PREFACE

This annual report reviews the research activities of the Laboratory of Advanced Science
and Technology for Industry (LASTI) in the academic year of 2010 (April 2010 —March
2011) including activities using a 1.5GeV synchrotron radiation facility “ NewSUBARU ” at
the site of SPring-8 and other research activities of the micro and nanoscale are carried out
energetically in CAST building.

Topics of the NewSUBARU research activities of this year are as follows. First is the
basic characteristic research of NewSUBARU electron storage ring and photo-nuclear
reaction with laser Compton scattering Gamma-ray. The second is EUV (extreme
ultraviolet) activities that are a mask observation using a coherent EUV scattering microscope,
nanostructure pattern replication by EUV interference lithography system, and development
of in-situ contamination measurement in the EUV resist outgassing environment. BL0O9C
beamline was branched from BL09B beamline for usage of the EUV interference lithography
for evaluation of the exposure characteristics of EUV resist. Third is micro- and nano-devices
such as a three-dimensional lab-on-CD and X-ray grating for X-ray Talbot interferometer.
Fourth is the material science for various materials such as Si-containing DLC, BN and GaN.

Furthermore, the performance of analysis beam line BL5 for industrial enterprises was
evaluated by NEXAFS spectra measurements using the standard samples of graphite, BN,
LiCl and MgO.

Most of our research activities are being conducted in collaboration with industries,
government research institutes and other universities.

We will continue to respond to the community’s demand by offering new science and
technologies.

' Shinji Matsui
! Director of LASTI
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NewSUBARU Storage Ring

Y. Shoji

Storage Ring Parameters

The machine parameters of the 1.5 GeV storage
ring remain the same as those of the previous year.
They are listed in Table I.

Table I Main parameters of the NewSUBARU
storage ring in FY2008.

Circumference 118.73 m

Bending lattice type modified DBA
Number of bending cells 6

Straight sections 4m X 4, 15m X2

Bending radius 3.22m

Injection energy 1.0 GeV

Maximum energy 1.5 GeV

RF frequency 499.955 MHz
Betatron tune 6.30 (H), 2.21(V)
Momentum compaction factor 0.0014
Electron energy 1.0 GeV 1.5 GeV

100 kv 260 kV
Natural energy spread 0.047% 0.072 %
Natural emittance 38nm 67 nm
Maximum beam current 500 mA

RF voltage

Operation Status

The ring has two user-time operation modes, 1.0
GeV top-up operation mode and 1.5 GeV operation
mode. Basic operation time is 9:00 - 21:00 of
weekdays. Monday is for machine R&D, Tuesday is
for 1.5 GeV user time, Wednesday and Thursday are
for 1.0 GeV top-up user time, Friday is for 1.0 GeV
or 1.5 GeV user time. Night period or weekend is
used for machine study and user time with the
special mode, single bunch operation and Laser-
Compton Gamma ray, if necessary.

beam down time by machine troubles
25 hrs (1.0 %)

machine tuning '
367 hrs
(14%) //

2L

A\

machine study & user time
special user time 1489 hrs
727 hrs (57%)

(28%)

Figure 1: Machine time in FY2010.

The total machine time in FY2010 was 2608 hrs,
98% of that of FY2010, including the beam down
time. Fig. 1 shows the breakdown. The beam down
time includes not only the down by a failure, but
also off-beam periods by a beam abort or others due
to the beam instability. The normal user time in this
FY, 1489 hrs, was about 90% of that in FY2009.
Time for machine study and special users was 138%
of that in FY2009.

Machine Troubles

The machine troubles in FY2010 are listed in
Table 11. The total down time was only 1.0% of the
total machine time. It was about 2/3 of that in
FY2009 and 1/3 of that in FY2008. The main
troubles in FY2010 were related to the COD control
system.

We lost 4.6 hours of operation time related to the
newly installed continuous COD correction program.
We had some failures by software bugs and also
some miss-operations of GUI.

We lost 8.5 hours due to a large COD during the
acceleration process from 1.0 GeV to 1.5 GeV,
although the current of the steering magnets were
changed according to a fixed pattern control table.
After the experiences of the beam loss by too large
COD at the acceleration, we recognized the shift of
the required current for the steering magnets. Figure
2 shows that the required current had changed day
by day especially at the beginning of the operation
cycle. With this knowledge, the operators reduced
the orbit shift by adjusting the rf frequency and the
failure almost disappeared. However, the reason of
the change is not known.
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Figure 2: Example of the change of a steering
magnet current after the COD correction. The
average current of six horizontal steering magnets at
dispersion sections is plotted. The values in the same
operation cycles were connected with lines. A
current shift of 0.1 A corresponds to an rf frequency
shift of 2.1 kHz/500 MHz, or a maximum horizontal
displacement of 3.4 mm.



Machine Study and Special User Time

Table 111 shows the list of machine studies in
FY 2010. One special theme, a research related to
a production of Laser-Compton backscattering y-
ray and its use, took about 1/4 of the machine
study time as had been in passed FY.

Most of the study reports are open to the public
on the home page of NewSUBARU.

Accelerator Improvements

The ring had some improvements in FY2009.

Bunch current monitor, installed in FY2008
was organized to a new bucket filling control system.
It controls the bucket-selector for the injection and
realizes a wanted bucket filling.

The COD correction system started continuous
working. It operates slow COD correction routine
for every one minute. Some soft ware bugs were
found and fixed.

