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Although mass production of semiconductor elements by
EUYV lithography is going to begin, the performances of re-
sists are still insufficient. Research and development based

on radiation chemistry are required, but it is difficult for

academic researchers to evaluate EUV resist performance

because EUV lithography system is not easily available.

Therefore, we are studying a method to predict EUV resist
sensitivities by using electron beam. Electron beam is one

of ionizing radiations as well as EUV and is widely used

in nanofabrication. In this article, we describe the demon-

stration of the prediction method for overall exposure, and

the application of the method for nanopatterning.

Keywords: electron beam, resist, EUV lithography
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Table 1. Sensitivities of positive-tone resists for EB flood exposure.
EB energy (keV) PMMA (MC/cmz) ZEP520A (uC/cmz) ZEP7000 (MC/cmz) OEBR (MC/cmz)
30 153 5.7 2.8
75 360 140 13 6.0
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Figure 1. EB trajectories in a resist layer and

Si wafer in (a) a nanoscale range and (b) a mi-
croscale range.
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Table 2. Sensitivities of positive-tone resists in terms of absorption dose for EB flood exposure.

EB energy (keV) PMMA (kGy) ZEP520A (kGy) ZEP7000 (kGy) OEBR (kGy)
30 2222 887 82 40
75 2257 850 79 37

Table 3.

Sensitivities of positive-tone resists for EUV flood exposure.

Wavelength (nm) PMMA (mJ/cm?) ZEP520A (mJ/cm?) ZEP7000 (mJ/cm?) OEBR (mJ/cm?)
3.1 200 54 5.1 3.0
3.9 145 38 3.6 1.9
5.0 - 78 7.4 15
6.7 310 129 11.8 6.8

Table 4. Sensitivities of positive-tone resists in terms of absorption dose for EUV flood exposure.

Wavelength (nm) PMMA (kGy) ZEP520A (kGy) ZEP7000(kGy) OEBR (kGy)
3.1 2492 808 75 45
39 2685 821 79 43
5.0 - 805 77 47
6.7 2275 798 73 42
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Figure 6. Sensitivity curves of ZEP520A in
terms of absorption dose for nanopatterned ex-
posure.
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Table 5. Sensitivities of ZEP520A for EB nanopatterned exposure.

Exposure pattern

Sensitivity (WC/cm?)

Sensitivity (kGy)

Isolated line (2000 nm)
Isolated line (500 nm)
Isolated line (100 nm)

Line and space (30 nm: 30 nm)
Line and space (30 nm: 60 nm)
Line and space (30 nm: 90 nm)

Line and space (30 nm: 120 nm)

78.1 471
78.9 459
86.1 455
116 625
123 653
126 664
128 672
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Extreme ultraviolet (EUV) lithography is being introduced
for semiconductor mass production. The performance of
resist materials is one of the most important factors to re-
alize future pattern size miniaturization. We have carried
out pulse radiolysis method to clarify radiation chemistry
of resists after exposure to ionizing radiation such as EUV
and electron beam. In this article, pulse radiolysis stud-
ies of models of chemically amplified EUV resist are re-
viewed. We also describe a method for improving resist
performance by acid-generating promoter based on depro-
tonation from the radical cation of base polymer as pre-

dicted from the results of the pulse radiolysis results.

Keywords: resist, pulse radiolysis, polyhydroxystyrene,

deprotonation, acid-generating promoter
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Figure 1. Transient absorption spectra of PHS

