporization of
one component with the lower sublimation
temperature, leading to accelerated valorization of
the component giving the bubbles in underlayers
and hence collapsing of the structures.

Bi- or multi-layered polymer films gave
successfully multi-segment polymer nanowires by
single particle nanofabrication technique through
efficient crosslinking reactions and gelation
promoted in each polymer layer [19, 29, 30]. Wet
process was only the choice for isolation
(development) of the multi-segment nanowires via
dissolution of uncrosslinked polymer fractions, and
2D images of nanowires lying on the substrate were
clearly visualized in the case. Pristine Ceo as well as
unsubstituted CuPc are both showing low solubility
against most of all solvents, thus all-dry process is
the best for efficient removal of unreacted parts of
molecules. Resulted nanowires isolated by the
process are clearly visualized in Fig. 2 as SEM
images with high enough contrast reflecting
encapsulation of Cu only in CuPc-based segments.
Note that all the wires are free-standing on the
substrate in spite of their overwhelming aspect ratio
> 30; this is in striking contrast to the conventional
nanolithography techniques not to realize free-
standing nanostructures with high aspect ratio of ~
10 even with development process using super
critical fluids [31]. It is also clear that the length of
nanowires is uniform completely, which reflects
well the initial total thickness of LbL films. Given
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Fig. 4. Electronic absorption spectra of (a) pristine films and (b) nanowires ((blue) CuPc, (black) Cso, and
(red) CuPc—Cgp). The film of CuPc or C¢o was prepared by depositing them on quartz substrates at 100 nm
thick respectively. The nanowires were fabricated by irradiation with 450 MeV 2Xe?** particles at the
fluence of 5.0 X 10" cm™, followed by dry process development.

that the particle trajectories are perfectly orthogonal
to the substrate plane and distribute randomly, the
top-view images in Fig. 2 confirm well isolation of
nanowires free from bundled structures upon
fluence of particles < ~10'"' cm™.

Clear contrast between each segment in the SEM
images is also helpful to recognize the components
due to electron-rich Cu incorporation in CuPc
segment (bright tone) and electron-deficient all
carbon segment (dark), and the significant changes
in the radial thickness (cross-sectional size) is also
visualized in these images. The efficiency of the
cross-linking reaction depends strongly on materials
against swift heavy ion irradiation, presumably
showing significantly higher value in Cg than CuPc
because of efficient neutral radical mediated chain
reactions. This is the case giving the thicker radial
thickness of segment even in one single isolated
nanowire with multi-segments.

The radial thickness of nanowire can be
theoretically accessible in terms of deposited energy
density in an ion track by swift heavy ions. Given
that simple polymerization/crosslinking reactions
proceed at boundary surface of a nanowire, it is
necessary to induce one crosslinking point per one
polymer unit for macromolecular gelation, hence
perfect immobilization of organic molecules. Radial
size (r) of a nanowire is derived from requisite
density of crosslinks which is presumed to be
correlate linearly to deposited energy density within
an ion track. The correlation can be given by
crosslinking efficiency G (number of crosslinks
produced per 100 eV absorbed energy by an organic

medium), and thus 7 is represented by:

ro= (1)’
4007dN,

c

Y2\
2_LET.GM[Ine er

where M, d, and Na are molecular weight, density
of the target material, and Avogadro’s number,
respectively. 7. and r, are radial regimes of energy
deposition area referred to as “core” and
“penumbra”, determined respectively by the
momentum of an incident particle. The former is
defined by the region where energy is directly
received by the target matter from a particle passing
through, and the latter is the region where the energy
was deposited by the first knocked-out electrons via
ionization process caused by an incident particle:
according to equipartition theorem the total energy
deposited in the “core” or “penumbra” regions is
well-branched each other. The values of Linear
Energy Transfer (LET) are calculated with density
of respective molecules in condensed phases
derived from single crystal structures of Cg and
CuPc, giving 14300 eV nm™! and 10000 eV nm™,
respectively for 450 MeV 'PXe** particle.
Polymerization reactions of Csp molecules have
been of interests and reported in not only in solution
but also in condensed phases. The reactions occur at
multiple cites of spherical surface of a Cso molecule,
and isotropic growth of polymerized chains [27] ;
this is advantageous to promote crosslinking
reactions of resulting polymer chains, and reflected
by the unusually high G value of polymerization/
crosslinking reaction in Ceo as 35.3 (100 eV) . In
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Fig. 5. Raman spectra of (a) Ceo film, (b) CuPc film, and (c) CuPc—Ceso nanowires on Si substrates. The
film of CuPc or Cep was prepared by depositing them on Si substrates at 100 nm thick respectively. CuPc—
Ceo nanowires were fabricated by irradiation with 450 MeV 2°Xe?* particles at the fluence of 5.0 X 10"
cm?, followed by dry process development. The characteristic peaks represent A, mode (1470 cm™) of
(a) Coo, and (b) A, mode (1336 cm™?, 1552 cm™) of CuPc.

contrast, a CuPc molecule has heterocyclic structure
similar to tetraphenylporphyrin (TPP) which shows
relatively the lower G value of 25.7 (100 eV)™! even
with introduction of reactive groups in their
periphery [32]; this is the case giving the smaller
visualized for segments based on CuPc in Fig. 2.

Major contribution from CuPc molecules to the
thinner segments was confirmed by EDX
spectrometry with characteristic X-rays emission
from Cu as an index (Fig. 3). The average length of
the present free-standing nanowires was ~200 nm
and the segments of CuPc distribute in depth of 10-
200 nm. X-rays emission from the underlayers is
crucial to confirm the presence of Cu atom in the
segment, and thus EDX analysis with electron
accelerated at 5 keV was employed in the present
case rather than XPS: the former we can expect the
deeper penetration length up to ~ 400 nm [33],
covering entire length of nanowires in contrast to
the higher selectivity for surface atoms in XPS
measurements. The spectra is shown in Fig. 3,
confirming the presence of Cu in the present free-
standing nanowire systems.

The estimated energy density in an ion track
reaches up to >1 keV nm™ at the center core, and
this is high enough to cause severe damage in
chemical structure of organic molecules.
Preserving the molecular structures of both CuPc
and Cso was examined by electronic absorption as
well as Raman spectroscopies. Nanowires could be
also formed on transparent quartz substrates, and the
free-standing nanowires on SiO, were used for
above optical spectroscopies with films of pristine
CuPc or Ceo at 100 nm thick as references. From the
absorption spectra, it can be seen that the absorption

spectra of the Ceo thin film [34] and the CuPc thin
film [35] are almost the same as those in the
literature, respectively, and that the spectra of the
LbL films are the sum of these spectra (Fig. 4a). The
broad spectrum was observed in Fig. 4b for single-
segment nanowires based on C with weak signature
of near-UV characteristic peaks of Ceg. It is
noteworthy that Q-bands electronic absorption at
620 and 690 nm, characteristic of phthalocyanine
rings, is evident as a differentiate in spectra from
multi-segment nanowires to Ceo single-segment Ceo
one. The relative peak intensity between Ceo
characteristic absorption bands to the Q bands of
CuPc in nanowires is lower significantly than that
of a LbL film before irradiation, which is due to the
dramatic change in the radial thickness segments of
Ceso and CuPc nanowires: the latter is significantly
small, impacting more in the relative amounts of
molecules in the volume.

Raman spectroscopy is a powerful tool to detect
vibrational modes specific to the molecules with
extremely high sensitivity [36], and thus used for
the detection of the modes in CuPc—Cgo nanowires.
The reference Raman spectra of pristine Ceo and
CuPc films is displayed in Fig. 5(a) and (b)
respectively. The characteristic peaks of specific
vibrational modes are also indicated in Fig. 5(a) and
(b). A peak at 1467 cm™ is characterized by a
symmetric vibrational mode of type A, [37], and the
CuPc peaks at 1341 and 1467 cm™! can be assigned
to symmetric and antisymmetric vibrations,
respectively, of Aj; modes [38]. The characteristic
peaks were observed clearly in the nanowires with
high enough resolution. This is suggestive of the
cage structure of Cso and the planar conjugated ring
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structure of CuPc preserving in the nanowires after
high energy charged particle irradiation and even
after subsequent sublimation processes at high
temperature. In contrast the high frequency peak of
CuPc becomes broad significantly in the spectrum
recorded for nanowires, which may be due to the
denaturation of CuPc during Raman spectroscopy
measurement with high extinction coefficient for
the excitation light source at 532 nm. Chemical
post-functionalization of polymer-based nanowires
has been realized via active reaction cites on their
surfaces [39], and the presence of CuPc ring
structures as well as Ceo cages can be utilized as
bridgeheads for the subsequent modification of the
present nanowire systems with maximized active
surfaces exposed by the free-standing nature.

Conclusion

Multi-heterojunction nanowires of p/n type
organic semiconductor molecules were successfully
fabricated by STLiP method applied for LbL films
of binary organic molecules in their condensed
phases: a unique protocol to produce programmed
1D nanostructures. The nanowires were supported
with firm basis on a substrate, holding their vertical
alignment. The length of the nanowires was uniform
reflecting trajectory of a high energy particle; an
energy source of chemical reactions to form the
nanowire. In addition, the spatial distribution of
nanowires were consistent with the hitting points by
the particle orthogonally injected into the thin solid
films of the molecules, visualizing well the particle
trajectories with high spatial resolution. Nanowires
composed of sequential multi-segments of Cep and
CuPc were confirmed using not only SEM images
but also electronic absorption and/or Raman
spectroscopy techniques. In our STLiP method,
multi-heterojunction nanowires can be fabricated
simply by irradiating ion beams to LbL films of
organic molecules upon our free choices without

designing any complicated chemical
reactions/physical deposition in conventional
organic/inorganic 1D nanostructure fabrication

processes; this is a clear advantage of the present
STLiP method. Directional order of systems with
heterojunctions is a primary requisite for their
practical use in device structures because flow of
excited energy/charges is expected to be under
controlled in the devices, unlikely to the exceptional
cases of bulk heterojunctions in solar cells. In this
study, we have established successfully a facile
method allowing us to arrange the nanowires
macroscopically with precisely programmed 0D
nanostructures.
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Designed, Flexible Electrochromic Display Device
with Fe(IT)-Based Metallo-Supramolecular Polymer
Using Mechanically Etched ITO Film
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Electrochromic (EC) displays are expected as energy-saving smart windows or digital
signages because of the memory property. We succeeded in developing a designed and
flexible electrochromic (EC) display device with Fe(II)-based metallo-supramolecular
polymer (polyFe) using a mechanically etched ITO film. Mechanical etching an ITO film
was performed with a cutting machine having a blade of which length was adjusted so as not
to cut off the film. The fabricated EC device was composed of the etched ITO film, a polyFe
layer, an electrolyte layer, a nickel hexacyanoferrate layer as the counter material, and another
ITO film. The EC device showed unique changes of the display upon applying a voltage of
1.5 V between the two ITO electrodes. It was revealed that the EC changes were controlled
by the etching pattern such as a closed circle or the formation of a narrow ITO path.
Keywords: Electrochromic display, Metallo-supramolecular polymer, Mechanical

etching, Design, Flexible

1. Introduction

Electrochromic (EC) materials have attracted
much attention because of the potential applications
such as electrical dimming glass in office and anti-
glare mirror in cars [1-7]. Especially, flexible EC
devices (ECDs) are expected to expand the
application fields to displays or fashion [8-14].
Tungsten oxide and viologens are representative EC
materials but, they are not always suitable to the
flexible ECDs. Plastic film with an ITO layer (ITO
film) is the required component in the flexible ECDs,
but the ITO film is not proper to vapor deposition
process at high temperature, which is necessary to
prepare a layer of inorganic EC materials such as
tungsten oxide, because of the low thermal stability.
The ITO film is not also appropriate to fabricating
ECDs with organic molecules containing viologens,
because the flexibility of the ITO films tends to
cause leaking a solution of the EC molecule, which
is injected to the cell, from the sealed part of the
fabricated ECD.

One of the best coating methods on the ITO film
at low temperature is spin- or spray-coating a
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solution of EC material. From the viewpoint,
metallo-supramolecular polymers (MSPs) are good
candidates as the EC material in flexible ECDs,
because the polymers have high solubility in polar
solvent such as water and methanol. MSPs are
composed of metal ion and multi-topic organic
ligand. They are expected to show unique electronic
properties because of the electronic interaction
between the metal and the ligand [15,16].

Fe(Il)-based MSP composed of Fe(Il) ion and
bis(terpyridyl)benzene  (polyFe) shows EC
properties triggered by the redox between Fe(II) and
Fe(IT) (Fig. 1) [17,18].

Fig. 1. Redox of polyFe.

PolyFe with Fe(Il) (reduced state) has bluish
purple color caused by the metal-to-ligand charge
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transfer (MLCT) absorption around 580 nm. The
color becomes colorless by electrochemical
oxidation of Fe(Il) to Fe(Ill) in polyFe (oxidized
state), because of the disappearance of the MLCT
absorption. The appearance and disappearance of
the MLCT absorption by the redox between Fe(Il)
and Fe(III) can be explained by the energy diagram
as shown in Fig. 2. It is considered that the d
electron of Fe(Il) contributed to the MLCT
absorption is removed electrochemically in the
oxidized state of polyFe then the MLCT absorption
is vanished.