Four of the vertical steering magnets were
replaced by multi-element corrector magnets (Figure
3). The new magnets worked as vertical steering
magnets with exactly the same parameters of the old

magnets. They were designed based on 3D field
calculation considering the interference with other
magnetic yokes nearby. The commissioning as the
steering magnets was successful. The change of the
deflection angle per current was less than a few %.
The new R&D aiming for the improvement of beam
lifetime started using their multi-pole field windings.

_ . 2 .5 Nk Lo
Figure 3: Four vertical steering magnets in the
dispersion section were replaced by the multi-
element corrector magnets.

Table Il Machine troubles in FY2010.

Group Failure/trouble beam down time (hr)
Operation  (software) Failure of COD control program 4.6

RF voltage control program trouble 2.2
Operation  (others) RF tuner position error 1.4

High radiation at intentional beam abort 0.7

Large COD at 1.5 GeV 8.7

beam loss by a beam instabilities 2.6
Troubles at SPring-8 (delay of starting user time) 2.2

Electric power down by a thunder

2.3

Table 11

List of machine studies in FY2010. The unit of study time is typically 12 hrs/shift.

R &D theme and special user mode responsible person _study shift
Parameter tuning for 1.5 GeV acceleration S. Hashimoto 1
Betatron tune feedback system S. Hashimoto 9
Commissioning of X-ray BPM at BL10 S. Hashimoto 4
Beam profile measurement S. Hashimoto 2
Measurement of steering response function Y. Minagawa 2
Laser-Compton backscattering y-rays S. Miyamoto 21
Confirmation of cancellation table of undulator effect T. Shinomoto 2
Radiation shield for L4BT beam profile monitor Y. Shoji 1
Vertical beam oscillation at the beam injection Y. Shoji 1
Commissioning of the new profile monitor port SR5 Y. Shoji 5
Commissioning of sextupole windings in the invert bends Y. Shoji 8
Transverse beam matching at the beam injection Y. Shoji 7
Effect of the magnetic shield for the DC septum stray field Y. Shoji 1
Instability suppression by chromaticity modulation Y. Shoji 2
Detection of Coherent Synchrotron Radiation Y. Shoji 4
Measurement of beam orbit oscillation in 10 — 300Hz range Y. Shoji 1
Measurement of coherent betatroon oscillation damping time Y. Shoji 1
Measurement of skew-quadrupole field distribution in the ring Y. Shoji 2
Commissioning of octupole component of the multi-element corrector Y. Shoji 1
Measurement of amplitude dependent tune shift Y. Shoji 2
Ring parameter measurement for better lattice model Y. Shoji 1
Test of low emittance lattice Y. Shoji 2




Beamlines

Takeo Watanabe and Hiroo Kinoshita
Center for EUVL, LASTI, University of Hyogo

Total nine beamlines are operating in the
NewSUBARU synchrotron facility. Four beamlines of
BLO1, BLO3, BL06 and BL11 were constructed until 1999.
Three beamlines of BL07, BL09 and BL10 were started the
operation from 2000.

BLO3B beamline branched from the BL03 beamline
propose for the usage of the EUVL (extreme ultraviolet
lithography) microscope for the EUVL finished mask
inspection.

BL09B beamline branched from BL09 beamline for the
usage of the usage of the EUV interference lithography to
evaluate. And BLO9C beamline branched from BL09B

beamline for the usage of the thickness measurement of the
carbon contamination originated to the resist outgassing
during the EUV exposure.

BLO02 beamline was constructed for the usage of LIGA
in 2003.

BLO5 beamline was constracted in response to a
demand in the industrial world, that is enhancement of the
analysis ability in the soft X-ray region with the
development of nanotechnology.

The arrangement of the beamlines in the NewSUBARU
synchrotron radiation facility is shown in Fig.1.

BLO7A
BLO7B BLOG

BLOSA

SPring-8
Linac

\\;i

Shield tunnel

2[5

BLO1B

Optical !Klystran

Fig. 1 Beamline arrangement in NewSUBARU.

I. BLO1

BLO1 is a beamline for research and developing new
light sources. This beamline is one of two long

straight section on NewSUBARU. Optical klystron
was installed at this straight section. Upstream side of



this beamline (BLO1B) is intended to be used for
visible and infrared light generated from FEL or SR.
Downstream side of this beamline (BLO1A) is used
for laser Compton scattering gamma-rays source.
Gamma-ray beamline hutch just outside of the

storage ring tunnel was constructed in 2004 for
gamma-ray irradiation experiments. Specifications
of this gamma-ray source are listed in Table 1.

Table 1. Specification of BL0O1 gamma beam

CO, laser
10.52 um

Gamma energy : 1.7 - 4 MeV
Gamma flux* : 9 x10° y/s
5W 1 6 x10° y/s (1.5-1.7 MeV)
(with 3mme collimator)

Nd laser Gamma energy : 17 - 40 MeV
1.064 um Gamma flux* : 7.5 x10° y/s
0.532 um - 3x10° y/s (15-17 MeV)

5W (with 3mme collimator)

*Electron beam energy : 1-1.5 GeV
*Electron beam current : 250 mA
gamma-ray beam divergence : 0.5 mrad