[200 mM (unit conc.)] in O, saturated cyclo-
hexanone at 50 (m ), 150 (A ), and 300 ns (x )
after the 8 ns electron beam pulse obtained by
nanosecond pulse radiolysis[ Inset: the kinetic
traces monitored at 400, 460, and 1150 nm[J
Reproduced from Ref. 17. Copyright (2013)
The Japan Society of Applied Physics.
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Figure 2. Transient absorption spectra of PHS[200 mM (unit conc.)] in O,-saturated solvents at 50
(m ), 150 (A )T and 300 ns (% ) after the 8 ns electron beam pulse obtained by nanosecond pulse
radiolysis (a) in ethyl acetate (Inset: the kinetic traces monitored at 4000] 4600 and 1250 nm) and (b)
in DMSO. (Inset: Transient absorption spectra in O,-saturated neat liquid DMSO immediately (e ),
50 (m ), 150 (A), and 300 ns (% ) after the 8 ns electron beam pulse). Reproduced from Ref. 17.
Copyright (2013) The Japan Society of Applied Physics.
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Figure 3. Transient absorption spectra in O,-saturated solvents at 50 ns after electron beam pulse
irradiation in in Ar-saturated solutions in p-dioxane with 25 mM triphenyl sulfonium triflate (TPS-tf)
(A) and without TPS-tf (B). Polymers (solutes) are PHS (a) and poly(4-methoxystyrene) (b) [200 mM
(unit conc.)]. Reproduced from Ref. 18. Copyright (2015) The Japan Society of Applied Physics.
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Figure 6. Sensitivity curves of the chemically
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ations. Reproduced from Ref. 25. Copyright
(2017) The Japan Society of Applied Physics.
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produced from Ref. 25. Copyright (2017) The
Japan Society of Applied Physics.
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We have investigated removal of the novolac resist, PVP
into which B and P ions had been implanted with a
dose of 5 x 103 atoms/cmz, 5 x 10 atoms/cmz, and
5 x 10" atoms/cm? at acceleration energies of 10 keV,
70 keV, and 150 keV, using wet ozone. As the amount
of ion implantation increased, the plastic deformation
hardness of the resist altered layer increased, so it is
considered that the resist became difficult to remove. The
resist was hardly removed in the order of acceleration
energy of 10 keV, 70 keV, and 150 keV. It is thought that
the plastic deformation hardness of the resist alteration
layer increased with the increase of acceleration energy.
From the indentation hardness test and the removal result,
when the plastic deformation hardness is more than
5 times that of the non-implanted resist, the implanted
resist can not be removed by wet ozone, and when it is
2 times or less, almost the same as the non-implanted
resist was removable. Using high concentration ozone, the
resist removal time became shorter. By setting the ozone
concentration to 30 vol%, it becomes possible to remove P
and As ion implanted resists (70 keV, 5 x 10'* atoms/cm?)
which could not be removed with 10 vol%. Alteration
degree of benzene ring and OH group of PVP increased
with increasing amount of ion implantation, making it

difficult to remove.

Keywords: resist remove, ion implantation resist, wet

ozone, plastic deformation hardness

Remove of the ion beam irradiated resist by wet ozone
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Figure 2. Schematic diagram of the nanoin-
dentation experimental apparatus. Here, /; and
h, are indentation depth and plastic-deformation

depth, respectively.
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Figure 3. (Top) Schematic diagram of film
thickness in cross section direction of ion im-
planted PVP. (Bottom) Depth direction analysis

of ion implanted PVP measured by SIMS.
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Table 1. Removal rate of B and P ion im-
planted AZ6112 resists with different ion im-

plantation doses.

Ton Dose Removal rate
(atoms/cm?) (wm/min)

- 0 1.01

B 5% 1013 1.04

B 5x 10 0.25

B 5% 10 Not removal
P 5x 10" 1.07

P 5x 10 Not removal
P 5% 10 Not removal
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Figure 5. Relationship between depth of B, P
ions implanted resist with an acceleration en-
ergy of 70 keV and normalized plastic deforma-

tion hardness H,.
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Figure 7. Relationship between resist film
thickness of ion implantation resist and ozone
irradiation time at ozone gas concentration of
30 vol%.
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Figure 14. Fragment ion in SIMS measurement of PVP.
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ion implanted PVP. (top) B implanted PVP;
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Figure 16. FT-IR spectrum of B implanted PVP.

Table 2. The OH group and benzene ring con-
tent of each ion implanted PVP. When the OH
group content of non-implanted PVP is taken as
100 %.

OH group

3x 102 5x10" 5x10"

B 90% 75 % \ 10 %
P 9% \ 40 % 5%
As 90 % \ 40 % 0%

Removal Not Removal

Benzene ring

5x 108 5x10M 5x10b

B 95% 85 % \ 85 %
P 85% \ 85 % 70 %

As 90 % \ 50 % 50 %

Removal Not Removal
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In broad photo-energy conversion systems including pho-
tovoltaics, photocatalysis, and photosynthesis, lower en-
ergy photons than the threshold of each material have been
wasted. This point has posed fundamental limitations to
their conversion efficiencies. Photon upconversion (UC)
can convert such presently-wasted sub-bandgap photons
to usable higher energy photons. Recently, the method
of UC based on triplet-triplet annihilation (TTA-UC) has
drawn much attention because TTA-UC is applicable even
to natural sunlight. In this article, the sample development,
advantages, and photophysical properties of TTA-UC in
ionic liquids carried out and elucidated by us are to be pre-
sented.