Energy Energy

mct /NoMLCT /

Fe(ll) Ligand Fe(lll)

Reduced state

d—

Ligand

Oxidized state

Fig. 2. Energy diagrams of the reduced and oxidized
states in polyFe.

A general device structure with MSP is shown in
Fig. 3 [19,20]. The electrolyte layer provides anion
to the MSP layer when the MSP is oxidized
electrochemically. The counter material layer is
introduced to accept the complementary redox in
the device, which is accompanied with the redox of
MSP. Plastic is available as the substrate, because
MSPs can be coated on an ITO layer by spin- or
spray-coating.

Counter material
ITO

Metallo-supramolecular
polymer

Substrate
Electrolyte

?
|
Substrate

©

Fig. 3. A device structure of ECDs with MSP.

Here we report fabrication of a designed ECD
with polyFe by mechanical etching an ITO film and
the EC properties.

2. Experimental
2.1 Chemicals

All reagents and solvents were of high pure
analytical grade and wused without further
purification. PolyFe was purchased from NARD
institute, Ltd. Indium tin oxide (ITO)-coated plastic
sheets were provided from Nitto Denko Co.
Poly(methyl methacrylate) (PMMA) was obtained
from Tokyo Chemical Industry Co. (MO008S).
Battery-grade propylene carbonate (PC), battery-
grade LiClOs, and spectrochemical analysis-grade
methanol (MeOH) were supplied by Fujifilm Wako
Chemicals Co. Nickel hexacyanoferrate (NiHCF)
was got from Kanto Chemical Co.

2.2 Equipment

A cutting machine (Roland Desktop Cutter
STIKA SV-15) was used to scratch the ITO film
(Fig. 4). Spray coater (API-40RA, apeiros) was
utilized to prepare thin layers of polyFe and NiHCF
on ITO films.

2.3 Gel electrolyte

The gel nonaqueous electrolyte was prepared by
the mixing of PMMA, PC, and LiClO4
[PMMA/PC/LiCIOs = 20:20:3 (w/w)] with
continuous stirring.

2.4 EC device fabrication

(i) Mechanical etching was performed on an ITO
film (size: 10 x 10 cm; film thickness: 150 pum)
using the cutting machine with the blade of which
length was adjusted so as not to cut off the film. The
depth of scratching was controlled to be about 50
um. The film was used as an electrode of a polyFe
layer.

(ii)) The mechanically etched ITO film and
another ITO film, which was used as the counter
electrode, were fixed on flat glass substrates for
spray-coating (Fig. 4a).

(iii)) A polyFe layer was prepared on the
mechanically etched ITO film by spray-coating a
methanol solution of polyFe (8.3 g/mL) (Fig. 4b). A
NiHCF layer as the counter material was formed on
another ITO film by spray-coating an aqueous
solution of NiHCF (4.2 mg/mL).

(iv) A prepared gel electrolyte was dropped on the
NiHCF layer and the two ITO films with the polyFe
or NiHCF layer were stacked face-to-face through
the gel electrolyte. Then, the two supporting glass
substrates outside were clipped to fix the stacked
layers. The assembled device was heated at 98 °C
for 5 min. During the heating, the electrolyte



J. Photopolym. Sci. Technol., Vol. 34, No. 2, 2021

became transparent and physically glued the two
ITO films. Finally, the flexible ECD with polyFe
was obtained by the removal of the supporting glass
substrates.

Fig. 4. (a) The mechanically etched ITO film, which was
fixed on a glass substrate for spray coating. (b) The spray-
coated polyFe layer on the ITO film.

3. Results and discussion
3.1. Strategy

Strategies to display an image on an ECD are
shown in Fig. 5.

(a) Drawing an image with MSP

The simplest way to display an image on an ECD
is to draw the image with MSP (Fig. 5a). The
colored image becomes colorless by applying a
voltage between the two ITO electrodes, because
the MSP is oxidized electrochemically.

(b) Pasting a designed transparent insulating film

Inserting a transparent insulating film between
the MSP layer and the ITO layer is another way to
display an image on the ECD. When an oxidative
potential is applied to the MSP layer, the part
covered with the insulating film cannot change the
color, because the anion transfer from the
electrolyte layer to the MSP layer is prevented by
the insulating film. As the result, the shape of the
insulating film appears, because the rest uncovered
part becomes colorless (Fig. 5b).

(c) Mechanical etching an ITO film (this work)
Chemical or physical etching is a useful method

to process electrode in electronics. In ECDs,
mechanical etching (= scratching) the electrode is
expected to provide a unique display, because the
etched lines prevent electron transfer on the ITO
layer (Fig. 5¢).

(a) Top view

. T PolyFe le’

PolyFe (oxidized)

Counter

material Substrate

ITO
]
)
ITO Electrolyte
[ s
e
-
l Substrate I PolyFe PolyFe (oxidized)
| I
Side view
(b) Top view

le
» B

Transparent insulating film

‘ ]
& Te
’ l I PolyFe PolyFe (oxidized)
Side vi I (unoxidized)
ide view
(c) Top view

|-
» 2

Scratched [TO film

I

- | e

Side view

Fig. 5. Strategies to display an image on an ECD. (a)
drawing an image with MSP, (b) displaying an image by
inserting a transparent insulating film, and (c) this work

(scratching an ITO film).
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Scratched line

A\

Isolated ITO area

]
' <\

Narrow path of ITO

4 +

O

EC Electrode Counter Electrode

Fig. 6. The fabrication scheme of the designed ECD. An
ITO film with an image depicted by scratching the ITO
layer, a counter ITO film, and the stacked state.

(a) ITO with polyFe layer

Fe(ll) state
of polyFe

N\

(c)

»

ITO with counter layer

3.2. Design concept

To display an image on a flexible ECD with
polyFe, an ITO film was etched mechanically using
a cutting machine (Fig. 6). The ITO layer was
separated to the following three area by the etched
design.

(a) Totally isolated area, surrounded with the
etched line

(b) Area surrounded with the etched line
imperfectly, with narrow connecting path to the
other area

(c) Area which is not prevented by the etched line
until the left edge of the ITO layer, where the
voltage is connected.

3.3. EC behavior on the device

It is known that polyFe slightly changes the color
by exchanging the counter anion species. The color
of the polyFe layer was changed from blue to
blueish purple during the device fabrication because
the counter anion was exchanged from acetate anion
to perchlorate anion in the device (Fig. 7a). Before
applying a voltage, the ECD showed the blueish
purple color based on the MLCT absorption of the

(b)

()
Oxidized part of polyFe

Fig. 7. (a) The flexible ECD with polyFe before applying a voltage. Images of the device at (b) 7 sec, (c) 30

sec, and (d) 90 sec when 1.5 V was applied.
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Fe(II) complex moieties in polyFe. When the Fe(II)
is oxidized to Fe(Ill) electrochemically, the MLCT
absorption disappears and the color is changed to
colorless.

When applying 1.5 V in the device by connecting
the electrode coated with polyFe to the positive
electrode side, interestingly, the color change from
purple to colorless (pale green) occurred only on the
left side image in the device during the first seven
seconds (Fig. 7b). Then, the color change expanded
from the center toward the right side, but the speed
of the color change became slow. Eventually, it took
90 sec to display the whole image after applying the
voltage.

The EC behavior provided the following findings
in the display system of polyFe using the
mechanically etched ITO film (Fig. 8).

(i) Unlike the previously reported two display
systems (Figs. 5a and 5b), the color change in the
EC layer first occurs only on the near side where the
battery is connected, when a narrow path of ITO is
formed by the mechanical etching.

(i1) The color changes at the far side to the battery
from the narrow ITO path become slow. The narrow
path is considered to have high resistance. Therefore,
the voltage applied between the etched electrode
and the counter electrode will decrease at the far
side from the narrow path. The decrease of the
applied voltage between the electrode causes the
slow color changes.

(iii) The color of the polyFe layer on the area of
ITO surrounded with the etched line perfectly does
not show the EC changes, because the electron
transfer on the ITO layer is cut off by the etching.

4. Conclusion

A designed, flexible electrochromic (EC) display
device with polyFe was successfully fabricated
using a mechanically etched ITO film. The
mechanical etching of an ITO film was quickly
performed with a cutting machine under ambient
conditions. The fabricated device showed unique
changes of the display upon applying a voltage of
1.5 V between the two ITO electrode. This display
system using the etching technique is widely
available in the EC displays with the other MSPs,
which show various colors or multi-color EC
changes.
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Fig. 8. Schematic images of the color changes in the ECD
with polyFe using the mechanically etched ITO film. In
case a narrow path of ITO and a closed area are included,
the color changes occur by the order of (i) the initial
change, (ii) the intermediate state, and (iii) the final state
upon applying a voltage.
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Pullulan, a base polymer, is a water-soluble high-molecular-weight polysaccharide that
easily forms films and is used for edible films and the like. We examined whether a
photoresist material that makes the best use of its film-forming property and water solubility
could be realized. The hydroxyl group of pullulan was modified with a photosensitive group
to the extent that water solubility could be maintained, and a photosensitive material was
created. This material is applied on a silicon wafer using spin coating, exposed with a mask
contact exposure device, and then developed with water to evaluate sensitivity, etching
resistance, and coating film strength. Microfabrication evaluation was performed. The result
may be applicable as a water-soluble micropatterning material. Because this material does
not use an organic solvent or a highly toxic strong alkaline developer, it is useful as a low

environmental load-patterning material.

Keywords: Micro-patterning, Photoresist,

material

1. Introduction

Photoresist materials are indispensable in
semiconductor manufacturing, as electronic devices
become more integrated, smaller more reliable, and
faster in signal speed. Conventional photoresist
materials used in semiconductor manufacturing are
synthesized from fossil raw materials such as
acrylic resin and phenolic resin, coated with an
organic solvent, and developed with a strong
alkaline developer or organic solvent. The many
resins, solvents, and alkaline developers currently
create significant waste, which is a problem.

In recent years, much attention has been paid to
water-soluble photoresist materials that can be
applied and developed with water. The main
materials are water-soluble resin and water, and
these are low environmental load-patterning
materials that do not use an organic solvent or a
highly toxic strong alkaline developer.

Although polyvinyl alcohol, polyacrylamide, and
the like are often studied as water-soluble resins,
they cannot be said to have a small environmental
load because they are produced from fossil raw

Received March 4, 2021
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materials. [1-8]

Saccharides have been proposed as a water-soluble
resist material with low environmental load, but it
cannot be said that the low environmental load is
sufficient because the coating is performed using an
organic solvent. [9]

In addition, a plant-derived and water-soluble
sugar (dextrin) photoresist material that can be
coated and developed with water has been studied,
but the coating strength is low due to the low
molecular weight. As a result, the film strength after
UV curing is low. [10]

Therefore, a photosensitive material using a high
molecular weight polysaccharide (pullulan) with
film-forming properties as the base polymer leads to
a new micro-patterning material with improved
coating strength compared with conventional water-
soluble nanopatterning material.

In this paper, to confirm effectiveness of the water-
soluble micropatterning material, the hydroxyl
group of pullulan is modified with a photosensitive
group to the extent that water solubility can be
maintained, and exposure sensitivity and etching are
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tested. We report that resistance, coating strength,
and patterning properties.

2. Experimental
2.1. Materials

The high molecular weight polysaccharide used in
this study was made from pullulan manufactured by
HAYASHIBARA Co., Ltd.

For comparison, dextrin manufactured by San-ei
Sucrochemical (NSD500) and NSD500 with the
low molecular weight fraction removed (NSD500H;i,
hereinafter) were used. To remove the low
molecular weight fraction, dextrin was dissolved in
water, and then methanol and ethanol were added to
precipitate only the polymer portion in dextrin. The
low molecular weight fraction removed can be
arbitrarily controlled by the mixing ratio of water
and solvent. The more water is, the higher the
amount of low molecular weight fraction removed.

The results of gel permeation chromatography
(HLC-8320GPC: Tosho) measurements to confirm
the molecular weight distribution of each raw
material are shown in Fig. 1 and Table 1.

The number average molecular weight (Mn) of
pullulan used as a raw material was 73292, and the
weight average molecular weight (Mw) was 161980.
For NSD500, Mn was 2454 and Mw was 11383, and
for NSD500Hi, Mn was 7164 and Mw was 32637.

= Pullulan
= NSD500
...... NSD500Hi
: - -
. a—
D Sy S
- - % 10 35

Fig. 1. Molecular weight distributions of base polymer.

Table.1. GPC measurement results of base polymer.