I1. BL02

The LIGA (abbreviated name of Lithogaphic,
Galvanoformung and Abformung) process which consists
from deep x-ray lithography, electroforming, and molding
process is one of the promising candidates for such 3D
micofabrication. More than hundreds aspect ratio for
microstructure can be attained by the usa of the higher
energy x-rays (4-15 keV) from synchrotron radiation (SR)
with deeper penetration depth to the photosensitive resist.
In this system we have succeeded to enlarged the exposure
area up to A4 size and the fabrication dimension from
submicron to millimeter by varying the energy of the x-ray
source in accordance with the size of desired microparts.
Micostructure with high aspect ratio over several hundreds
will bi achieved using the x-rays over 10 keV since high
energy Xx-ray has deep penetration depth to the
photo-sensitive resist materials. Whereas, in the case of
lithography for low energy x-rays from 1 keV to 2 keV,
submicron structures with high aspect ratio will be
achieved using the x-rays mask with precise line-width and
thinner absorber, since low energy x-rays has low
penetration depth. Based on this principle, the beamilne for
X-ray —exposure have constructed with continuous
selectivity of x-rays frpm 100 eV to 15 keV by using the

x-ray mirrors (plane and cylindrical mirror) and Be film
filters. The horizontal angle of the outgoing SR could be
obtained up to 12.5 mrad, which corresponds to the
horizontal size of 220 mm (A4 horizontal size) at the
exposure position. The second characteristic performance
of the beamline is the high efficiency differential pumping
system. This was necessary for maintain the vacuum
difference between the storage ring (<10 Pa) and the
end-station (<10® Pa) at which gasses for substrate cooling
will be introduced in the exposure apparatus.

The flexibility for the shapes and functions of
microstructure will be enlarged by achieving 3D
microfabrication process using multi step exposure at
various configuration between x-ray mask and substrates.
The relative positions between x-ray mask and substrates,
tilt and rotation angle to the SR incident direction can be
moved simultaneously during SR exposure using 5 axis
stages. The movement of each axis is controlled by the PC
in terms of the scanning speeds, scanning length, and
repetition number. In order to decrease the heat load of
sample substrate suffered during SR irradiation helium
introduction and substrate cooling mechanism were alse
equipped. Specification of spectrometer is listed in Table 2.

Table 2. Specification of the LIGA exposure system

Optics

Plane and cylindrical mirror, Be filters

Exposure energy

100 - 2 keV, and 4 — 15 keV

Exposure method

Proximity and multi step exposure

Wafer size

A4 or 8 inch

Exposure area

230 mm(H) X300 mm(V)

Exposure environment

< 1 atm (He-gas)




I11. BLO03

BLO3 is a beamline for the developing the next
generation lithographic technology so called extreme
ultraviolet lithography (EUVL). The exposure tool is
installed at the end station. Using this exposure tool, the
research and development of the next generation
lithography such as the less than 70 nm node is going on
process. The exposure wavelength is 13.5 nm.

The semiconductor industry plays a very important role
in the information technology (IT). In 2006, 256 Ghit
DRAM with a gate length of 70 nm will be demanded in
the IT industry. The extreme ultraviolet lithography
(EUVL) is a promise technology for fabricating a fine

pattern less than 70 nm. To meet this schedule, this
technology has to be developed in the pilot line until 2004.
As for the practical use, it is very important that both to
achieve large exposure area and to fabricate fine patterns.
Therefore, at Himeji Institute of Technology, large
exposure field EUV camera consists of three aspherical
mirrors was developed. First in the world, we fabricated 60
nm line and space pattern in the large exposure area of 10
mmx10 mm on a wafer. Furthermore, BLO3B beamline
branches from the BL03 beamline propose for the usage of
the EUVL microscope for the EUVL finished mask
inspection.

Table 3. Spectification of the exposure tool (ETS-1)

Imaging optics

Three aspherical mirrors

Exposure wavelength 13.5nm
Numerical aperture 0.1
Demagnification 1/5

Resolution 60 nm

Depth of focus 0.9 um

Exposure area (static)

30 mm X1 mm

Exposure area (scanning)

30 mm X 28 mm

Mask size 4 inch, 8 inch, and ULE 6025
Wafer size 8 inch
Exposure environment In vacuum

IV. BL05

BLO5 was constructed in response to a demand in the
industrial world, that is enhancement of the analysis ability
in the soft x-ray region with the development of
nanotechnology. BLO05 consists of two branch lines for use
in the wide range from 50 eV to 4000 eV. BLO5A and
BLO5B are designed to cover the energy range of
1300-4000 eV and 50-1300 eV, respectively. The incident
beam from the bending magnet is provided for two branch
lines through different windows of a mask. Therefore,
these two branch lines can be employed simultaneously.

1) The double crystal monochromator was installed at
the BLO5A. InSb crystals and Si crystals are prepared for a
double-crystal monochromator. Toroidal mirrors are used
as a pre-mirror and a focusing mirror of BLOSA. XAFS
measurement in the total electron yield mode and
fluorescence XAFS measurement using SSD (SII Vortex)
can be performed. The fluorescence XAFS spectra can be
measured for samples at the end station filled with He gas.