Keywords: photon upconversion, triplet state, ionic lig-
uids, photophysics
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Figure 1. Schematic description of the rela-

tionship between the energy of photons and their
wavelength or color on the light spectrum.
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Figure 2. Schematic descriptions of the exis-
tence of a threshold energy (Ey,) in semiconduc-
tors (left) and molecular materials (right).
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Figure 4. Spin representations of the singlet state (left) and triplet state (right).
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Figure 5. Top: Some examples of the sensitizer and emitter molecules. In all the results in this report,

PdPh, TBP and perylene were used. Bottom: Qualitative energy diagram of the TTA-UC. See the main

text for the explanation.
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Figure 6. Schematic description of ionic liquids, shown with a typical photograph and some examples

of the cations and anions used to form an ionic liquid.
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Figure 7. A typical photoemission spectrum obtained from the developed ionic-liquid-based sample

upon excitation of 633 nm light (left) and the photograph of a typical sample (right). This photograph

was taken approximately 6 years after this sample was made and sealed in a glass tube, demonstrating

the long-term stability of our sample.
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Figure 8. Discovered viscosity dependences
of (a) the upconversion photoemission intensity
and (b) the triplet lifetime of the emitter pery-
lene.
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Figure 9. Schematic of a spin-lattice coupling
between the triplet spin moment on a solute
molecule and the thermal motion of solvent
molecules, which are the cations and anions of
an ionic liquid in this case.
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Circumstances of nuclear emulsion are dramatically
changing. Firstly, we particle physicists became able to
develop and produce nuclear emulsion by ourselves in our
laboratory. Secondly, speed of automatic readout system
for tracks recorded in emulsion has been remarkably
increasing. By those changes, contributions of emulsion
technology to knowledges is increasing in fields not
only as particle and cosmic ray physics where emulsions
have been traditionally used, but also in new application
fields including radiology and cosmic ray imaging of
large-structures (e.g. pyramids), which require analyses
with large statistics. Thirdly, a new type of emulsion,
so-called “fine-grained nuclear emulsion”, was developed
successfully for particle dark matter search. The emulsion
is stimulating related fields. Also a slow neutron detector
with a high spatial resolution was successfully developed
using the emulsion gel and is expected to be used in
fundamental physics and applied science. In this article,

those status and future prospects are described.

Keywords: nuclear emulsion, automatic readout system,

astroparticle physics, cosmic ray imaging, radiology
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Figure 1. a: A schematic view of a typical

structure of nuclear emulsion. Layers of nu-

clear emulsion gel (emulsion layers) are formed
on both sides of a transparent substrate. b: A
schematic view of an emulsion layer which con-
sists of gelatin and silver halide crystals densely
dispersed in gelatin. c: A schematic view of a
track in an emulsion layer after development. d:
An optical microscope view of a track of a mini-
mum ionizing particle detected by nuclear emul-
sion.
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Figure 2. Our machine for the production of

nuclear emulsion gel. It is produced by adding
aqueous solutions of silver nitrate and alkali
metal halides, which are distributed into four
cylinders, and added accurately and precisely
into an aqueous solution of gelatin contained in
the pot at the front.

yvuobooooooooooooooobooobaoo
gboobooobooooobooobooooboobon
gboobooobobooooobooooobooboooo
gbooboooboobooooboobooooooboon
gboobooobobooboooooooooooooo
gboobooooboobobooobooboooboobon
gbooboooboboooboobooboooboboon
gboboooooBbOOoboOoOoD20000000000
gboooorobooboboooooboooooan
gboobooobobooooboooboobooon
gboobooobobooooobooboboooboobo
uobooboobooooboobbooboooo
gbooboooboboboooooooooooban
gbooboooboboobobooboooboobgan
gboobooobooboobobooboooboobon
gboobooobboooobobooooboobon
goobooobooboboboobooobooboooo
gboboooooboobooog

22 000O0OO0ODOOO

gbobooooobooboboooobobooban
gbooboooboboooooooooboooooo
gbooboobooooobooboooocboooboobon
gboobooobobooooooocoooocooooo
gboobobooboboobobooooboooooa

oooaoao



goboooobooboooooobooooooobooooboobbooooooo

gbooOoooobooobooboooboobobooobon
oboooooooboooboobooboooooon
OO0O000OFg2000000000000000O
gbobobooooboobobooooooboboonog
gboboooboooboobooooboboooooo
obooooobooooooobobono20nmmbO0O0
0Onm OO0 0000000 0000Fg300M0I0
gboooooobooobooboobooooogon
oooo0200mOI000000000D00O0O0OO
obobooboooobooboooocooooooo
40nmO000000000DOCOOOOOO0O0O0
gooooao

23 OD0OO0OOOO0OOOz20nmOOOOOO

ooooooooo200nmO000000000
gooooooooobbbobobobooooogd
oboooobooboooobobooboboooboonbo
oboboooboobooboboooooboooboooo
obooOoooobooboobooooooooooon
gboboobooboooboobobooboooooooo
gbobooooobobobooooooooooboao
goooooooooooooooooo poo yo
gbooooooboboooooooooboooon
00000000 YK 0000000000000
gbobooobooboboobooooboooooooo
000000000000000000000®on
gboooobooboboobooooocooooooo
gbooobooboooobobooooooooo
gboboooooboobobooooooooboooo
oo0o0o00 sOum-1000m OO OOO0OOODOOOO
ooobOooooboooooonon 30%-55% 00
obooOoooobooboobooboooboboon
gbobooooobobobooooooooboooo
oo0ooooOoooo0ooobobo0oooDbObOdgrain