Mn Mw
Pullulan 73292 161980
NSD500 2454 11383
NSD500Hi 7164 32637

2.2. Synthesis of photosensitive polymer
The base polymers (Pullulan, NSD500,
NSDS500Hi) are dissolved in N-methylpyrrolidone,

0 OH OH
O. (0} O
OH OH OH
O O
OH  oH OH OHO.
. O,
N-methylpyrrolidone
Triethylamine }Cl
Lo
O OH 0]
O (0) 6}
OH OH OH
O O
0 OH 0 OHO.
ogj )W

| S

Fig. 2. Modification of pullulan hydroxyl groups to
photosensitive groups.

and acrylic acid is used to denature photosensitive
groups by 30% with respect to all hydroxyl groups
while maintaining the system temperature at 15°C
or lower. Chloride was weighed and dropped over 2
h.

The solutions were then aged for 2 h at 15°C or
below and neutralized with triethylamine. Next, N-
methylpyrrolidone and a neutralizing salt were
purified and removed, and the inside of the system
was replaced with water to obtain a polysaccharide-
based photosensitive material.

The modification to the photosensitive group was
confirmed by *C-NMR and FT-IR. As an example,
the synthesized structure of pullulan is shown in Fig.
2.

Hereafter, the acrylic acid-denatured
polysaccharide chains are referred to as Pullulan-A,
NSD500-A, and NSD500Hi-A.

2.3. Measurement of exposure sensitivity

Omnirad 2959 (manufactured by IGM Resins
B.V.) was used as the photosensitizer, and 1, 2, or 3
wt% was added to each aqueous solution of the
acrylic acid-modified base polymer.

The obtained aqueous solutions were applied to a
silicon wafer, spin-coated at 3000 rpm for 30 s using
a spin coater (MS-B100: MIKASA) and baked at
80° C for 60 s to volatilize and remove water.

Next, exposure is performed using a mask contact
exposure device (LTCET-500: Lithotec Japan) and
a sensitivity confirmation mask (Taiyo-ink
Corporation: 5-inch Multi-Transmission Mask), the
film thickness is measured, and then the film is
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Fig. 3. Sensitivity measurement process for
water-soluble micropatterning materials.

developed to determine the residual film ratio. This
process is diagrammed in Fig. 3. Using the above
mask, it is possible to easily create a sensitivity
curve.

2.4. Measurement of etching resistance

FA-1-TK manufactured by Samco Corporation
was used to measure the etching resistance. For the
measurement samples, 3 wt% of photosensitizer
was added to each polymer. Pullulan-A was exposed
to 100 mJ/cm?, NSD500-A and NSD500Hi-A were
exposed to 600 mJ/cm?, and Cresol Novolac was
used as a reference. CF4 and O, were used as the
etching gases.

2.5. Measurement of coating film strength

The measuring device used for coated film
strength was a Dynamic Ultra Micro Hardness
Tester: DUH-211S manufactured by Shimadzu
Corporation.

2.6. Confirm of microfabrication

The evaluation method is as shown in Fig 4. A
mask close contact exposure device (LTCET-500:
Lithotec Japan) and a mask for microfabrication

(1) Photoresist solution Drop

S

(2) Spin coat

(3) Bake

=9

(—
(4) Exposure
600mJ/cm?

(5) Water development

(6) Dry

Fig 4. Microfabrication process of
water-soluble patterning material.

confirmation (TOPPAN PRINTING CO., LTD:
TOPPAN-TEST-CHART-NO1-PN) were used to
carry out the evaluations.

3. Research and Discussion
3.1 Exposure sensitivity evaluation

The exposure sensitivity of the water-soluble
micropatterning material using high-molecular-
weight polysaccharides was confirmed.

Pullulan-A was exposed at 150 mJ/cm?, and
NSD500Hi-A and NSDS500-A were exposed at
1200 mJ/cm?.

The sensitivity data indicate that to obtain a
residual film ratio of 80 % or more, NSD500-A
requires the addition of 2 wt% or more of
photosensitizer and exposure of 900 mJ/cm? or
more as shown in Fig. 5, and NSD500Hi-A requires
the addition of 2 wt% or more of the photosensitizer
and exposure of 660 mJ/cm? or more as shown in
Fig. 6.

Pullulan-A maintained a residual film ratio of 80 %
or more, regardless of photosensitizer wt% or >75
mJ/cm? exposure, confirming that it is a highly
sensitive material (Fig. 7).

As shown in Fig. 5-7, the difference in molecular
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weight of each base polymer as shown in Fig. 1 has
a great influence on its sensitivity.

3.2. Etching resistance evaluation

Polysaccharides have low carbon density
(according to the Ohnishi parameter) and relatively
low etching resistance. It was measured whether the

£100 . . )
3 e e etching resistance was affected by the bonding
§ 30 mode and the molecular weight of the base polymer.
é 60 /_/_/a—/”/“—/ Etching resistance was low for all polysaccharides,
® 40 and the reference, Cresol Novolac, gave the best
s - Addition of 3% photosensitizer 3
E 20 Addition of 2% photosensitizer results (Fig. 8 and 9).
& —Addition of 1% photosensitizer
0
0 200 400 600 800 1000 1200 6.0
Exposure (mJ/cm?)
5.0
Fig. 5. NSD500-A sensitivity curve. -
g4 e FallA
= —=—Pullulan-
- 230 = NSD500-A
<100 2 NSDS00Hi-A
: SN s 520 | — T Cresol Novolac
2 80 =
= P 1.0
E 60 /—k
0.0
240 20 30 40 50 60 70 80
= ~= Addition of 3% photosensitizer RF power (W)
g 2 Addition of 2% photosensitizer
] — iti 0 it . N . .
2 Addition of 1% photosensitizer Fig. 8. Etching resistance evaluation result for CFj.
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Fig. 6. NSD500Hi-A sensitivity curve. 20.0
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= . ——— 2120
'E 80 //J £100
en
£ 80
é 60 P ——Pullulan-A
= 40 -—Addition of 3% photosensitizer = 4'0 =~ NSDS500-A
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Fig .7. Pullulan-A sensitivity curve.

Fig. 9. Etching resistance evaluation result for O.

Table 2. Ohnishi parameter calculation results.

Pullulan-A | NSD500-A | NSDS00Hi-A Cresol Novolac
C
0" o CH;
Structural formula O
H—O OH OH CHz
OH /n m
Ntotal CoH1407=30 CsH1001 =19
Ncarbon 9 8
Noxygen 7 1
Ohnishi parameter 15.0 2.7
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This result is consistent with commonly known
Ohnishi parameter results.
The Ohnishi parameter is a formula that uses the
difference in etching rate between carbon and
oxygen and is expressed by the following formula:

Ohnishi Ntotal

parameter

Ncarbon — Noxygen

where Ntotal is the total number of atoms in the
molecule, Ncarbon is the number of carbon atoms
in the molecule, and Noxygen is the number of
oxygen atoms in the molecule.

For example, for benzene CsHs, Ntotal is 12,
Ncarbon is 6, Noxygen is 0, and the Ohnishi
parameter is 2.0. For phenol CsHsO1, Ntotal is 13,
Ncarbon is 6, and Noxygen is 1; thus, the Ohnishi
parameter is 2.6. To increase the etching resistance,
it is necessary to increase the carbon ratio and
decrease the value of the Ohnishi parameter.

Table 2 lists calculations of the Ohnishi parameter
for Pullulan-A, NSD500-A, NSD500Hi-A, and
Cresol Novolac.

The Ohnishi parameter value for polysaccharides is
large, whereas Cresol Novolac has a small value,
which correlates with the results in Figs. 7 and 8.

3.3. Coating film strength evaluation

Pullulan exhibits coating strength that is not found
in conventional water-soluble micropatterning
polysaccharides because of its film-forming ability.
Film strength measurements were also performed.

For the measurement samples, 3 wt% of
photosensitizer was added to each polymer.
Pullulan-A was exposed to 100 mJ/cm? and
NSD500-A and NSD500Hi-A were exposed to
600 mJ/cm?.

NSDS500-A was determined to be soft, and
Pullulan-A was hard based on the maximum
displacement (hmax), indentation hardness, and
indentation elastic modulus (Fig. 10).

This phenomenon correlates to exposure
sensitivity and the residual film ratio. A material
with good sensitivity and high residual film ratio is
three-dimensionally crosslinked and has many
polymerized portions.

Crosslinking and polymerization have a great
influence on hardness (Table 3).

From the load and displacement curves shown in
Fig. 10 and the values listed in Table 3, it was
confirmed that there are no significant differences
in hardness or elastic modulus between Pullulan-A
and NSD500Hi-A.

'y ]
- 8 2
E 6 v /
-4 4 )
4
)/ —— Pullulan-A
) ) e ) NSD500-A
0 —" T - - NSD500Hi-A
0 0.5 1 L5 2 25

h (um)
Fig. 10. Displacement measurement result for load by
nano indenter.

Table 3. Hardness and elastic modulus measurements by

nano indenter.

Fmax | Hmax | Hit? Eit?

(mN) | (um) | (MPa) (MPa)
Pullulan-A 10.03 | 1.493 170.5 7.054E + 03
NSD500-A 10.04 | 2.166 132.9 1.245E + 03
NSD500Hi-A | 10.04 | 1.553 188.2 3.679E + 03

a) Hit is indentation hardness. b) Eit is indentation
modulus.

Pullulan is an effective film former before UV
curing, but after curing, it is not much different
fromNSD500Hi-A, and pullulan's film-forming
properties are lost due to three-dimensional
crosslinking. It is suggested that UV curing
adversely affects the film-forming ability.

3.4. Microfabrication evaluation

Microfabrication evaluation of the high molecular

weight polysaccharide was carried out.
For the evaluation samples, 3 wt% of
photosensitizer was added to each polymer.
Pullulan-A was exposed to 100 mJ/cm? and
NSD500-A and NSDS500Hi-A were exposed to
600 mJ/cm?.

NSD500-A and NSDS500Hi-A showed good
microfabrication results, and Pullulan-A had a lot of
undissolved residue between the patterns.

NSD500-A is only slightly affected by UV
reflection and diffraction during exposure because
the base polymer is small molecular weight and the
exposure sensitivity is low. Therefore, the uncured
portion is easily dissolved in the developing
solution (water), and relatively clean and fine
patterning is possible. (Fig. 11).

NSD500Hi-A has the low molecular weight
fraction removed, but its molecular weight is still
relatively small, and its exposure sensitivity is not
so high. Therefore, relatively clean and fine
patterning was also possible (Fig. 12).
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Pullulan-A has a molecular weight 10 times or
more than that of NSD500-A and an exposure
sensitivity of 10 times or more.

Therefore, if there is even a small amount of UV
reflection or diffraction between patterns that are
not exposed to UV, the crosslinking reaction
proceeds, and the polymer becomes insoluble in the
developing solution (water), making
microfabrication difficult. (Fig 13).

Fig. 11. NSD500-A micropatterning results.

25um
Fig. 12. NSD500Hi-A micro patterning results.

25 pm

Fig. 13. Pullulan-A micropatterning results.

4. Conclusion

The effectiveness of water-soluble
micropatterning materials using high molecular
weight polysaccharides was investigated. By
converting the hydroxyl groups of the high
molecular weight polysaccharide into
photosensitive groups to the extent that water
solubility can be maintained, a water-soluble
micropatterning material was created. The obtained
water-soluble micropatterning material had better
film-forming properties before UV curing and
higher sensitivity than those using dextrins.
However, effectiveness of the coating films after
UV curing could not be confirmed because it was
not much different from that of dextrins. Exposure
sensitivity was too high, and even a small amount of
UV reflection or diffraction caused the undissolved
residue between the patterns, making fine patterning
difficult.

It will be necessary to optimize this material by
adjusting the amount and concentration of the
photosensitizer added to use it as a water-soluble
micropatterning material.
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Dextrins commonly known as sugar chains include 1,4- and 1,6-bonded dextrins, which are
obtained by enzymatically decomposing starch, and is indigestible dextrin, which is obtained
by decomposing starch by an enzymatic reaction and forming 1,2- or 1,3-bonds by acid
catalyst treatment. Herein we investigate the water-soluble micropatterning performance of
these indigestible dextrins and the change in physical characteristics depending on the
structure. The hydroxyl group of each dextrin was modified with a photosensitive group
while maintaining water solubility, resulting in a water-soluble photosensitive material.

This material was applied onto a silicon wafer using spin coating, exposed with a mask
contact exposure device, and then developed with water to evaluate the sensitivity, etching
resistance, and coating film strength. The microfabrication evaluation indicated that the
performance was sensitive to the binding mode, and it was found that the indigestible dextrin
is functional as a water-soluble micropatterning material. Given that this material does not
require an organic solvent or a highly toxic strong alkaline developer, it is effective as a low

environmental load patterning material.

Keywords: Micropatterning, Photoresist, Sugar chain, Water-soluble material

1. Introduction

Photoresist materials are indispensable in the
manufacturing of semiconductor devices and are
being miniaturized as electronic devices become
more integrated, smaller, more reliable, and faster in
signal speed.

In the evolution of electronic devices, a problem
has arisen that many resins, solvents, and alkaline
developers used in semiconductor manufacturing
are treated as waste and disposed of in large
quantities.

Conventional photoresist materials are synthesized
from fossil raw materials (e.g., acrylic resin and
phenol resin), coated with an organic solvent, and
developed with a strong alkaline developer or
organic solvent. Therefore, it is difficult to reduce
the waste that is generated by this process.