Table 4. Monochromator specification

Monochromator Double crystal monochromator
Monochromator crystals InSb(111), Si(111)

Energy range 1300-4000 eV

Resolution E/AE=3000

2) The constant-deviation monochromator consisting of a
demagnifying spherical mirror and a varied-line-spacing
plane grating (VLSPG), which can provide high resolution,
simple wavelength scanning with fixed slits, was mounted

on BLO5B. The optical system consists of a first mirror
(M0), a second mirror (M1), an entrance slit (S1), a
pre-mirror (M2), and three kinds of plane grating (G), an
exit slit (S2) and a focusing mirror (M3). The including



angle of the monochromator is 175°. Two measurement
chambers are prepared at the end station of BLO5B. The
XAFS spectra in the total electron yield mode and
fluorescence XAFS spectra using SDD (EDAX) can be
measured in a high vacuum chamber. In addition, the

photoelectron spectrum can be measured using spherical
electron analyzer (VG Sienta, R3000) in an ultra
high-vacuum chamber. The chambers can be replaced by
each other within 1 hour.

Table 5. Monochromator specification

Monochromator \aried-line-spacing plane grating monochromator
Grating 100 I/mm, 300 I/mm, 800 mm/I

Energy range 50-1300 eV

Resolution E/AE=3000

V. BL06

BL06 has been mainly developed for irradiation
experiments such as photochemical reaction, SR-CVD,
photo-etching, surface modification. The white radiation
beam from bending magnet is introduced to the sample
stage using a pair of mirror, whose incident angle was 3° .
The SR at BL06 sample stage had a continuous spectrum
from IR to soft x-ray, which was lower than 1 keV. A

VI. BLO7A and BL07B

This beamline was designed for the development of
new materials by SR technology. This beamline consists of
two branch lines, which are provided with an incident
beam from a 3-m undulator by switching the first mirror.
One of them is a high photon-flux beamline with a
multilayered-mirror monochromator for the study of
SR-process (BLO7A) and another is a high-resolution
beamline with a varied line spacing grating
monochromator for the evaluation of nano-structure
characteristics by SR-spectroscopy (BLO7B). The useful
range of emitted photons from 50 to 800 eV is covered at
both beamlines. The light source of BLO7 is a 3-m length
planar undulator, which consists of 29 sets of permanent
magnets, a period length of which is 76 mm. The incident
beam from the undulator is provided for two branch lines
by translational switching of first mirror.

differential pumping system can be utilized for
experiments in a gas atmosphere, which is difficult in the
soft x-ray region. A sample holder can install four pieces of
samples at a time. By using heater set in the sample holder,
the sample can be heated from room temperature to 220°C.
The temperature of sample is monitored using a Cr-Al
thermocouple mounted on the sample holder.

1) BLO7A

The multilayered-mirror (MLM) monochromator,
which has high reflectivity in the soft X-ray region, was
installed at the BLO7A. It consists of a switching mirror
chamber, a slit chamber, a MLM monochromator, a filter
chamber and a reaction chamber. To obtain a large photon
flux, we decided to use only first mirror (switching mirror),
MO, for focusing. The MLM monochromator is designed to
cover an energy range of up to about 800 eV by
combination of three kinds of mirror pairs with 4 kinds of
filter. The flux deliver by this design is estimated to be
between a maximum of 10" photons/s at 95 eV and a
minimum 2x10™ photons/s at 300 eV for a 500 mA ring
current.

Table 6. Summary of BLO7A.

Energy Multilayer mirror Filter
range Material spacing | Thickness | number of | AE/E material | thickness
(eV) Ratio layers
50-60 Al 100 nm
5005 Mo/Si 20 nm 0.8 20 6.2%
90-140 None —
140-194 MO/B4C 11 nm 0.5 25 3.3%
190-400 Ag | 100nm
400-560 Ni/C 5nm 0.5 60 2.5 % Cr 500 nm
550-800 Ni 500 nm




2) BLO7B

The constant-deviation monochromator consisting of a
demagnifying spherical mirror and varied line spacing
plane grating (VLSPG), which can provide to high
resolution, simple wavelength scanning with fixed slits,
was mounted on BLO7B. The optical system consists of a
first mirror (MO0), a entrance slit (S1), a premirror (M1),
and three kinds of plane grating (G), an exit slit (S2) and a

focusing mirror (M2). The monochromator is designed to
cover the energy range 50-800 eV with three gratings, of
which including angle are 168°. The VLSPG has been well
known to obtain high resolution in extreme ultraviolet
region by diminishing various kinds of aberration. The
total resolving power about 3000 can be realized in the
whole energy region.

Table 7. Monocromator specification

Mount type

Hettrick-Underwood type

Grating G1, G2, G3

Plane VLS (600 I/mm, 1200 I/mm, 2400 I/mm)

Energy range

50-150 eV, 150 — 300 eV, 300-800 eV

Resolving power (E/AE)

~3000

VII. BL9

A purpose of this beamline is studies on a soft x-ray
interferometry or a holographic exposure experiment with
making use of highly brilliant and coherent photon beams
radiated from 11 m long undulator in NewSUBARU.

BLO09 consists of MO mirror, M1 mirror, G grating and
M2 and M3 mirror. MO and M3 mirrors are used for
horizontal deflection and beam convergence, M1 is used
for vertical beam convergence at the exit slit, and M2 is
used for vertical deflection and beam convergence. A
monochromator is constructed by M1 and a plane grating.
The maximum acceptance of the undulator beam is 0.64

acceptance can be restricted by 4-jaw slits equipped at
upstream of the MO mirror.