40.nm_ crystal

<."'{;

e

density ] 0 00GDODOOO0MOIONOOOOODODODO
000000000000000000000000
00000000000000000000 fog densityl
O00FPO0OO0O0DDO0D00000000GDOOO
00000O00FOOO0O0O0O0O0OO0OOO0000O0
0000D00000000000000000000
0200nmO000000000000000035%0
000000000000000000000000
000 00UVSOROO O 10MeV-100MeV 00000
000000000000000000000XAAD
00020°C0025000000000000000
OcCMOSOOO0D000D0O00000O000GDOO
OFDO0O0O0D0O000000O0ODOGD~37/100 umi
FD~1/1000 ym®* 00 00000000000000
0000000000 OPERADDODOOOOOOO
00000000 OPERAFILM® 0000000
0000000000000GDOOOOOOO00O
0000000000000055% 0000000
000000D00000D000000000000
000000000XAAOODOO 20°CO0 4000
0000000000000000GDOOO FDO
0000000 0GD~86/100 umO FD~3/1000 um? O
000000000000 !00PERAFILMO 20
00000GDOOOOOOFDOODOODOOO
00000000000000000000000
00000000000000000000000
000000000000000000000000
000GDOOOODO0O0OODO0ONOO0DOOOO
0000000000000 00000000000
4Ag +2H,0+ 0, - 4Ag +40H- 00000000
000000000000000000000000
00000000000 GDOOOOOOOOOOO
0000D00000000000000000000
000000000000000000000000

Figure 3. Emulsion gels with various sizes of silver halide crystals are successfully produced. Among

them, images are shown for the ones with crystals sizes of 40 nm—800 nm in diameter. Images were

taken with an electron microscope after their gelatin was removed with treatments using actinase.
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Figure 4. A comparison of behaviors of latent
image fading of nuclear emulsion at 35°C for
different storage conditions and compositions of
emulsions. Relative humidity, volume fraction
of AgBrI crystals, and addition of an addidive
were varied.
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Figure 5. The current fastest automatic read-

out system, HTS.
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nuclear emulsion readout systems. A name of
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Figure 7. Upper A water-target neutrino de-
tector based on nuclear emulsion. Light-tight
packages of single iron plates put between pairs
of nuclear emulsion films are interleved by wa-
ter of fixed thickness. Lower[] A picture taken
during the assembling of the detector. The thick-
ness of water was fixed by spacers with a struc-
ture similar to a frame made of acrylic plastic
interleaving packages. A pressure for fixing the
whole structure was given by springs. Water
was poured finally.
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Figure 8. Upper: A schematic view of a type
of neutrino interaction which is thought to be a
source of an ambiguity of interaction cross sec-
tion and whose first observation is expected. A
muon neutrino interacts with a quark in a nu-
cleus, and a muon and two protons are emitted.
The protons are emitted back to back. Lower:
A microscopic image of a neutrino interaction
detected by a nuclear emulsion film. Tracks of
more than ten secondary particles which were
All of the
charged particles from interactions are possible

radially emitted were observed.

to be investigated.
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Figure 9. (a): A Gondola borne by a balloon

(2018, Alice Springs). (b): A general example
of a production of an electron pair in nuclear
emulsion. The pair was produced by 40 MeV
y-ray. Tracks of the pair just after the produc-
tion was visualized by the high spatial resolu-
tion of nuclear emulsion. (¢): A schematic view
of an emulsion detector in the Gondola. It con-
sists of a part for compensation for unevenness
of emulsion films (flatness compensation part),
a part for conversion of y-ray to electron pairs
(converter part), and a part for giving time in-
formation to tracks (shifter part).
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Figure 10. Upper[ Information of an arrival
time of an electron pair is given by posi-
tion deviation between segments of recorded
tracks in the converter part and the shifter part.
Lower[] Multi-stage shifters co-developed by
Kobe University and Mitaka Kohki Co., Ltd. for
GRAINE. The left one is for the flight in 2011,
the right one is for that from 2015.
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Figure 11. Upper: A schematic cross section
of Unit 2 of Fukushima Daiichi nuclear power
plant. Lower: A cosmic-ray image of the plant.
The expected amount of materials for the nor-
mal reactor core, corresponding to the existence
of water and nuclear fuel, was not detected from
the observation, which should have been at the
similar level as the fuel pool’s (upper left in the
figure).
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Figure 12. Lower: A cosmic-ray image of
Khufu’s Pyramid. Unknown structure, a big
void, was detected with known ones such as
Grand Gallery and King’s chamber. Upper: An
imaginary picture of the detected big void.