In recent years, much attention has been focused
on producing water-soluble photoresist materials
that can be applied and developed using water.
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The primary materials are water-soluble resin,
which is a low environmental load patterning
material that does not require an organic solvent or
a highly toxic strong alkaline developer.

Polyvinyl alcohol, polyacrylamide, and related
compounds have been widely studied as water-
soluble resins, but since they are produced from
fossil raw materials, the environmental load is still
significant. [1-8]

A material containing saccharides has been
proposed as an alternative water-soluble resist
material, but the total environmental load of the
process is still substantial because the coating is
performed using an organic solvent. [9]

In addition, water-soluble photoresist materials
that can be coated and developed with water and are
composed of plant-derived and water-soluble sugars
(dextrin) have shown promise, but only 1,4- and
1,6-bonds have been studied. An evaluation of only
the main general dextrin system was performed, and
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the effect of the binding mode is still unknown. [10]

Therefore, we report that the synthesis of water-
soluble micropatterning materials using indigestible
dextrin formed by 1,2- and 1,3-bonds, along with
their exposure sensitivity, etching resistance,
coating film strength, and patterning characteristics.

2. Experimental
2.1. Materials

The indigestible dextrins used in this study were
made from Roquette (product name: NUTRIOSE)
and Matsutani Chemical Industry Co., Ltd. (product
name: Fiber Sol 2).

For comparison, dextrin manufactured by Sanei

Saccharification Co., Ltd. (product name: NSD500),

and NSD500 with the lower molecular weight
fractions removed (hereinafter referred to as
NSD500Hi) were used.

Gel permeation chromatography (HLC-8320GPC:
Tosho) measurements were used to confirm the
molecular weight distribution of each raw material
and are shown in Fig. 1 and Table 1.

The number average molecular weight (Mn) of the
NUTRIOSE raw material was 3297 and the weight
average molecular weight (Mw) was 4567, while
Fiber Sol 2 had a Mn of 2783 and a Mw of 4180. In
comparison, NSD500 had a Mn of 2454 and a Mw
of 11383, while NSD500Hi had a Mn of 7164 and a
Mw of 32637.

= ==NUTRIOSE
Fiber Sol 2
== NSD500

N vy \‘-r
J { N ~———NSD500Hi
A7 N
-

A
L X T ‘ )
/' :’\.N\'\’\\Jﬁ:%}

17 19 21 23 25 27 29 31 33 35

Fi f%)l Comparison of molecular weight distribution
ase polymer.

Table. 1. GPC measurements results of the base
polymers.

Mn Mw
NUTRIOSE 3297 4567
Fiber Sol 2 2783 4180
NSD500 2454 11383
NSD500Hi 7164 32637

2.2. Analysis of dextrin binding mode

Indigestible dextrin is a dextrin that contains 1,2-
or 1,3-bonds in its structure, as described in the
previous section.

The 1,2- and 1,3-bond ratios were analyzed by *C
NMR spectroscopy (ECZ500R manufactured by
JEOL RESONANCE), and the three-dimensional
structure was analyzed by Chem3D (ChemOffice
2016 manufactured by PerkinElmer).

2.3. Synthesis of photosensitive polymer

The base polymers (NUTRIOSE, Fiber Sol 2,
NSD500, and NSDS500Hi) were separately
dissolved in N-methylpyrrolidone so that the
photosensitive groups (acrylic acid) were 30%
denatured with respect to all hydroxyl groups. The
system temperature was maintained at 15°C or
lower.

Acrylic acid chloride was then added dropwise
over a period of two hours.

The solution was then aged for two hours at 15°C
or below followed by neutralization with
triethylamine. Next, N-methylpyrrolidone and a
neutralizing salt were removed and purified, and the
remaining material was dissolved in water to obtain
a photosensitive material formed from saccharides,
as shown in Fig. 2.

The modification to the photosensitive group was
confirmed by *C NMR and Fourier-transform
infrared (FTIR) spectroscopies. As an example, the
reaction path of NSD500 is shown in Fig. 2.

Hereafter, the acrylic acid-denatured sugar chains
are referred to as NUTRIOSE-A, Fiber Sol 2-A,
NSD500-A, and NSD500Hi-A.

Q@ -
e H; :

N-methylpyrrolidone
Triethylamine

0 OH
O. 0.
HO NH o \QH n E?
OH OH o-C
OH o) O
0 o o
Ho N o \QH o0 \gH H
OH O /m OH
¢

CH,

Fig. 2. Modification of hydroxyl groups to photosensitive
groups.
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2.4. Measurement of exposure sensitivity

The exposure sensitivity of each dextrin with the
added photosensitive groups was evaluated.

Omnirad 2959 (manufactured by IGM Resins
B.V.) was used as the photosensitizer, and 1 wt%, 2
wt%, or 3 wt% of the photosensitizer was added to
aqueous solutions of the acrylic acid-modified base
polymers.

The obtained aqueous solutions were applied onto
a silicon wafer by spin coating (MS-B100:
MIKASA) at 3000 rpm for 30 seconds followed by
calcination at 80°C for 60 seconds to volatilize and
remove any residual water.

Next, exposure was performed using a mask close
contact exposure device (LTCET-500: Lithotec
Japan) and a sensitivity confirmation mask (Taiyo-
Ink Co.: 5-inch multi-transmission mask), the film
thickness was measured, and then the film was
developed to determine the residual film ratio, as
shown in Fig. 3. By using the above mask, it is
possible to easily create a sensitivity curve.
NUTRIOSE-A and Fiber Sol 2-A were exposed at
600 mJ/cm?, and NSD500Hi-A and NSD500-A
were exposed at 1200 mJ/cm?.

(1) Photoresist solution Drop

Qe _ =3

(2) Spin coat

(3) Bake

uv
¥ 9 U

(4) Exposure

A

(5) Thickness measurement

—
Measure
thickness (6) Water development
difference

I (7) Dry

(8) Thickness measurement

Fig. 3. Sensitivity measurement process for water-

soluble micropatterning materials.

2.5. Measurement of coating film strength

To determine the effect that the 1,2- and 1,3-bonds
of the indigestible dextrin have on the strength of
the coating film, the strength was measured by a
nanoindenter. The device used was a dynamic ultra
micro hardness tester: DUH-211S, manufactured by

Shimadzu Corporation.

For the measurements, 3 wt% of a photosensitizer
was added to each dextrin, and NUTRIOSE-A and
Fiber Sol 2-A were exposed to 300 mJ/cm?, and
NSD500-A and NSD500Hi-A were exposed to 600
mJ/cm?,

2.6. Confirm of microfabrication

Finally, the effect of the 1,2- and 1,3-bonds of the
indigestible dextrin on the microfabrication was
investigated.

The measurements were conducted with 3 wt% of
a photosensitizer added to each dextrin, followed by
exposure to 300 mJ/cm? for NUTRIOSE-A, Fiber
Sol 2-A, and LitesseHF-A, and 600 mJ/cm? for
NSD500-A and NSD500Hi-A.

The evaluation method is shown in Fig. 4, where a
mask close contact exposure device (LTCET-500:
Lithotec Japan) and a mask for microfabrication
confirmation (Toppan Printing Co., Ltd: TOPPAN-
TEST-CHART-NO1-PN) were used.

(1) Photoresist solution Drop

< —

(2) Spin coat

(3) Bake

ov

N
)

(4) Exposure
600mJ/cm?

(5) Water development

(6) Dry

Fig.4. Microfabrication process of water-soluble
patterning material.
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3. Research and discussion
3.1. Characterization of the indigestible dextrin

The *C NMR spectra are shown in Fig. 5 and
Table 2.
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Fig.5. *C-NMR measurement results of various dextrins.

Table .2. Results of Measurements of relative binding
modes of for various dextrins by determined by *C-
NMR spectroscopy.

1,2- 1,3- 1,4- 1,6-
NUTRIOSE 5.8% 28.9% 44.9% 20.5%
Fiber Sol 2 2.9% 19.2% 60.2% 17.7%
NSD500 — — 94.3% 5.7%

It was confirmed that indigestible dextrins with
1,2- and 1,3-bonds were not present in generic
dextrin. It is speculated that the cause of the high
1,2- and 1,3-bonding ratio in NUTRIOSE is a longer
acid catalyst treatment time compared to that of
Fiber Sol 2, and the resulting polymer is
polymerized. From these results, it was clear that
indigestible dextrins contain many branched
structures.

The results of the 3D structural analysis by
Chem3D are shown in Fig. 6. It can be observed that
the molecules are entangled in the case of 1,3-bonds,
but there is little entanglement in the other bond
types.

From the '*C NMR spectra and Chem3D, it was
found that indigestible dextrins are sugar chains
containing many branched structures with some
degree of entanglement within the molecules.

‘ 8
@ 1,6-Join 6molecules.

Fig. 6. Three-dimensional structure of the binding
mode of sugar chains.

3.2. Exposure sensitivity evaluation

The results indicate that to obtain a residual film
ratio of 80% or more, NSD500-A and NSD500Hi-A
must have a photosensitizer concentration of 2 wt%
or more and an exposure of at least 900 mJ/cm? (Fig.
9 and Fig. 10). NUTRIOSE-A and Fiber Sol 2-A
were found to achieve a residual film ratio of 80%
or more (Fig. 7 and Fig. 8) at a photosensitizer
concentration of 2% or more and an exposure of 300
mJ/cm?.
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——Addition of 1% photosensitizer

[
<

Remaining film ratio (%
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Fig. 7. NUTRIOSE-A sensitivity curve.
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Fig.10. NSD500Hi-A sensitivity curve.

Typically, the higher the molecular weight, the
higher the sensitivity, but NUTRIOSE-A and Fiber
Sol 2-A were found to have higher sensitivities than

NSD500Hi-A, even though they have much lower

molecular weights.

The cause of this discrepancy is likely from the
difference in the binding modes.

Indigestible dextrins with 1,2- and 1,3-bonds are
sugar chains with many branched structures and
many entangled molecules, and with the addition of
a hardening reaction, the molecules become more
entangled and insolubilized, leading to an increase
in the sensitivity.

3.3. Coating film strength evaluation
The hardness measurements indicated that
NSD500-A was soft in terms of the maximum
displacement (/max), indentation hardness (Hi), and
indentation elastic modulus (£%), and no
significant difference was found between the other
three dextrins (Table 3 and Fig. 11). indentation
elastic modulus (Ej), and no significant difference
was found between the other three dextrins (Fig. 11
and Table 3).

This phenomenon is explained by the relationship
between the exposure sensitivity and the residual
film ratio, where a material with a good sensitivity
and a high residual film ratio is three-dimensionally
crosslinked and contains many polymerized

sections.
12
10
8
z - X
_E, 6 NUTRIOSE-A
A Fiber Sol 2
4
NSD500-A
2 — -NSD500Hi-A
0
0 0.5 1 L5 2 2.5 3
h (pm)

Fig.11. Displacement measurement result for load
by nano indenter.

Given that NSD500Hi-A is originally a polymer, a

high elastic modulus can be obtained. In addition,
NUTRIOSE-A and Fiber Sol 2-A have 1,2- and 1,3-
bonds, which results in a multitude of molecular
entanglements and therefore an increase in the
hardness.

Table.3. Measurement results of hardness and elastic modulus by nano indenter.

Finax (mN) Hinax (Lm) Hi (MPa) Ei (MPa)
NUTRIOSE-A 10.04 1.421 267.9 3.325E+03
Fiber Sol 2-A 10.04 1.273 261.9 6.502E+03
NSD500-A 10.04 2.166 132.9 1.245E+03
NSD500Hi-A 10.04 1.553 188.2 3.679E+03
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3.4. Microfabrication evaluation

Figure 12-15 shows the microfabricated shapes of
NSD500-A, NSD500Hi-A, and Fiber Sol 2-A.

During the development as shown in Fig. 4,
NUTRIOSE-A peeled off from the silicon wafer,
and microfabrication could not be confirmed. In
addition, it was observed that while NSD500-A and
NSD500Hi-A gave a microfabrication thickness of
about 6 um, Fiber Sol 2-A gave a microfabrication
thickness of about 3 pum.

Fiber Sol 2-A has high solubility in water due to its
low molecular weight and is highly sensitive given
the 1,2- and 1,3-bonds in its structure. These factors
provide a good balance between solubility and
sensitivity for use in microfabrication.

Fig.12. NSD500-A micro patterning results.

_ 25pm
Fig.13. NSD500Hi-A micro patterning results.

25um

Fig.14. Fiber Sol 2-A micro patterning results-1.

Sum
Fig.15. Fiber Sol 2 micro patterning results-2.

4. Conclusion

The effectiveness of water-soluble
micropatterning materials composed of indigestible
dextrins containing 1,2- and 1,3-bonds were
investigated.

By converting the hydroxyl groups of the
indigestible dextrins into a photosensitive group to
the extent that water solubility could be maintained,
a water-soluble micropatterning material composed
of indigestible dextrin was created.