BL09B beamline branched from BL09 beamline for the
usage of the EUV interference lithography for the
evaluation of the exposure characteristics of EUV resist.
Coherence length of 1 mm at the resist exposure position
was achieved using BLO9B beamilne. And BLO09C
beamline branched from BL09B beamline for the usage of
the thickness measurement of the carbon contamination
originated to the resist outgassing during the EUV
exposure.

mrad in horizontal and 0.27 mrad in vertical. The
Table 8. Monochromator specification
Mount type Hettrick-Underwood type
Grating Plane VLS (900 I/mm)
Energy range 50 - 600 eV
Resolving power (E/AE) ~3000
VIII. BL10

BL10 is for the global use in the Himeji Institute of
Technology. MO mirror is used for horizontal deflection and
beam convergence, M1 is used for vertical beam
convergence at the exit slit, and M2 is used for vertical
deflection and beam convergence. A monochromator is
constructed by M1 and a plane grating. At the beginning,
the multiplayers reflectiveity measurement was carried out
at this beamline. The characteristics of this beamline and
the result of the Mo/Si multiplayers measurement are
carried out for the development of the EUVL mask
techmology.

BL10 utilizes a monochromator of the varied line

spacing plane grating monochromator (VLS-PGM). The
line density of the monochromator in central region of the
grating is 600 lines/mm. The reflectometer is a two axis
vacuum goniometer using two Huber goniometers. One
axis carries the sample, which may for examplee be a
mirror at the center of the reflectometer vacuum tank
(6-motion). The other (@-motion) carries the detector on a
rotating arm. In addition there are through-cacuum linear
motions to translate the sample in two orthogonal directions
(x,y). All motors are controlled by computer. The sample
itself is mounted on a kinematic holder. The controlstage
monochromator rotation, and data analysis were program



using LABVIEW software. The reflectivity result obtained

at BL10 has a good agreement with that at LBNL.

Table 9. Monochromator specification

Mount type Hettrick-Underwood type
Grating Plane VLS (600 I/mm)
Energy range 50 - 600 eV
Resolving power (E/AE) ~1000

IX. BL11

A beam line BL11 is constructed for exposure Hard
X-ray Lithography (DXL) in the LIGA (German acronym
for Lithographite Galvanoformung and Abformung)
process. LIGA process, that utilizes a useful industrial
application of SR, is one of the promising technologies for
fabrication of extremely tall three-dimensional
microstructures with a large aspect ratio. This process was
invented at the Institut Fur Mikrostrukturtechnik (IMT) of
the Karlstuhe Nuclear Center (KfK) in 1980.
Microstructures with height of over a few hundreds pum
have been widely applied to various fields such as
micro-mechanics, micro-optics, sensor and actuator
technology, chemical, medical and biological engineering,
and so on. This beam line was designed by the criteria ;
photon energy range 4 keV to 6 keV, a beam spot size on
the exposure stage > 50x5 mm? a density of total
irradiated photons > 10" photons/cm®. BL11 of an
absorber chamber, a first-mirror chamber (M1), a
second-mirror chamber (M2), a 4-way slit chamber, a Be
window chamber, and an exposure chamber. The second
pre-mirror is bent elliptically using a bending mechanism.

Fine bending adjustment of the M2 mirror can be made in
the UHV by the pulse motor. The LIGA process needs the
photon energies of 3 keV to 6 keV, the optics of a LIGA
beam line generally employ a Pt monolayered-mirror and
a Be window, which cuts off low-energy photons. The
reflectivity of a Pt-coated mirror is about 55 % in the
range of photon energy from 2 keV to 4 keV, however, it
drops to 30 % at the photon energy of 6 keV. Therefore,
new materials with a high reflectivity must to be found for
Deep X-ray lithography (DXL) in this energy range. We
propose the use of a Ni/W/C multilayered-mirror with a
graded d-spacing in the range of photon energy from 3 eV
to 6 keV. The calculated reflectivity of the Ni/W/C
multilayered-mirror is higher than 56 % at the photon
energy of 6 keV with a glazing incident angle of 0.8
degrees, and photons that have higher photon energy than
6 keV can be removed A 200 pum-thick beryllium (Be)
window in a Be window chamber is used to separate the
ultra-high vacuum part from the low vacuum part and to
cut off low-energy photons.

Table 10. Specification of the LIGA exposure system

Exposure method

Proximity exposure

Wafer size

4 inch

Exposure area

50 mm(H) X 80 mm(V)

Exposure environment

< latm (He-gas)




Ew U Center for EUV Lithography

Takeo Watanabe and Hiroo Kinoshita
Center for EUV Lithography,

Laboratory of Advanced Science and Technology for Industry, University of Hyogo

1. Overview of CEL

Laboratory of Advanced Science and Technology for Industry, University of Hyogo was established in 1995.
EUVL Lithography development has been carried out since 1995 in University of Hyogo. Especially, utilizing
the full field exposure tool which we developed, for the first time in the world, hp 40 nm resist fine pattern was
replicated with collaborating with ASET in 2000. Following this, in 2001, it was reported that hp 39 nm resist
pattern was replicated by EUV-LLC in USA. Related to these results, Dr. Gordon Moore from Intel Corporation
decided to employ EUVL technology to apply in the high volume manufacturing (HVM) for the advanced
semiconductor devices. Then after, the exposure tools have been developed by the stepper companies, and
simultaneously the development of masks and resists have been carried out

Since 2006, Semiconductor Leading Edge Technologies (Selete) which receives a mandate to develop an
EUVL technology from New Energy and Industrial Technology Development Organization (NEDO) has been
investigated to develop exposure tools such as SFET and EUV1 for the development of the semiconductor
devices. As results, it was concluded that “there is no obstacle to develop EUVL technology for 32 nm node”,
and investigation program will finish in the end of March in 2010.