oooaoao



goboooobooboooooobooooooobooooboobbooooooo

ooooooo

521 00000000000

oboooobooboobooboooobooooonog
obooOoooobooboobooooooooooon
gobobooobooboboobooooboooooooo
oobobooooobboobooboooooDoDo2o00300
obobooooobooboboooooooooboooo
gooooooooobobboboboboboooooond
0¥%0000000000000000000000
gobobooobooooobooooobobooooo
goboboooboobooboboboooboooooo
gooooooooobobbobobboboooooon
ooo

522 OOOOOOODO

00000000000000000000000
000000000000000000000000
000000000000000000000000
00000000yO0O0OODDODODOOODODOOO
000000000000000000000000
0000000000000000yO0OODODOO
000000000000000000*0Fig. 1300
000000000000000000000000
000000000000000000000000
00000000o0oo0o0o0o0o0o0o0o0o00

6 D00 OO0bOOooooooooon

6.1 0000000 O0OO0DOOOO0O00

ooboboooooboooboobooooboboobgoon
obooooooboobooboooboboooooo
gboooooobooooooooooooooboan
oobobooooobooobobooooboobogoooo

{jpv%ﬁf'ﬁijﬁ;,ﬁ\l S
RFHER st v f m,

Figure 13. A schematic view of visualization
of dose distribution with prompt y-ray.
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Normal emulsion

Nano Imaging Tracker

Figure 14. Images of tracks of a-particles

recorded in a conventional nuclear emulsion
(left) and an NIT (right) taken with an electron
microscope.
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Figure 15. Left: Tracks of low velocity car-
bon ions (100 keV) recorded in NIT. The image
was taken with an electron microscope. Right:
A track of a high energy lead ion (150 GeV/n)
and a fragmentation reaction induced by the ion.

The image was taken with an epi-illumination
optical microscope.
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Figure 16. Left: The structure of the detec-
tor (a crosss section) and the detection princi-
ple. Right: A microscopic image of the detec-
tor taken with an epi-illumination optical mi-
croscope when the focal plane is around the
converter layer. Charged particles are emitted
along arrows from absorption points of neutrons
around starting points of arrows.
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Just after the Second World War, electron microscope
was first introduced to Hokkaido University and the
metal physics research has been started using the electron
microscope. Now days, electron microscopes are widely
used from material science to life science as an important
research tool for atomic scale analysis.

Many efforts have been done to develop higher spatial
resolution by increasing the acceleration voltage due to
shortening the wavelength of the electrons during the
20th century. In the 1990s, the highest point resolution
of high voltage electron microscopes (HVEMs) with top
entry type specimen stage with an acceleration voltage
of 1250 kV introduced in the Max Planck Institute in
Germany and the University of Tokyo reached 0.1 nm.
Recently, Cs corrected scanning transmission electron
microscope (STEM) has been successfully developed and
it’s point to point resolution is reached less than 0.1 nm
easily.

However, HVEM has advantages that high energy elec-
tron can penetrate even a thick specimen, has high poten-
tial for in-situ observation and operand observation. In
this review, we would like to introduce our multi-quantum
beam high voltage electron microscope in Hokkaido Uni-
versity and demonstrate inorganic nanostructures forma-
tion by the combined irradiation (ion beam, electron beam,
laser light).

Keywords: high voltage electron microscope (HVEM),

ion beam, laser, in-situ observation, nanostructure

In-situ observation of inorganic nanostructures by combined ir-
radiation (ion beam, electron beam, laser) using multi quantum
beam high voltage electron microscope
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Figure 1.
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Table 1.

Specifications of multi-quantum beam high voltage electron microscope.

Properties

Multi-Quantum Veam High Voltage Electron Microscope

Accelerating voltage
Resolution
Maximum magnification

Specimen holder

Image acquisition and processing equipment

Upto 1250 kV

0.0118 nm (Point to point resolution)

1 Million

Double tilt holder, Double tilt cooling holder (Liquid nitrogen),
Double tilt heating holder (Up to about 1000 K), Single tilt holder,
Nano mechanics joining analysis holder (Piezo driven equipment)
Digital imaging: CCD camera (Gatan ORIUS),

Analog imaging: Electron microscopy film

Properties

Ton accelerator

Accelerating voltage
Ion source
Typical beam current

Speciman temperature

Up to 300 kV (Southern line), up to 400 kV (Northern line)
Freeman type

HJ, He*, Art@100 keV: 10 pA, Fe* @100 keV: 1 pA
From 100 K (Liquid nitrogen) to 600 K (Ohmic heater)