The resulting water-soluble micropatterning
material has solubility in water and a high
sensitivity suitable for microfabrication, in contrast

1,6-bonds.

However, peeling from the silicon wafer was
observed in some samples, so improvements in the
adhesiveness are necessary.
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Low stress / low temperature curable photosensitive polyimide (PSPI) with excellent
reliability during thermal cycle (TC) has been developed for a quite some time. The effect of
residual stress concerning PSPI on copper-PSPI inter-connect structure was examined by
Finite Element Method (FEM), and it became evident that the crack has tendency to appear
at the top corner between copper and PSPI, where highest stress lay during the cooling
process of TC test. Low stress PSPI is one of the candidates to reduce residual stress on
copper-PSPI inter-connect structure, and indeed, no crack was found after FEM and TC test.
Through a series of tests mentioned above, we came to realize that an introduction of soft
segment into polyimide backbone of PSPI is the key factor to create a robust low stress PSPI.
In addition of creating a robust low stress / low temperature curable PSPI, further research
was conducted to improve the copper compatibility of PSPI through grasping the ways of

controlling the oxidation of copper.

Keywords: Photosensitive polyimide, Low stress, Finite element method, Reliability

1. Introduction

Recently, higher density, narrower bump pitch
and thinning of 3D Jisso are the trends in the
advanced integrated packages. Moreover, in order
to implement the trends of advanced integrated
packages, an application processor (AP) controlling
all functions of mobile devices is believed to be one
of the key devices to do so. Thus far, most APs are
integrated by Package on Package (PoP) technology,
which includes considerable thick substrate for
mounting devices [1]. In the recent package trend,
Fan-Out Wafer Level Package (FO-WLP)
technology became a remarkable package
technology, which opened-up a technological
window to manufacture extremely thin devices [2].
The FO packages are usually composed of
semiconductor die placed in mold resin and re-
distribution layer (RDL) fabricated on the top of
semiconductor die, within mold resin. RDL patterns
consist of conductive copper metal and non-
conductive insulant materials such as photosensitive
polyimide (PSPI) and polybenzoxazole (PSPBO) to
insure package reliability. When selecting non-

Received March 20, 2021
Accepted April 13, 2021

conductive low temperature curable materials, there
are several critical requirements to prevent damages
to the FO-WLP packages, and one of the
requirements is the curing temperature. Selection
can easily be fulfilled if robust conventional PSPI
and PSPBO, which require high temperature
treatment to complete the ring closure reaction;
however, FO-WLP require low temperature cure. It
is widely known that to complete low temperature
ring closure reaction for PBO precursor,
introduction of flexible structure in polymer chain
worked successfully [3,4]. On the same note, report
has indicated that PBO ring closure reaction was
accelerated by adding sulfonic acid and photo base
generator during low temperature imidization [5,6].
A phenomenon of applying additives to PSPI was
also reported by Sasaki [6], which made the
development of low temperature curable PSPI for
RDL insulator of FO-WLP.

We have developed wvarious type of PSPI
materials for several electronic devices such as
semiconductor and OLED. A PSPI composed of
novel partially esterified poly (amic acid) and
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diazonaphthoquinone compound was developed by
utilizing photosensitive polymer technologies [7,8].
However, the problem with this polymer technology
was that curing temperature over 300 °C
necessitated the conversion of poly (amic acid) to
polyimide by intermolecular cyclization. For FO-
WLP applications, low temperature curable PSPIs
were required due to low thermal stability of mold
compound and memory device as mentioned before.
In addition, copper compatibility and mechanical
reliability of PSPI are also important because the
FO-WLP technology requires to form copper RDL
with PSPI as an insulator.

In this report, the development of Ilow
temperature curable PSPI by utilizing a pre-
imidized polyimide with low temperature curable
cross-linker will be introduced. We have
investigated our own development through a series
of demonstrative stress simulation of quasi FO-
WLP package by changing physical parameters of
PSPI by FEM as well as the effect of residual stress
of PSPl when utilized for RDL insulators.
Furthermore, we have also focused our study to
implement copper compatibility to the reliability of
PSPIL

2. Experimental
Materials. Pl  was  synthesized by

polycondensation of tetracarboxylic dianhydrides
with diamines. The proper amount of diamines was
placed in a 4-neck flask with a mechanical stirrer,
thermometer, and nitrogen inlet. Then, N-methyl-2-
pyrridone (NMP) was added to the flask. The flask
was heated to 60 °C under nitrogen flow. After
diamines have dissolved, the proper amount of
tetracarboxylic dianhydrides was added into the
diamine solution. The mixture was stirred for an
hour at 60 °C, then heated to 180 °C.
Polycondensation reaction was carried out at 180 °C
for 4 hours. After cooling to room temperature, PI
solution was poured into the water to precipitate.
The obtained PI was collected by filtration, then
dried at 50 °C for 72 hours in a convection oven.

PSPI varnish sample was prepared by following
procedure. The dried PI (3.51g),
diazonaphthoquinone compound (DNQ, 0.62g), and
cross-linker (0.12g) were mixed into 5.75 g of y-
butyrolactone (GBL). The solution was filtered
through a 0.2 um pore poly (tetrafluoroethylene)
filter to remove the particles. Chemical structures of
DNQ and cross-linkers are shown in Fig. 1.

Pattern formation. The obtained varnish sample
was coated on an 8-inch Si wafer by a spin-coater

(ACT-8, Tokyo Electron), then soft-baked at 120 °C
for 3 min on a hot plate equipped with ACT-8. The
film was exposed by an i-line stepper (Nikon, NSR-
2205i14) from 200 mJ ¢cm™ to 800 mJ cm™. After
lithographic exposure, the exposed film was
developed by 2.38% tetramethylammonium
hydroxide aqueous solution (TMAHaq) at 23 °C.
Finally, the 5-15 pm PSPI patterned wafer was
obtained after cured in a clean oven (CLH-21CD
(V)-S, KOYO THERMOSYSTEMS Co., Ltd) at a
condition of 180-250 °C.
OR

CH,0CH;4
CH,0CHj4

OR R: H3;COH,
DNQ Cross-linker

Fig. 1.
linker.

Chemical structures of DNQ and cross-

Measurement. Number- and weight-average
molecular weights (M, and M, ) were evaluated by
size exclusion chromatography (SEC) on Waters
Alliance 2695 equipped with following features:
pump, 2489 UV/Vis detector, two polystyrene gel
columns of TSK Gel 0—2500, and TSK Gel 0—4000
(TOSOH) based on a conventional calibration curve
using polystyrene standards. N-Methylpyrrolidone
(NMP) containing 50 mmol L' of LiCl and 50
mmol L' of HiPO4 (50 °C) was used as a carrier
solvent at a flow rate of 0.4 mL min™. Thermal
analysis was performed on a Seiko EXSTAR 6000
TG/DTA6200 thermal analyzer at a heating rate of
10 °C min! for thermogravimetry (TG). Seiko
EXSTAR 6000 TMA/SS6100 thermal analyzer was
also used at a heating rate of 5 °C min™! for glass
transition temperature (7,) and coefficient of
thermal expansion (CTE) measurement. Residual
stress of cured samples on silicon wafer was
evaluated on FLX-3300-T (TOHO) by measuring
the curvature radius using a laser at room
temperature. Mechanical properties of films such as
tensile strength, young’s modulus, and elongation
were measured on TENSILON at a speed of 5 mm
min!. To observe the cross-sectional patterns using
a scanning electron microscope (SEM) with
secondary electrons (FE-SEM S4800, Hitachi Ltd.),
the specimens were treated to Pt/Pd sputtering. Film
thickness was measured by STM-802 (Lambda A,
SCREEN). The accelerative reliability tests were
carried out by treating the film on the substrate with
Temperature and Humidity Chamber (PI-2ST,
TABAI ESPEC CORP.)) as Thermal Humidity
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Storage (THS) test , with a convection oven for
High Temperature Storage (HTS) test, and with
Thermal Shock Chamber (TSE-11-A, ESPEC
CORP.) as Thermal Cycle (TC) test, respectively.
Copper migration test was conducted by using
copper patterned substrate (Line and Space, 2/2 um)
stored in thermal and humidity chamber with 3.3 V
bias. Abaquas 2018.HF3 was applied to carry out
stress simulation of FO-WLP model by FEM.

a)

Solder Ball (200 umd)

Seed layer
Ni 100nm /(Ti/Cu) 100nm
Polyimide 2nd layer 11 pm
Cudpm I Cudpm
Polyimide 1st layer 7 pm
Si Substrate
~N

Seed layer (Ti/Cu) 100nm

Solder Ball (200 pm¢)

Seed layer
Ni 100nm (Ti/Cu) 100nm
Polyimide 4th layer 11 pm
Cu 9 pm I Cu 9 pm

Polyimide 3rd layer 7 pm
Polyimide 2nd layer 7 pm

Si Substrate

Seed layer (Ti/Cu) 100nm

Fig. 2. Mechanical models of a) 2 Pl-layer
structure and b) 4 Pl-layer structure for FEM
simulation.

3. Results and discussion
3.1. Stress simulation by FEM

Stress simulation was carried out by Abaquas
2018.HF3 with quasi FO-WLP structure as shown
in Fig. 2, and material parameters are summarized
in Table 1.

Fig. 3 shows that a single layer RDL stress
simulation with parameters of Polyimide A during
TC test. The highest stress was observed at the top
corner between copper and polyimide, especially,

during cooling process of TC test. From this data, it
is safe to say that crack during TC test may be
occurring at high stressed regions.

Table 1. Material parameters for FEM simulation.
Modulus Paisson CTE |
Material e ato ppm
-55°C 25°C 125°C  S5°C 25°c 125°C SS°C 25 125°C
Polyimide A 4.2 2.1 1.22 0.332 035 0.402 48.2 559 69.6
Polyimide B 32 1.7 0.82 0.332 035 0408 482 559 69.6
Ti/Cu 1082 108 08° 034" 0340 034° 107 250 1320
Cu 110? 110 1102 0.342 0.34 0.342 14.8 16.6 17.3
Ni 209% 209 2092 0312 0.31 0312 1.3 13.7 144
Solder (Sn) 502 50 502 0.362 0.36 0.362 25.12 269 27.62
Si substrate 1882 188 1882 0.282 0.28 0.282 1.7 2.6 3.0
“ Estimated value.
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Fig. 3. Stress simulation results by FEM during
TC test at —55°C and 125°C).

Condition: 25°C—>-55°C
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Fig. 4. Stress simulation results by FEM applying
for multi layered model during TC test at —55°C.

Moreover, the influence of the number of the
RDL layer verses occurrence of crack to the package
stress simulation was also investigated. When
comparing 2 layer structure to 4 layer structure, 4
layer structure showed rather high stress at the top
corner between copper and PI (Fig. 4). In order to
prove this phenomenon, comparative data between
Polyimide A and Polyimide B revealed the answer.
These particular results showed Polyimide B with
lower modulus than that of Polyimide A showed
decreased stress at the corner between copper and
PI even in multi layered structure. Therefore, low
modulus Pl can be considered to -effectively
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suppress or release the package stress, which is
expected to enhance the durability for reliability test.

0 0
%NMNO{»/M
n n
o A o A Soft segment
(A: Alkali soluble group)

W

Hard Segment Soft Segment

Fig. 5. The schematic model of low modulus PI.
3.2. Development of photosensitive polyimide with
high reliability

According to FEM simulation results, low
modulus PI (Polyimide B) is one of the suitable
materials for making the stress between copper and
PI lower. We designed PI backbone with special soft
segment as shown in Fig. 5. The coating material of
the obtained PI with soft segment containing DNQ,
cross-linker and other ingredients has low modulus
nature (1.7 GPa). Furthermore, low residual stress
including alkaline solubility and fine PSPI patterns
were successfully obtained even at the thickness
range of 5 to 15 um. Basic properties are
summarized in Table 2. Newly developed PSPI
shows high thermal stability, mechanical property
and high sensitivity in addition to low modulus and
stress nature. Fig. 6 shows the SEM images of the
fine patterns. The resolution of PSPI is around 5 pm
and 10 um at a 7 pm film thickness, which could be
applicable for the metal sputtering.

Table 2. General properties for PSPIs.
(VESEERRIN _ Previous type __Newly developed |

Properties

Method High reliability Low stress

Curing Condition  °C/min Oven 200/60 230/60 200/60 230/60
Tensile strength MPa  Tensile Test 135 135 120 120
Elongation % Tensile Test 65 60 100 100
Young's modulus GPa  Tensile Test 2.1 2.1 1.7 1.7
CTE ppm/°C TMA 60 58 58 55
Residual stress MPa Bending Bow 28 29 20 20
5% weight loss temp.  °C TGA 340 350 340 350
Tg °C TMA 270 280 275 280

Volume resistance  Qcm  LCR meter  >1.0x10" >1.0x10" >1.0x10" >1.0x10"
Surface resistance  Q/ci  LCR meter >1.0x10* >1.0x10* >1.0x10* >1.0x10"
Breakdown voltage kV/mm  LCR meter >400 >400 >400 >400
Photo sensitivity
(7pm after Cure)
Water Absorption % TGA 1.0 1.0 0.8 0.8

mJ/cm? i-line stepper 300 300 400 400

3.3. Reliability and copper compatibility of
photosensitive polyimide

Reliability tests for the newly developed PSPI
with low modulus and low residual stress included
TC test, HTS test, and copper migration test. The

condition for TC-B test was 1000 cycles at =55 °C
to 125 °C. The result of this reliability test was
successful, which resulted with no crack.