In our laboratory, concerning of the mask technology, EUV microscope was developed for the mask defect
inspection from 2002 to 2007 by the funding from Core Research for Evolutional Science and Technology
(CREST), Japan Science Technology Agency (JST). EUV microscope (EUVM) which is only one tool in the
world is placed to use for the mask inspection of the absorber pattern and the mask blanks, and we obtained
many results in collaborating with Selete. In addition, since 2008 for the mask inspection for 22 nm node and
below, lense-less inspection tool on the basis of EUV coherent scattrometry has been developing in collaborating
with RIKEN and Osaka University in the CREST program.

Furthermore, concerning of the resist, outgas evaluation during EUV irradiation has been carried out since
2000, and many scientific knowledge was obtained. Recently, the in-situ carbon contamination in the resist
outgas environment by EUV irradiation has been carried out. And for the resist evaluation in 22 nm and 16 nm
nodes, it is certain that EUV interference lithographic tool which we developed has a capability to replicate hp16
nm resist pattern.

The market shares of the Japanese company supplying masks and resists for EUVL are high, such as 100% for
the mask and 70% for the resists, respectively. Taking these shares into consideration, since useful equipments
which we have developed in NewSUBARU for the advanced semiconductor devices using an EUVL technology
can be opened for common use, we hope strongly that many companies could use the equipments. Consequently,
it is consider that University of Hyogo can play a significant part of the development for the advanced
semiconductor devices.

As results, “Center for EUV Lithography” is established, and use of NewSUBARU in EUVL technology is
promoted. In addition, the experienced researchers from outside will be invited as a guest researcher of this
center, and we will make efforts to receive the user’s comments and requirements to support the EUV
lithographic technology for the practical use.



2. The Outline of the beamlines for EUVL

The exposure and evaluation experiments related EUVL are carried out at BL-3, BL-9 and BL-10 beamlines
of the NewSUBARU synchrotron radiation facility in Center for EUV Lithography.

BL-3 (bending magnet as a light sourc): EUV microscope (EUVM) and EUV coherent scattrometry
micropscope (CSM) are installed in this beamiline. EUVM is developed for absorber pattern inpspection for the
EUV finishied mask. CSM is developed for the phase defect inspection of the mask blanks and continously
developing it to achievce more higher resolution in inspection.

BL-9 (10.8-m-long undulator as a light source): Since monochrometer is installed at the middle of this beam
line, high accurate spectroscopic measurement is available using the undulator and the monochrometer.
Especially, EUV interfrence lithograpic exposure system is installed in the clean room at the end of this beamline.
Furthermore, in the additional bemaline which is seperated from the original one, resist outgas evaluation system
and in-situ thickness measuement system for the carbon contamination adhesion under the similar light intensity
of the HYM EUV exposure system.

BL-10 (bending magnet as a light source): Since two monochrometers of 600/mm and 1800/mm are installed
at the middle of the beamline, a high accurate reflectivity measurement for the optical element such as multilayer
mask is available using this beamline. In addition, the optical constants measurement utilizing the vacuum
chamber for common use is carrying out. In the future, refelctivity measurement of the illumination optics,
multilayer charactreization evaluation, and multilayer evalution using polarized light are planned to use the
BL10 beamline.
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Study on High Brightness Operation of NewSUBARU
without RF Shaker

Satoshi Hashimoto, Sayaka Chin and Shuji Miyamoto
LASTI, University of Hyogo

Abstract

We studied the possibility of the high brightness operation of the NewSUBARU electron storage
ring without lattice modification. By turning-off the RF shaker that is used to enlarge the vertical
size and the lifetime of stored electron beams, the brightness can be improved 2.7 times assuming
that the stored current is the same. As the lifetime decreases, the top-up current is also reduced
due to the limitation for the total charge that can be injected to the ring. Using a top-up simulator,
we found that the brightness improvement factor could be 1.6 including the stored current decrease
effect.

Introduction

Beam lifetime of the NewSUBARU electron storage ring is dominated mainly by the Touschek effect at
1.0 GeV operation. The industrial users in our radiation facility such as EUVL lithography and LIGA have
been performed irradiation experiments and prefer the beam operation with a long beam lifetime and an high
top-up current more than that with an high brightness. To improve the lifetime the ring has been operated
with intentionally enlarged vertical beam size using RF shaker, where amplified white-noise signal is added
to four strip-line electrodes to vertically shake electron beams, and now we achieved the lifetime of 7.4 hrs at
the top-up operation of 220mA.

Recently, increasing number of industrial analysis users in our facility want the high resolution of
synchrotron radiation and the high brightness operation. Generally speaking, the high brightness operation
of storage rings needs re-design of ring lattice and re-arrangement of magnets and vacuum chambers and so
on. However, in case of NewSUBARU, there is room for making the brightness higher by an easy way, that
is, the operation without RF shaker.

Laws and regulations on radiation safety restrict the total charge that can be injected from a linac to our
ring per eight hours (one shift). This fact means that the reduced beam lifetime causes the reduction of the
top-up current that should be kept constant for eight hours. It is important to evaluate how much the
brightness is improved and how much top-up current is reduced by turning-off RF shaker.