Laser system

CW He-Cd laser

Nanosecond pulsed laser Femtosecond pulsed laser

Model IK3301R-G-SO Inlite-1I1 Integra-C
Manufacturing company KIMMON KOHA  Amplitude Quantronix
Wavelength and repetition rate 325 nm, CW 266, 355, 532, 1064 nm, 2—-10 Hz  about 800 nm, 1 kHz
Power and pulse width 35 mW, CW 20 mJ, about 5 ns—7 ns 3.5 mlJ, about 100 fs
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Figure 2.  In-situ high-resolution TEM images

showing the fabricated ZnO specimen in TMPA-
TFSI ionic liquid, revealing photocorrosion at
the atomic scale.'® (a), (b) High-resolution
image from the [1-10] axis at the tip of a
ZnO nanorod irradiated by an electron beam
at 2 A/em? for (a) 0 min and (b) 30 min.
(c), (d) High-resolution image of the tip of a
ZnO nanorod irradiated by an electron beam at
2 A/cm? and by a 325 nm continuous-wave laser
for (c) 30 min and (d) 90 min. (e) TEM im-
ages of a ZnO tip before and after irradiation.
The broken line indicates the initial shape of
the ZnO crystal, dividing the image into ZnO
(with lattice fringes along the [001] direction)
and TMPA-TFSI (with an amorphous pattern).
“J. Ishioka, K. Kogure, K. Ofuji, K. Kawaguchi,
M. Jeem, T. Kato, T. Shibayama, S. Watanabe,
AIP Advances, 7, 035220, (2017); licensed un-
der a Creative Commons Attribution (CC BY)
license.”
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Figure 3. Void micrographs under different ir-

radiation conditions. (a)—(e) electron irradia-
tion; (f)—(j) electron irradiation after nanosec-
ond pulsed laser irradiation; (k)—(o) Nanosec-
ond pulsed laser and electron simultaneous ir-

radiation.
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Figure 4. Optical micrographs (upper sections of each panel), planar SEM micrographs (middle sec-

tions of each panel), and typical bright field cross-sectional TEM micrographs (lower sections of each

panel) of (a) thermally annealed sample, and 100 keV Ar* ion irradiation of post-annealed samples to
fluencies of (b) 9.5 x10' cm™2, (¢) 1.9 x10" cm2,(d) 3.0 x10"> cm™2, (e) 4.5 x10" cm™2, and (f) 6.0
x10' cm=2.2Y “X. Meng, T. Shibayama, R. Yu, J. Ishioka, and S. Watanabe, AIP Advances, 5, 027112
(2015); licensed under a Creative Commons Attribution (CC BY) license.”
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This article describes the feasibility of thin polymeric films
loaded with metal nanoparticles by electron beam (EB) ir-
radiation and is written as an award work from Japanese
Society of Radiation Chemistry. The mechanism of metal
nanoparticles embedded in polymeric films by EB irradi-
ation was investigated by optical absorption spectroscopy,
microscopy and so on. By irradiation of EB, the ions are
totally reduced, and excess dose induces the cross-linking
of the polymer. The irradiation of the polymer makes the
film insoluble in casting solvent such as propylene glycol
monomethyl ether acetate (PGMEA), whereas the unex-
posed part of the sample is still soluble, providing the pos-
sibility to selectively eliminate that area and to reveal the
metal nanoparticles-loaded film. This method supplies in-
teresting applications such as masks, replicas, or imprint

molds of improved density and contrast.

Keywords: electron beam, lithography, metal nanoparti-

cle, polymer, reaction mechanism
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Figure 100 00O0OD0OOPSODODOODOOOOOO
goomoobooboobooboobdg EBUOO
oopobogl°ecO sgobobooogoooooog
oboooooobooooOoEBOOOO 120°CO 500

e — ———  Exposed area
Gmm/

Unexposed area
v . _'_.__._._._._._——'

3em

6 mm

Figure 1. Films of polystyrene (3 x 3 cm?,
thickness 120 wm) containing silver ions partly
unexposed (transparent) and partly exposed to
irradiation (yellow) by using the EB of 75 kV
electrons (dose: 200 uC cm™2) on the restricted
area of 6 X 6 mm? and after heating at 120 °C
during 5 min. (Reprinted figure with permission
from H. Yamamoto, T. Kozawa, S. Tagawa, M.
Naito, J.-L. Marignier, M. Mostafavi, J. Belloni,
J. Phys. Chem. C, 121, 5335, 2017. Copyright
(2017) by American Chemical Society.)
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Figure 2. Optical absorption spectra of PS
films containing AgClO4, before and after
increasing irradiation doses delivered by the
75 kV electron nanobeam, then heating at
120 °C for 5 min. The film thickness is 120 um.
(Reprinted figure with permission from H. Ya-
mamoto, T. Kozawa, S. Tagawa, M. Naito, J.-
L. Marignier, M. Mostafavi, J. Belloni, J. Phys.
Chem. C, 121, 5335, 2017. Copyright (2017) by
American Chemical Society.)
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Figure 3. Silver nanoparticles synthesized in
PS films irradiated using the 75 keV EB (dose:
200 uC/cm?), then heated at 120 °C for 5 min
and revealed in PGMEA. (a) AFM image. (b)
TEM image. (c) Bright field TEM image. (d)
Electron diffraction pattern.