7 um thickness 7 um thickness
(5 pm via hole) (10 um via hole)

Fig. 6. Cross-sectional view of via patterns for
newly developed PSPI.

The other issue regarding reliability is the
delamination between copper and PSPI during HTS.
Although there is no delamination after cure,
delamination and void build-up tend to occur during
and after HTS at a condition of 150 °C for 1000
hours. Through a detailed observation by SEM, the
interface where delamination and void build-up
doesn’t occur between copper and PI, rather it occur
between copper and copper oxide layers (Fig. 7 a)).
Fig. 7 b) shows the interface by secondary ion mass
spectrometry (SIMS) to understand the changes
during HTS. Horizontal axis is the depth of copper
and PI layers and vertical axis is the detection
intensity of various elements. After curing, copper
oxide was not formed because curing condition was
inert. However, copper oxide was generated after
HTS. This result indicates diffusion of copper ion
into polyimide and oxidation of copper is taking
place during HTS. Therefore, in order to prevent
copper oxidation, an introduction of anti-copper
oxidant into newly developed PSPI was necessary
to suppress copper oxidation. Evidently, when we
introduced an anti-copper oxidants into our newly
developed PSPI, it successfully suppressed the
growth of copper oxide and the diffusion of copper

101n.
a) b)

High Temperature Storage (HTS) test | Before }
150 °C, Air, ~1000hrs

intensity

i
Si,
7

After HTS (

150 °C, 1000h) [~
Gl / CuO,
CuOx grows y I’

toward Pl area i

| Cuion was detected from Pl area

5, intensity

)
Delamination between Cu/CuOx Cu CuO Polyimide
x

Fig. 7. a) Cross-sectional view of the test vehicle,
b) SIMS analysis before/after HTS.
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Finally, the insulation property of PSPI called
copper migration was investigated by bias HAST
with 2 um line and space copper electrode. The
result indicates that the reliability of PSPI is quite
high because of its ability to keep the resistivity
even after THS test at a condition of 130 °C,
85%RH and 3.3 V for 300 hours (Fig. 8).

Cu electrode (L&S=2/2 um)

PSPI
T __J__m
PSPI
giss:3.3v [N
1.00E+12
C 1.00E+10 )
> 1.00E+08
> 1. M 1
= =
£ LO0E06 | :;oLis 852"/uI;nI-I/ iumBOOh 1
2 1.00E+04 H » SR Tor il
& 1.00E+02 —n=1 |-
1.00E+00 : H —n=2 |
0 100 200 300
Time/hrs
Fig. 8. The result of copper migration test under

bias HAST condition (2 um line and space copper
electrode, 130 °C, 85%RH and 3.3 V for 300 hours).

4. Conclusion

We have investigated the stress effect of
polyimide on copper multi-layer structures by FEM
simulation. Polyimide designed with soft segment
which has low modulus and low residual stress
tends to decrease the stress at the corner between
copper and PI even in multi layered structure.

The result of PSPI composition based on PI with
soft segment when utilized on quasi FO-WLP
structure showed promising durability result

without crack after TC-B test. In addition,
delamination between copper and copper oxide can
be successfully suppressed by introducing anti-
copper oxidant into PSPI. Moreover, newly
developed PSPl showed excellent insulation
property investigated by bias HAST using 2 um line
and space copper electrode.

This material is expected to make huge impact
and contributions to enhance the reliability of
advanced semiconductor packaging.
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Advanced packaging technology requires low temp. curable and low residual stress
material as dielectric layer. Because wafer warpage will be increased with increasing the
number of redistribution layers (RDLs) and higher residual stress could induce reliability
failure due to cracking and delamination. One method to make residual stress lower is to
decrease curing temperature. However, lower warpage by decreasing cure temp. is in a trade-
off relation with lower reliability performance due to insufficient imidization ratio of
polyimide dielectric layer. To overcome the trade-off relationship, we investigated the effects
of number of functional groups and backbone in cross-linker agent. High imidization and low
residual stress by curing at 160deg.C have been demonstrated by applying bi-functional

cross-linking agent.

Keyword: Polyimide, High imidization, Low stress, Cross-linker, Ultra-low

temp cure

1. Introduction

Due to the excellent thermal, mechanical and
electrical properties as well as good chemical
resistance, polyimide (PI) and poly(benzoxazole)
(PBO) have been widely used as stress buffer
coatings and redistribution layers (RDL) for
packages that have copper re-routing distribution
layers to improve the reliability of semiconductor
devices [1, 2].

Package structures have been developed to
achieve higher performance, downsizing, and cost
reduction of electronic devices. Among them, Fan-
out packages such as FOWLP (Fan-Out Wafer
Level Package) FOPLP (Fan-Out Panel Level
Package) are attracting most attention as a new
packaging technology [3-5] . Dielectric material
used for FOWLPs requires various characteristics
such as insulation, low warpage, high reliability, and
adhesion strength for metals used as RDL.
Particularly in recent years, lower stress has been
required to reduce the wafer warpage by increasing
the number of RDL and the thinning of chip to
prevent failure from cracking and delamination.

1, 2021
9, 2021
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Low temperature curing is one method to reduce
the warpage. However, lower warpage by lower
curing temperature is in a trade-off relation with
poor reliability performance due to insufficient
imidization ratio.

In order to improve imidization ratio, addition of
imidization accelerator such as a thermal acid
generator or a thermal base generator can be
mentioned, but it is conceivable that these additives
remain in the film cure at low temperature. Residual
acid and base may corrode Cu wiring and reduce
insulation reliability. Therefore, instead of using a
new additive, we focused on cross-linker, which is
material contained in photosensitive composition
and occupies high proportion. Then, cross-linker
structure was studied to achieve both high
imidization ratio and low stress by curing at 160 °C.

2. Experimental

2.1. Materials

Polyamic acid ester as polyimide precursor
was synthesized with tetracarboxylic acid
dianhydride, diamine and alcohol which is
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introduced to side chain of polyimide
precursor. Monomers, additives and solvents
were used as purchased.

2.2. Evaluation of a model composition

A photosensitive polyamic acid ester varnish
was prepared by adding the polymer, photo-
initiator, cross-linker, adhesion promoter and
other additives to solvent. The varnish was
filtered before being spin-coated onto silicon
wafers and then prebaked on a hot plate at
100 °C for 2 minutes and 110 °C for 2 minutes.
The prebaked wafer was exposed to broadband
(g, h, i-line) radiation using a broadband
alighner and developed in cyclopentanone by
puddle method. The patterned wafer was
finally cured at 160 °C for 2 hours under
nitrogen atmosphere.

2.3. Calculation of imidization ratio
Imidization ratio calculated by transmission
method of FT-IR. Aromatic ring (1500 c¢cm™)
and C — N vibration mode (1370 cm’!) were
used to calculate the imidization ratio. The
peak of an aromatic ring was reference to
normalize C— N peak. The imidization ratio is
defined as 0% for prebaked film and 100% for
the film cured at 375°C. The imidization
ratio was calculated by the following equation,

Imidizatio raio (%)

_ Areaof around 1370 cm™"

~ Area of around 1500 cm~1
X 100

2.4. Measurement of residual stress

The varnish was coated, soft-baked and
blanket exposed onto 6inch silicon wafers and
then cured at 160 °C for 2 hours under nitrogen
flow. The residual stress of the samples was
measured by a thin film stress measurement
system.

3. Results and discussion
3.1. Screening of cross-linkers

Various acrylate type cross-linkers and the
composition of polyimide precursors were
evaluated.
First, we investigated the effect of the number
of functional groups of cross-likers. The
structure of the cross-linker is shown in Figure
1. Mono-, bis-, tetra- and hexa-functional

cross-linkers were evaluated. Amount of cross-
linker was decided so that the number of
functional groups were equivalent.

Then, we investigated the effect of backbone
on the cross-linkers with the most effective
functional number.

Linkage o

Cross-linking function

Fig.1 Structure of cross-linker

3.2. Results of Imidization ratio

The imidization ratio was evaluated for a
10pm cured film thickness. As shown in table 1, we
found bi-functional type cross-linker showed high
imidization ratio even at 160 °C of cure temp.
compared to mono-, or multi-functional type. Then,
we also found possibility that the imidization ratio
can be improved only by selecting the suitable
cross-linker, which is essential in the product
composition, without using another additive such as
a cyclization accelerator.

Table 1 Imidization ratio for each functional
cross-linker

Run Number of Imidization
functional groups ratio (%)
1 no cross-linker 41.5
2 1 35.8
3 2 70.3
4 4 22.9
5 6 25.6

It is presumed that the imidization ratio was lower
by using mono-functional type cross-linker since
the polyimide main chain has large side chain made
of the cross-linker and reduce flexibility to the
polyimde main chain. It is also considered to the
composition which no cross-linker is added.

The imidization raio on Run3 showed relatively
higher value than the other experimental runs. It is
presumed that bi-functional cross-linker polymerize
by itself at exposure step, then the polyacrylate acts
as a plasticizer and induce high imidization ratio.

On the other hand, the multi-functional cross-
linker didn’t show the acceleration of imidization. it
is presumed that cross-linking structure of multi-
functional cross-linker was complex and less
flexible than bi-functional cross-linker.
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Since the bi-functional cross-linker showed higher
imidization ratio, we evaluated the effect of the
backbone of cross-linker on the imidization ratio.
The results are shown in Table 2.

Table 2 Results of imidization ratio of bi-
functional group type cross-linker

C Imidization
Run | Backbone | Rigidity ratio (%)
3 | Aliphatic | posible | 70.3
type
Cyclo- .
6 aliphatic type Rigid 27.6
7 Heterocyclic Rigid 279
type
g | Bisphenol | o ible 86.0
type

From the Table 2, the influence of backbone was
significant, and the cross-linker with a flexible
structure showed higher imidization ratio than rigid
type structure.

Based on these results, it was revealed that bi-
functional flexible backbone cross-linkers are
remarkable imidization promotor.

3.3. Results of residual stress

Next, the effect of the number of functional
groups on residual stress was investigated.
Then Run 8, which showed higher imidization
ratio, was added to evaluation sample. The
residual stress was evaluated for a 10um cured
film thickness. The result is shown in Table 3.

Table 3 Results of residual stress

Run Ngmber of Residual
functional groups | stress (MPa)
1 no cross-linker 25.9
2 1 26.0
3 2 19.6
4 4 22.0
5 6 22.8
8 2 19.7

As shown in table 3, bi-functional cross-linker was
also effective to reduce residual stress compared to
mono- or multi-functional cross-linkers. Run 3 and
Run 8, which showed high imidization ratio,
showed lower stress under 20MPa.

3.4. Discussion

For imidization ratio, the presence of

plasticizer accelerates thermal imidization
reaction [6]. Therefore, we focused on the Tg
of homopolymer made from cross-linker.

Table 4 Tg of homopolymer by cross-linkers

Number of | Tg of cross-linker
Run functional homopolymer
groups (°C)
1 no cross-linker -
2 1 140
3 2 23
4 4 108
5 6 >250
8 2 75

As shown in table 4, effective cross-linker on
imidization ratio and residual stress showed
lower Tg of homopolymer than 100 °C. Then,
the homopolymer of cross-linker seems to act
as plasticizer at curing process and accelerate
thermal imidization. Run 4 also showed Tg
below the cure temperature. However, it is
presumed that the mobility of the polyimide
precursor chain with tetrafunctional cross-
linker was more restricted than that with bi-
functional cross-linkers because cross-linking
density with tetrafunctional cross-linker was
higher. The lower imidization ratio with
tetrafunctional cross-linker also suggested
higher the cross-linking.

Not only imidization but also stress was
affected by the number of functional groups of
cross-linker. The stress is calculated by the
following equation [7].

o = K (op -as)(Tp-T)Ep )

o: residual stress, ap : CTE for polyimide, as: CTE
for silicon wafer , Tp: glass transition temperature
of polyimide , T: measuring temperature , Ep:
Young's modulus of polyimide , K:constant

The equation indicates that lower Young’s
modulus, lower Tg and lower CTE can reduce
the stress. Since the bi-functional cross-linker
had higher imidization ratio, it is considered
that the cross-linking density was lower than
that of other cross-linkers. It is presumed that
the decrease in crosslink density reduced the
young modulus and CTE. Furthermore, Tg of
homopolymer made from cross-linkers also
affected Tg of polyimde film. For these
reasons, the composition with bi-functional

203



204

J. Photopolym. Sci. Technol., Vol. 34, No. 2, 2021

cross-linker showed lower residual stress.
Consequently, the adoption of bi-functional
cross-linker having a flexible backbone is an
effective method, not only for higher
imidization ratio but also for residual stress
reduction. By achieving high imidization ratio
and low stress, it is expected that good
reliability can be obtained even by curing at
160 °C.