Measurement of Lifetime and Beam Size
The total beam lifetime 7 is determined by the Touschek lifetime 7, and the gas scattering

lifetime 7,.; 1/ 7 =1/ 74+ 1/ 7. We measured the dependence of the lifetime on RF shaker power as

shown in Fig. 1. The inverse lifetime increases according to the inverse square root of the RF shaker power.
Turning-off RF shaker, the lifetime was reduced to 2.1 hrs. The vertical size of electron beams was also
measured using a visibility monitor [1]. As shown in Fig. 2, the vertical beam size increases according to

the square root of shaker power, that is, kick strength. From these data, we found that 1/ 7 =0.664 / VW +
1/ 7y and 7y, isabout 470 hrs at 1.0Gev, 220 mA.
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Fig.1. Lifetime vs. RF shaker power Fig.2. Vertical beam size vs. RF shaker power

Improved Brightness Estimated by Calculation
The brightness of synchrotron radiation is given by
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(Brightness) oc (Photon Flux) / (source dimensions) / (angular spreads of source).
Following the above relation, the reductions of dimension and angular spread of a photon source makes the
brightness higher. We evaluated equivalent reduction of vertical emittance by turning-off of RF shaker and
calculated the improved brightness using the above equation and SRW [2]. Calculated results show that the
brightness could be improved 2.7 times in case of the same stored current by turning-off RF shaker as shown
in Fig. 3.
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Fig.3. Calculated improvement of brightness. Fig. 4. Beam accumulation and

top-up operation in a day

Estimation of the Reduced Top-up Current using Top-up Simulator

The reduced beam size causes the reduction of the Touschek lifetime and the possible top-up current. To
evaluate the maximum top-up current, we developed the top-up simulator [3] that can simulate beam
accumulation and top-up operation including various effects such as injection beam intensity, injection
efficiency and lifetime and so on. Beam accumulation and top-up operation in a typical day is shown in Fig.
4. In our facility a beam accumulation starts at 9 a.m. and if the stored current reaches 220mA the top-up
operation for user time starts. The amount of injected charge is measured at a beam transport line. If the
integrated charge exceeds the limit in one shift (369nC), the safety interlock system stops beam injections.
The integrated value is reset at 8:30, 16:30 and 0:30.

The results of simulation are in good agreement with the realistic operation. Using this simulator, we
found that the maximum top-up current is 135mA in the case of turning-off RF shaker. In other words, the
operation over 135mA can’t keep the top-up current constant until reset time of 14:30.

Considerations

By turning-off RF shaker, the brightness at 5 *°7 - Topupaurent == | 220
the same current increases, but the maximum E e g 2
top-up current decreases. The brightness E - p — f’J £ -3
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Fig.5. Brightness improvement factor
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Upgrade Plan of 15MeV Compact Electron Linear
Accelerator LEENA as a Terahertz Radiation Source

Satoshi Hashimoto, Sayaka Chin, Dazhi Li*, Sho Amano and Shuji Miyamoto
LASTI, University of Hyogo
#Institute of Laser Technology

Abstract
We are planning to upgrade the 15MeV electron linear accelerator LEENA as a radiation source in
terahertz regime.  For the precise beam handling, an old-fashioned control system is now partially
updated to the new one based on PC and Linux. Upgrade of other components such as beam
monitors, RF low-level system, and terahertz radiation monitoring system are also being planed.
Beam commissioning for the generation of terahertz light by Smith-Purcell radiation has started.

Introduction

Apart from 1.5GeV electron storage ring, we have a 15MeV electron linear accelerator LEENA [1] in the
NewSUBARU facility. This compact linac was constructed prior to the NewSUBARU ring, and studies on
free electron laser in IR regime and the generation of bright beam using needle cathodes have been
performed [2]. The aging machine has an old-fashioned control system and its performance was poor.
Thus we planed the upgrade of LEENA accelerator as a terahertz radiation source and some parts of this plan
are underway.

Generation of terahertz radiation and its application are recently becoming more interesting. In addition
to UV, soft X-ray and Compton gamma ray from NewSUBARU, the terahertz light form LEENA will further
promote the industrial application of various kind of radiation in our facility.

General layout of the 15MeV Linac LEENA

Figure 1 shows the general layout of LEENA. Table I Main parameters of LEENA

Electron beams generated by a RF gun with a thermal RF frequency 2856 MHz
cathode are bunched at an alpha magnet and Beam Energy 6-15MeV
accelerated up to 6-15MeV. After passing through a Energy spread +-0.5%@15MeV
dispersive section, electron beams go to a radiation Micro pulse
chamber. Then the beams are dumped after being peak current 50A
deflected by a bending magnet. Main parameters of Pulse width <10ps
LEENA are shown in Table. I. Macro pulse

Frequency 1-10Hz

Pulse width 10us
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% H [] sT:Steering Magnet
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Fig.1. Layout of LEENA accelerator
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Upgrade of Accelerator Control System

The control system of LEENA was based on PLC (Programmable Logic Controller). Magnet currents
and RF parameters were adjusted by potentiometers or from a touch panel. Thus it was difficult to precisely
control these parameters and the reproducibility was poor.