(Reprinted fig-
ure with permission from H. Yamamoto, T.
Kozawa, S. Tagawa, M. Naito, J.-L. Marignier,
M. Mostafavi, J. Belloni, J. Phys. Chem. C, 121,
5335, 2017. Copyright (2017) by American
Chemical Society.)
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Figure 4. Patterns obtained after irradiation by

the electron beam. They are constituted by sil-
ver nanoparticles embedded in cross-linked PS
supported on silicon. (a) Group of 5 lines of
1 um. The lines are separated by 1 um of unirra-
diated area. (b) Group of 5 lines of 500 nm. The
lines are separated by 1.5 um of unexposed area.
(c) Group of 5 lines of 500 nm. The lines are
separated by an unexposed area 500 nm wide.
(d) Group of 10 lines of 200 nm. The lines
are separated by 800 nm of unirradiated area.
(Reprinted figure with permission from H. Ya-
mamoto, T. Kozawa, S. Tagawa, M. Naito, J.-
L. Marignier, M. Mostafavi, J. Belloni, J. Phys.
Chem. C, 121, 5335, 2017. Copyright (2017) by
American Chemical Society.)
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Figure 5. SEM image of the Ag/PS patterns
500 nm wide (same conditions of irradiation as

in Fig. 4(c). The Ag nanoparticles appear as
white dots in grey polymer lines. (Reprinted
figure with permission from H. Yamamoto, T.
Kozawa, S. Tagawa, M. Naito, J.-L. Marignier,
M. Mostafavi, J. Belloni, J. Phys. Chem. C, 121,
5335, 2017. Copyright (2017) by American
Chemical Society.)
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Figure 1.
(left) and a SEM image of the fabric (right).

A picture of tungsten mesh fabric

2 D000

gobobooobboooobboobooooboo
gooooboobobooobbooobbooooboogn
gboobooobooboooobooboobooobon
gboobooobobooooooocoooooooon
gogoobooobbooobooobooooboobo
gooobgoobobobooobboobooobooon
gboooo
gbooooboobooboobooobobooooon
gooobgoobobobooobboobooobooon
gooobgoboboooobbooooboboooo
goboobooobgd
gooooooooboboboboboO0n000des0 um
gobooboooooz200b0b000b0o0oogon
goooobobooobbooobbooobooon
gooooobo.oooooboooboobobb SEM OO
O Fig. 100000OFigure lleftOO0O000O00OO0DOO
gboobooobooooobooooboooooboobon
ooo0o0o0ooobooD Fig lrightd SEMOOOO
200000b00o0obobooboooobooboooooboo
gooo
gboboooooboobobooocooooooon

65



gooo,0od0o,oo0 o

0000000000 mmOO00O 200 g/m?>-300 g/m?
0000000000 00000000000000
00000000 500gm*000000000000
0000000000 005SmmO000000000
000000000000 000000000000
000000000000 000000000000
000000000000 000000000000
00000000000ooOn

3 0OOgno

31 0000 e0yOOOOOODOOOO

202000000000000e60y0OOOODO
gboooobooboboobooooocooooooo
Oo00oo0oo0ooo0oooboobOon0n FrickeOO
gbobooobooboboobboobobooobobod
obobOoooooboobooooooooooooon
goooooobooooboooono
gbooobooooooboboybOoooono
gbobooobooboboobooooboooooooo
gbobooooobobooboboooboooboooo
gbooooobobooooboboobooooon
OOO0OD00O000O0Fg.2leftDO00O0O0OO0DODOO
gbooooboobobooboyoboooboooooo
gbooboooooboboboboooboboydoDd
gboooobooboboobooooocooooooo
OO0o0O0oO0O0o0O00O0DO0oo0O0b0OnDFig. 2 rightd
goboooobodooyobOobooooog

Figue3 00O 0OO0OO0O00ODO0OOODOOODOO
OOyOOOOOOOCkgODDODODOODODOODO
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Table 1. Dose measurement with the radiation shielding vest at the field in Iitate village in Fukushima prefecture.
Dose / (uSv h™h
M t point Shieldi tio / %
easurement poin Control  With vest ielding ratio / %
Chest 1.7 1.1 35
Abdomen 1.5 1.1 27
Lower abdomen 1.6 0.9 44
Average 1.6 1.0 35
20 =
g 15
e
©
o 10
£
e
2
=
n 5
0 TTTTTTTTTTTT T TTTTTTTTITTTIT]TT

0O 10 20 30 40 50 60
Number of the W mesh sheets

Figure 4. Plots of shielding ratio (%) vs sheets
number of the tungsten mesh.
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Figure 5. Radiation shielding vest by sewn tungsten mesh.
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Figure 6. SEM image of the tungsten flexible sheet.