3. Conclusion

We evaluated the effect of the number of
functional groups of cross-linkers. Higher
imidization ratio and low stress can be
achieved by selecting a suitable bi-functional
cross-linker by curing even at 160 °C cure. It
seems that bi-functional cross-linkers with
flexible backbone act as plasticizer by
polymerization during exposure step and that
helps acceleration of imidization during curing
step. For residual stress, to control cross-
linking density and Tg are effective to reduce
of residual stress. We can conclude the
adoption of bi-functional cross-linker having a
flexible backbone is an effective method for
both imidization ratio and residual stress.
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High Purity Chemicals

Mitsuaki Kobayashi'*, Yukihisa Okada!, Takaaki Shirai!, Osamu Sawajiri',

Robert Gieger?, and Majid Entezarian?

Sagamihara-shi, Kanagawa 252-5285, Japan

kobayashi.m@mmm.com

The high purity requirements of materials used in semiconductor manufacturing are being
pushed to unprecedented levels as demand for reliability in computer processors over
increasingly longer lifetimes continues to rise. The production of these high purity
chemicals requires new purification methods and technologies where the metal
concentrations of low parts per billion (ppb) were effectively reduced to low parts per trillion
(ppt). The new approach discussed in this paper would present a method for dividing the
fluid through micro-channels that form tortuous pathways. These micro-channels allow for
further dividing and converging of the fluid thereby presenting the metal species to the
purifying surfaces throughout the porous matrix. The ion exchange capability was a
function of the concentration and the presence of the species in the solution. Two ion
exchange chemistries of strong acid and chelating were made into these structures and their
purification performances were assessed and compared in terms of removal efficiencies.
Furthermore, these two chemistries were evaluated in series to demonstrate the overall

synergistic purification capabilities.

Keywords: High purity chemicals, Metal reduction, Ion exchange, Advanced

photolithography

1.Introduction

In recent years, the electronic devices have
becoming more complex. The line / pattern size in
electronic devices is decreasing to levels that
impurities play a critical role in the manufacturing,
function, and longevity of advanced devices.
These impurities are usually classified as cations
usually in the form of metal ions, anions of chlorine
or hydroxide, or as organic compounds in the form
of low to high molecular weight. The removal of
these impurities from any fluid that comes in contact
with these devices during the manufacturing process
is paramount to improving yields and enabling these
devices that will shape the future technological
advances in medical, diagnostics, communications,
artificial intelligence and many more applications.
The fluids are Ultra-Pure Water (UPW), etchants,
cleaning  solutions, Photoresists, developers,
coatings, and Chemical Mechanical Planarization
(CMP) slurries [1].

There are several purification methods that can be

Received March 30, 2021
Accepted April 14, 2021

used for purifying fluids. These are evaporation,
distillation,  affinity = purification, filtration,
adsorption, fractionation, electrolysis, and ion
exchange to just name a few. The focus of this
study was the use of ion exchange mechanism. It
is stated that the ion exchange process is controlled
solely by the diffusion, which is dictated by the
materials micro-. and macro-structures [2]. One
approach that has been utilized to overcome some of
the diffusion challenges is to reduce the pore size by
utilizing a membrane and grafting an ion exchange
on to the membrane surface [3]. Providing high ion
exchange capacity does not always results in higher
purification outcome. This is more pronounced
when approaching very low concentrations for the
start. When approaching low ppb metals level and
the objective is to achieve low ppt, the diffusion is
becoming the rate limiting factor. New approach to
improve diffusion is reducing the diffusion path.
This is achieved by flowing the fluid through
narrower channels. Assuming the ionic species are
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Fig. 1. Photos of two types of 3M™ Metal lon Purifier, APP purifier (upper) and SCP purifier (lower).

the center of the channel, which would be the farthest
from the channel walls, the reduction of the channel
width directly reduces the diffusion path and
reducing the diffusion time. Another approach is to
increase the surface contact area between the fluid
and the active ion exchange surface, or residence
time. Using smaller pore sizes, increasing number of
pores, and lengthening of the porous structure would
result in increased contact between the fluid and the
active surface. Furthermore, dividing the fluid to
numerous channels and converging and diverging
the stream increases mixing the likelihood of the
species coming in contact with active surfaces. The
3M™ Metal Ion Purifiers are building on the above
diffusion-controlled parameters by presenting the
ion exchange in an immobilized porous micro-
channel microstructure. This structure is a porous
tubular format, with a similar industry form factor to
filtration cartridges. The interaction of the fluid and
the microporous immobilized structure is of great
interest.

2. Experimental

In this study, two types of 3M™ immobilized ion
exchange resin products were evaluated, as shown in
Fig. 1. One type is composed of strong acid cation
exchange chemistry, identified as “SCP purifier”.
The other type is based on a chelating chemistry and
is identified as “APP purifier”. SCP and APP
represent the model name of two types of 3M™,
Metal lon Purifier, respectively. The products were
cleaned by 3M™ purification technology.

Metals in organic solution were analyzed using
Agilent 8900 ICP-QQQ instruments and metals in
UPW were analyzed using Agilent 7900 ICP-MS
instruments. System was washed with acid several

times to obtain a below detection samples before
running the tests. Controls were incorporated into
the test plan to ensure the elimination of extraneous
factors. The sample aliquots were collected by
volume intervals processed through the ion exchange
blocks.

An effective surface area was measured in use of
a Quantachrome (Anton-Parr) Autosorb 1Q2-MP.
The samples were placed in 9 mm tubes.
Outgassing was performed at 60 °C for 14 hours
prior to analysis under <20 mTorr of pressure. The
samples were analyzed at liquid nitrogen
temperature (~77 K) using ultra high purity nitrogen
gas. Void volume was determined using helium. 16
points were taken (adsorption branch) from 0.01
P/Po to 0.3 P/Po. The points between 0.05 P/Po
and 0.3 P/Po were fit to the BET equation which
defined by S. Brunauer, P.H. Emmett, and E. Teller.

The purifier was initially dry. The dry purifier
was so wetted that the purifier works sufficiently.
The dry purifier was soaked in an operating fluid.
The purifier was mounted in a housing and flushed
in minimum of 2 BVs (bed volume) with the fluid
before a purification. In pre-conditioning test, 10-
inch cartridge was soaked in UPW with the specific
resistance of more than 18.2 MQcm for 12 hours and
flushed by 10 L of UPW. The UPW filtrate was
collected in Perfluoroalkoxy alkane (PFA) bottles at
OL,6L,8L,and 10 L. The metal concentration
was analyzed by Agilent 7900 ICP-MS.

The schematic diagram for performance test was
show in Fig. 2. Electronic-grade (EL-grade) 1-
Methoxy-2-propanyl  acetate (PGMEA) was
transferred into an ultra-pure PFA vessel in a
pressure tank and pushed through the system by
increasing the pressure of the pressure tank. High
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Fig. 2. Schematic diagram for the purifier performance test.

purity air was used to pressurized and maintain a
constant pressure. The test pressure was adjusted
by a compressed air. The clean air was filtered to
0.003 pum rating to ensure no particulate was
introduced into the fluid through the line. Prior to
starting the test, the 2-inch purifier was installed into
the high purity polytetrafluoroethylene (PTFE)
housing and sealed to prevent any bypass or leaks.
Downstream of the housing, a needle valve was
installed for adjusting the flow rate. The 2-inch
purifier were soaked in PGEMA for a minimum of
12 hours to ensure the structure is fully wetted by
PGMEA and the air in the pores is replaced with the
PGMEA in order to maximize the utilization of the
ion exchange capacity. The purifier was flushed by
200 mL of PGMEA and was collected in high purity
PFA bottles. After completion of the pre-
conditioning, the PGMEA in the housing was
emptied. = The PGMEA spiked standard metal
solution the initial 500 mL was discarded, and then
subsequent filtrate was collected in high purity PFA
bottles. The untreated sample was labeled as “Initial”.
All the samples were sealed immediately after filling
and opened only when ready for metal analysis by
Agilent 8900 ICP-QQQ. More than twenty metal
elements were analyzed to assess the effectiveness of
each ion exchange chemistry. The metal
concentration of spiked PGMEA was around 1 ppb.

3. Results and discussion
3.1. Reaction rate

Generally, the reversible reaction formular of an
ion exchange resin is expressed by (1)

R-H+M" 2 R-M+H" (1)

where R-H and R-M represents an ion exchange
resin bonded with a hydrogen, H, and metal, M,
respectively.

The forward reaction velocity vy and the
backward reaction velocity v, are written by (2)
and (3), respectively.

v = o [RA[M] @)
vy = [RM|[H] )

where a,[ are reaction rate constant for forward
and backward reaction, respectively, which strongly

related to diffusion velocity in the ion exchange layer.

When fluid with metal ion M passes through the
ion exchange layer with the thickness &x at a liner
velocity LV for 6t, as shown in Fig. 3. Here LV is
the amount of the fluid which flowed for 8t per a
unit surface.

A metal variation §M™ is shown as

LV

»
M*(x)
d x
St=|8x/LV

Fig. 3. Schematic diagram of fluid flow passing through
ion exchange layer.
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SM* = §t(vy —vp) = L
(8x/LV)(-a [R-H][M ]|+ BIR-MI[H]) (4)

Initially, an ion exchange resin has initially a
hydrogen form [R-H| . Then [R-H| >
(M), [R-M],[H]

SM* /| M| = (5x/LV)(-a [R-H]) (5)

Metal reduction ratio, SM*/ []W |, is proportional
to [R-H] and inversely proportional to LV.
Also, the metal concentration is a function of the
depth, x, Thus the thicker the ion exchange layer,
the more is the metal reduction.

3M™ immobilized ion exchange resin technology
enabled a purifier with thick ion exchange layer, i.e.
depth purifier, as shown in Fig. 4. The depth
purifier is more than 100 times as thick as membrane
filters. The thick porous micro-channel
microstructure enabled to increase. It is seemed
that the depth is more effective than membrane filter
for trace metal reduction.

While the extreme minimum metal ion
concentration [M]min was obtained at MT =0,

Fig. 4. Photos of the cross section of the 3M™ Metal lon
Purifier and a membrane filter.

that s,

[M* 1 in = (B/) [R-M][H*]/[R-H| (6)

The extreme minimum metal ion concentration
[Mmin depends on the metal concentration [R-M].
The depth filter may be able to achieve less
minimum metal ion concentration [M*]min than a
membrane filter, because the depth filter can supply
continuously a fresh layer of [R-H] in the
downstream. Also it is very important to reduce the
initial metal contaminations, [R-M] , in ion
exchange layer in order to lower the [M|min. 3M™
purification technology enabled to reduce the metal
extraction less than 50 ppt in UPW.

3.2. Surface area

The cross section of the 10-inch 3M™ Metal Ion
Purifier was shown in Fig. 5. The purifier was
tubular with around 15 mm thick and single open end
(SOE) where the one end of the tubular was closed
by flat end cap and the other end was open through
222-connector.  The fluid flowed into from the
tubular surface and came out from the connector.
The outer surface area of the tube was about 0.05 m?.
The effective surface area of the purifier was
measured by BET to have 32.1 m*/g and 27.1 m?/g
for the purifier of the APP and SCP purifiers,
respectively. The effective surface area of 10inch
APP and SCP purifiers were about 8,000 m*> and
7,500 m?, respectively, which was extremely larger
than the tube surface area.  Therefore, it was
clarified that the purifiers consisted of porous micro-
channel microstructure.

3.3. Pre-conditioning

10-inch SCP was dry. The 10-inch SCP purifier
was soaked in UPW for 12 hours and then flushed by
UPW at the flow rate of 2 L/min.  The other 10-inch

-

E

19mm
(0.75")

-

Fluid Direction

s

APP: 256mm (10.17)
SCP: 251mm (9.9")

Fig. 5. Cross section of 3M™ Metal lon Purifier and a fluid direction.
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Fig. 7. Pre-condition of APP purifier.

purifier was flushed without soaking. The total
trace metal concentration in the filtrate was analyzed
by Agilent 7900 ICP-MS, as shown in Fig. 6. The
total metal of both SCP purifiers was less than 50 ppt
after flushing of 6 L. It was supposed that the low
trace metal extraction was owed to increasing
contact between the fluid and the active surface by
using smaller pore sizes, increasing number of pores,
and lengthening of the porous structure. It was
clear that 3M™ purification technology could
achieve the very high pure SCP purifier with trace
metal extraction less than 50 ppt by the increasing
contact. The most initial extraction was sodium
which seemed to come from the environment and
washed out by flushing.

APP purifiers were also flushed in the same

manner. The total trace metal was in accordingly
with flushing throughput, as shown in Fig. 7.  The
total metal for the purifier with soaking was less than
50 ppt after flushing of 6 L, while the total metal for
the purifier without soaking could not achieve less
than 50 ppt even after flushing of 10 L. It is seemed
that APP is a little bit slower to be swelled than SCP.
It was necessary to swell sufficiently 3M™ Metal
Ion Purifier before applying to fluids. It was
recommended that the 3M™ Metal Ton Purifier
could be swelled sufficiently and flushing.

3.4. Flushing with PGMEA

2-inch purifiers were soaked in PGMEA for 12
hours and then flushed with PGMEA. The trace
metal concentration in the filtrate was analyzed by
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Fig. 8. Metal extraction from the purifier.
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Fig. 9. Metal reduction by APP and SCP purifiers in PGMEA.

Agilent 8900 ICP-QQQ. The difference of trace
metal concentration in filtrate from the initial
PGMEA was shown in Fig. 8. The negative means
the reduction from the initial concentration. Any
metal extraction from both purifiers of APP and SCP
was not observed.

3.5. Metal reduction results

A PGMEA was spiked by metal standard solution
so that metal concentration was around 1 ppb. The
PGMEA was filtrated by 3M™ Metal Ton Purifier.
The results of metal reduction were shown in Fig. 9.
The metals less than the quantitative limit of 10 ppt
was not shown in Fig. 9. All metals were reduced
either to single digit or double digit ppt levels from

low ppb or high ppt levels. Both types of the ion
exchange were effective in removing all trace metals.
It was found that the SCP purifier could remove more
sodium than the APP purifier, while the APP purifier
could remove more iron than the SCP Purifier. It
was supposed that the difference is came from the
ion exchange spices of the APP and SCP purifier.
The APP and SCP purifier could compensate each
other for trace metal reduction.

4. Conclusion

The fixed pore structure in 3M™ Metal Ion
Purifier contains high surface area micro channels
which reduces the diffusion path allowing for
proximity of the metal species to the active sites and
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which achieves high cleanness of the active sites.
The results of the studies presented in this paper
demonstrate that the 3M™ immobilized ion
exchange resin technology and purification
technology can meet the new requirements for trace
metals in high purity chemicals to single digit or low
double digit ppt levels from low ppb or high ppt
levels.
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X-ray lithography using synchrotron radiation enables the microfabrication of plastic solid
materials in scale from micrometers to millimeters with high aspect and nanoscale surface
roughness. We investigate fabrication of X-ray collimator mold for the space telescope using
the X-ray lithography. A honeycomb-like structure consisting of hexagonal columns with
diameter of several hundred micrometers is required for the X-ray collimator. In this study,
target resin molds for manufacturing a metallic X-ray collimator were created from
polymethyl methacrylate (PMMA) substrate. We succeeded in producing a honeycomb pillar
array structure with diagonal length of 100 um and its distance of 14.1 pm between pillars.

Keywords: Synchrotron radiation, X-ray, LIGA, Microfabrication

1. Introduction

In 2016, the Focusing Optics X-ray Solar Imager
(FOXSI) was started to study particle acceleration
and coronal heating on the Sun through
unprecedented high-resolution imaging in the X-ray
energy band region. An observation device
equipped with a telescope and an X-ray detector is
launched by a rocket, and soft X-rays and hard X-
rays are captured in outer space to continuously
photograph the sun at high speed.

The purpose of FOXSI is to understand high-
energy phenomena in the solar corona [1-4]. For
example, elucidation of the mechanism of nanoflare
[5] can be mentioned. This flare is about one
billionth of normal flare. However, while the
temperature of the normal corona is several million
degree Kelvin (MK), it is thought that 10 MK of
plasma is generated when nanoflare occurs.
Accelerated plasma is called non-thermal plasma
and cannot be analyzed without capturing the X-
rays generated by the plasma. Information on the
position, time, and energy of each X-ray photon can
be obtained from the image obtained by FOXSI. It
is thought that the understanding of particle
acceleration of solar flares will be improved by
examining the presence or absence of the constant

7,2021
6, 2021

Received April
Accepted May

existence of 10 MK plasma in the solar corona from
the obtained information.

This research aims to improve the X-ray collimator
[6-9] of the observation device. A X-ray collimator
is a component that removes stray light during
observation and allows light parallel to the telescope
to pass through to reduce image noise.

Improvements include spectral accuracy and weight.

Improving the spectral accuracy means narrowing
the incident angle of the light entering the
observation device so that only light with higher
parallelism can be extracted. A collimator picks out
parallel light by reflecting light inside a metal
cylinder, as illustrated in Fig. 1(a). The angle of
incidence can be reduced and more parallel light
rays can be obtained if the cylinder is longer and if
the inner diameter is smaller. Thus, fabricating a
cylindrical structure with a high aspect ratio and a
small inner diameter will improve spectral accuracy
and eliminate noise from stray X-rays.

Weight reduction is very important from the
viewpoint of rocket weight limitation. In order to
reduce the weight, it is necessary to use a
honeycomb structure [10,11] with a large aperture
ratio as shown in Fig. 1(b). This structure becomes
possible to secure the strength while reducing the
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materials required for manufacturing the collimator,
leading to weight reduction. Furthermore, from the
viewpoint of strength and X-ray blocking, it is
required to make the above structure from metal.

In the previous studies [1-4], a collimator was
created using a metal 3D printer to remove light
outside 18’ with an aspect ratio of 190. In order to
improve the performance, it is necessary to make it
finer with a higher aspect ratio. However, a
collimator that removes light outside the 14’ with an
aspect ratio of 250 is required to have a processing
accuracy of about 10 um, and it is difficult to
manufacture due to the limitation of the powder size
(about 30 pm). In order to create a finer and higher-
aspect structure, attention was focused on the X-ray
lithography using the synchrotron radiation (SR)
facility New SUBARU, which can perform deep
processing on the order of microns [12 -14].

X-ray lithography is the most appropriate
technique for the nano- or microfabrication of
structures with both nanoscale surface roughness
and high aspect ratios. This is because X-ray
processing using SR is the only technique to date
that has a deep depth of focus and can process large
area at once as a top-down process [ 12-20]. Further,
the LIGA process, which combines lithography
(LIthographie), electroforming (Galvanoformung),
and molding (Abformung), allows for the
manufacture of metallic nano- to microscale
structures which are otherwise difficult to fabricate.

In this study, we demonstrate deep X-ray
lithography for the fabrication of X-ray collimators.

(a)

Metal cylinder Light

(b)

Hole diameter

Fig. 1. Schematics of (a) the structure of a collimator in
cross-section, (b) a collimator mold comprising laminated
honeycomb membranes.

2.Experimental

In X-ray lithography, an X-ray mask is typically
placed above the target surface to direct and limit
exposure of the substrate. The vertical gap between
the X-ray mask and the substrate results in the
formation of a tapered structure, which is not
desirable for a collimator cylinder. To address this,
we employed a novel X-ray masking procedure,
illustrated in Fig 2(a). The Au X-ray mask is directly
fabricated on the surface of the polymethyl-
methacrylate (PMMA) substrate, which improves
transferability. The optical photograph in Fig. 2(a)
is a typical resulting structure; the example shown
produces hexagonal cylinders with an aperture ratio
of 70% and a hole diameter of 100 pm. The aperture
ratio is defined as the ratio of the area of the hole to
the total cross-sectional area of the collimator.
Masks to create molds for cylinders with hole
diameters of 50, 100, 200, and 300 um and aperture
ratios of 80%, 70%, 60%, and 50% were prepared.

The irradiation experiments were performed
using beamline BL11 at the New SUBARU
synchrotron radiation facility at the University of
Hyogo [14]. The X-ray beam obtained from the
bending magnet is condensed using a mirror and
subsequently passed through two Be filters to
reduce the photon energy to below 2 keV. The
energy spectrum of BL11 is shown in Fig. 2(c); the
X-ray bandwidth comprises energies between 2 and
8 keV, and has a flux maximum at approximately 5
keV. The operation electron energy of the storage
ring was set at 1.5 GeV and the storage current value
ranged from 320 to 160 mA. In this operation mode,
the storage current decreased exponentially during
exposure. The irradiation doses to PMMA in this
experiment were 1 J/mm? and 3 J/mm?.

As described above and schematically illustrated
in Fig. 2(a), a contact Au metal mask was prepared
directly on the surface of 2-mm-thick PMMA
substrate, which was purchased from Nippon Jushi
Kogyo Co., Ltd. Fig. 2(b) shows a schematic
diagram of the experimental setup for X-ray
irradiation. The exposure stage was moved
vertically over a range of £50 mm at a speed of 5
mm/s to enable vertical scanning with the beam.
The SR dose was controlled by the number of scans,
which were performed under 0.05 atm of helium gas
that was introduced into the chamber after
vacuuming with a scroll pump. The temperature of
the irradiated surface was maintained at room
temperature by heat exchange with the helium gas.
The Au contact mask was fabricated by combining
Au electroplating and magnetron sputtering to
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Fig. 2. Schematics of (a) the method and structure of a
direct contact X-ray mask, (b) the X-ray exposure
experimental setup in the chamber in the beamline BL11
of NewSUBARU at the University of Hyogo, and (c)
Photon intensity distribution as a function of photon
energy at the beamline BL11.

create an array of hexagonal Au masks, with a hole
diameter of about 50 — 300 um and a distance
between hexagons of about 4.51 —76.2 pym. The Au
plating solution (Microfab Au640) and sputtering
target were purchased from Tanaka Precious Metals
Co., Ltd. After irradiation, the PMMA was
developed with a GG-developer to prepare the
structure. Before Au electroplating, hexagonal

patterns were fabricated by UV lithography using
Cr glass mask. Tracking dimensional accuracy was
measured using an optical microscope.

3. Results and discussion

Scanning electron microscope (SEM) images of
typical PMMA molds fabricated with X-ray
lithography are shown in Fig. 3 and 4. We found that
X-ray mask lithography can produce honeycomb
PMMA microstructures with a diameter of 100 —
300 pum, a distance between pillars of 14.1 — 76.3
pm. From SEM images, we found the height was
about 300 pm at 1 J/mm? and about 550 um at 3
J/mm?. Fig. 5 shows summary of topview optical
micrographs of the PMMA molds developed after
X-ray 1 J/mm? irradiation. Here, we found that the
pillar structures collapsed under the severer design
conditions as pointed by an arrow in Fig. 4 and 5.
In Fig. 4, the part indicated by the arrow is broken.
Looking at Fig. 5, it can be seen that the hexagonal
structure is not orderly. This is because the
hexagonal columns collapse and the distance
between the columns is not constant. From pointed
by the arrow in Fig.5, a microstructure with a
distance between pillars of less than 14.1 pm
resulted in collapse. 14.1 um is the distance when
the diameter is 100 um and the aperture ratio is 70%.
In addition, when irradiating at 3 J/mm?, there was

Fig. 3. SEM images of PMMA mold (aperture
ratio: 70%, hole diameter: (a) 50 um, (b) 100
pm,iradiation dose: 1 J/mm?)
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Fig. 4. SEM images of PMMA mold (aperture ratio: 70%, hole diameter: (a) 50 um, (b) 150 um,

iradiation dose: 3 J/mm?).
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Fig. 5. Optical micrographs of the topview of PMMA molds developed after X-ray exposure.

a part that collapsed in most patterns. This is likely
because of the influence of surface tension during
development, which, if too large, causes sticking
and the collapse of the hexagonal columns. This
phenomenon is especially likely to occur when the
structure is taken out of the developer.

Despite this limitation, the X-ray lithography
technique described here can be reliably employed
to produce a structure with an aspect ratio of 3, a
diameter of 100 pm, and a line width of 14.1 um,
suitable for producing a collimator. However, in
order to achieve the target aspect ratio of 250, it is
very difficult to make it because it is necessary to
laminate 84 layers of the same structure. We found
that there are process issues in this direct contact

mask method. However, as shown in Figs. 3 —5, this
process can achieve the high processing accuracy
for the top surface. Table 1 and 2 show summaries
of the tracking dimensional accuracy for each
process completion in this direct contact mask
method and conventional mask procedure,
respectively. Here, the evaluation results are shown
as the results of the conventional procedure in the
dihedral corner reflector arrays (DCRA) fabricated
in the previous study [13]. The difference in size
between the Cr glass mask and the product is less
than 2.80 wm for the collimator mold, while 5.39~
13.21 um for the DCRA. These numbers were
derived from a comparison of the numbers for
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each process in Table 1.2. The collimator mold the pattern distortion due to diffraction hardly
made with the contact mask transfers the mask occurs due to the direct bonding of the X-ray mask
pattern more accurately. This is attributable to that to the substrate

Table 1. The tracking dimensional accuracy for each process completion in this direct contact mask method.

- Cr glass mask | Contact mask | PMMA mold
@gameter

Diameter 97.8+0.81 um 96.7+0.89 um 96.8+0.58 um 100 pm

Line width 16.5+0.58 pm 16.5+£0.3 um 15.6+0.66 um 14.1 pm

Line width
Sample number 10 10 10 \
Table 2. The tracking dimensional accuracy for each process completion in conventional mask method.

Diameter 202.0+0.90 pm 208.2+2.19 pm 200 pm

Line width 41.7+0.91 pm 32.4+3.0 pm 40 pm

Sample number 10 10 \

Diameter
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