Figure 7. A roll of the tungsten flexible sheet.
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Development of UV microbeam irradiation system by glass
capillary optics: profile and beam energy measurement at
micro-meter order irradiation distance
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Nishina center for Accelerator Based Science),
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—
30 um

Figure 1. Photographs of tapered glass capil-
lary: (a) The whole capillary; (b) side view of
the capillary outlet; (c) front view of the capil-
lary outlet.
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Figure 2. Experimental setup for beam pro-
file measurement (a) and expanded view around
bead screen (b).
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Figure 4. Spot diameters, D (FWHM) for
glass capillaries with different outlet diameters,
a. The input laser wavelength was 375 nm. L is
irradiation distance.
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Table 1. Result of beam energy measurement.
beam energy energy density
w)/pulse wJ/mm?/pulse
Input 21.9 27.9
Output 2.74 67300
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Table 1.
energies at starting temperatures.

The starting temperatures, the activation energies of RPL centers formation and the thermal

RPL center Sample Formation starting temperature [K]  Activation energy [meV] Thermal energy [meV]
Ag® Na-Al/Ag 100 51 8.2
Na-K/Ag 100 56 8.2
Al-K/Ag 25 43 2.0
Ag™* Na-Al/Ag 250 297 20.4
Al-K/Ag 175 90 14.3
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Figure 1. Temperature dependence of Ag’

concentration in the glass samples.
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Control of thermal cycloreversion reactivity of diarylethenes by
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Figure 1. Diarylethenes used in this work.
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goo0OoOoogRefd0 1000000000000
00000000 DEI-DE30OO DESOOODOO
go3ltgpooolegnooo.n2oogolenoonogon
Ref OO0 OO0ODOOOOOODOOOOOODODO
oobooboobooooboobooooooon
00000000000 oOCH; OO O0OOD DE40
ge00D0O0OOD0ORef OO ODOODODOOOOO
goobooboobooooobooobooooboobon
oboboooooboboooboogoooooasecon

Optical properties of diarylethenes in n-hexane.

Open-ring isomer

Closed-ring isomer Quantum yields

Diarylethene R? Amax (M) e M'em™) A im) e M 'em™) @ Do

Ref*! H 313 34000 635 13000 043 64x10™*
DE1 p-CF3 326 42700 640 13500 038 4.6x10™
DE2*2 p-CN 347 59700 664 14200 045 15x10™
DE3 m, m-(CF3), 327 39300 638 12700 035 59x10™*
DE4 p-OCH3; 310 41500 645 17900 033 15x10™
DE5*2 p-CHO 369 56000 673 17500 0.46 8.6x107°

I Cited from Ref. 8.

*2 Tn dichloromethane.

Table 2. Kinetic parameters of diarylethenes in toluene.

Diarylethene R? k(sThat110°C  E,(kImol™")  A(s")  #2(h)at110°C t;), (month) at 25 °C
Ref*! H 1.9%x 107 120 4.4 % 10" 1.0 67

DE1 p-CF; 6.1x 1074 114 22x 1012 031 12

DE2 p-CN 1.2x 1073 109 8.8 x 10! 0.16 4.0

DE3 m. m-CFy),  16x1073 113 42 %101 0.12 42

DE4 p-OCH; 32107 131 2.4% 1013 6.0 1050

DE5 p-CHO 1.1x 1073 113 3.0% 102 0.16 5.9

*I Cited from Ref. 8.
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Table 3. Hammett’s substituent constant.
Opara
H 0.00
CF; 0.54
CN 0.66
CHO 0.42
OCH; -0.27
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Figure 2. Hammett plots of (a) the rate con-
stant at 110 °C, (b) the activation energy, and (c)
the frequency factor for the thermal cyclorever-
sion reaction.
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Table 1. Permeation test.

Graft condition  pH7 pH1 Permeation ratio

60°C,6h
80°C,6h

17 uM
66 uM

75 uM 43
120 yM 1.9

Table 2. Crystallinity.

Graft condition pH7 pH1

40°C,6h 9.6 % 43 %
60°C,6h 12% 72 %
80°C,6h 45% 61 %
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