We are developing the new control system that is based on LabVIEW and EPICS [3] and can be flexibly
controlled from Windows or Linux machines. Three PC or Linux machines are running as virtual machines
(VMs) in VMware server on a Linux host machine. Operation programs for controlling devices run over
the VMs. Client machines access to the VMs through the dedicated network for LEENA. Any kind of
devices for LEENA, including PLC, oscilloscopes, GPIB-Ethernet converters, and network-distributed
devices, is connected to this private LAN. PLC (Mitsubishi MELSEC Q-series) is already connected to
LabVIEW via OPC server and we are developing several control programs with a graphical user interface.
Main program controlling LEENA will be developed with EPICS.

Linux /VMware server

Virtual Machines

v R i Rl e
peraticn

f Prugramf
/ / Private LAN
:peritlcn f
Terminal

Fig. 2. New control system for LEENA

Other Upgrades

In addition to the control system, the following system upgrades are planning or underway.

Present beam monitor system is composed from six current transformers (CT) and four screen monitors.
In addition to these monitor, beam position monitors (BPM) are necessary for precise control of the beam
trajectory and a few will be installed. The shape and length of electron bunches play important roles in
generating terahertz radiation. Development of a bunch length monitor using both the electro-optical
detection of Coulomb field and the single-shot cross-correlation of optical pulses [4] is desired.

One of the most important problems to be solved is the beam loss at beam transport. It is necessary for
reducing the beam loss not only to precisely control magnet and RF parameters, but also to study beam
dynamics using simulation code such as GPT [5].  Another important problem is the beam stability.
Present unstable operation may come from poor controls of RF low level and utilities such as cooling water.
The new control system based on PC is useful to a feedback control of these quantities.

As for measurement of terahertz radiation, monitor systems of power and spectrum are under
construction.

Generation of Terahertz Light

Three radiation sources may be possible for the generation of terahertz light with LEENA; (1)
Smith-Purcell (SP) radiation, (2) coherent synchrotron radiation from a bending magnet with bunched
electron beams, (3) free electron laser in terahertz regime.

SP radiation is generated when an electron beam passes close to the surface of a periodic structure, that is,
a diffraction grating. In LEENA a diffraction grating has been installed and beam commissioning operation
started in April 2011. In addition to the conventional SP radiation, observation of coherent SP and
superradiant SP radiations [6] are expected.
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Photonuclear reaction of iodine-129
with laser-Compton scattering gamma-ray

Ken Horikawa
LASTI, University of Hyogo

Abstract
A photonuclear reaction cross section of iodine-129 was measured using a polarized la-
ser-Compton scattering gamma-ray beam in an energy range from 13.9 to 19.7 MeV. The maxi-
mum cross section was evaluated to be 220 mbarn +50% at a photon energy of 15.9 MeV +4%. We
did not observe any appreciable difference in the cross sections for linearly and circularly pola-
rized gamma-ray beams, considering the limits of experimental error.

Introduction

We previously proposed the nuclear transmutation
of radioactive nuclei including iodine-129 using a
laser-Compton scattering (LCS) gamma-ray beam?.
To evaluate the process efficiency, we must have an
accurate photonuclear reaction cross section of
iodine-129. J. Magill et al.? measured an integral
cross section of iodine-129 oy by laser-generated
bremsstrahlung photons that had a Boltzmann-like
distribution with a hot-electron temperature with
random polarizations. They assumed a Lorentzian
shape for or with a calculated energy threshold of 8.8
MeV and E,. = 12.4 MeV, and obtained a cross sec-
tion of or(Enax) = 220 mbarn?, where Eq is the
photon energy which maximizes the o and or(Emax)
is the o at Ena. Unfortunately, their measurement
was only accurate within a factor of two. In addition,
the gamma-ray-polarization dependence of the cross
section has not been investigated yet. For this study,
we carried out measurements at NewSUBARU to
determine the dependence of the photonuclear reac-
tion cross section of iodine-129 on the energy and
polarization of incident gamma-ray photons.

Experimental

Polarized gamma-rays with maximum energy of
16.7 MeV were generated in the storage ring by the
interaction between a 1.064-um CW laser beam of
4.6 W and a 974 MeV electron beam of 220 mA. The
laser polarization was rotated using a combination of
A4 and A/2 wave plates in a laser oscillator. The po-
larized gamma-rays were semi- monochromatized in
the 3% energy spread using a 3-mm-diameter lead
collimator. The flux of the gamma-rays incident on
the target was measured using a 10-mm-thick plastic
scintillator that was installed in front of the target.
The scintillator was attached with a 1-mm-thick piece
of lead as a signal multiplier on the beam incident
side. The flux of the polarized and semi- monochro-
matized gamma-rays was measured to be 5 x 10°
photons sec * ?. The polarization of the gamma-rays
was measured” and confirmed to be controllable by
the polarization of the incident laser beam.

lodine-129 was prepared as a powder of palladous
iodide. The radioactivity of the target was calibrated
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to be 36.8 kBq by Isotope Products Laboratories®.
The number of iodine-129 atoms in the target was
calculated to be 2.63 x 10* from its radioactivity of
36.8 kBq and the half-life of iodine-129 7159 = 1.57
x 107 year®.

The number of iodine-128 atoms N(t) is derived
as a function of time from the following equation:

N(®) :Y7<1—e‘“). Q)

where Y is the vyield rate of iodine-128, A1 =
IN2/7, 1,3 = 0.028 min' is the decay rate coeffi-

cient, which is constant, and 7123 = 25 min is the
half-life of iodine-128%. After the irradiation of the
gamma-rays, the number of decayed gamma-rays
with an energy of 443 keV, which were emitted from
the radioactive iodine-128, was measured using a Ge
detector. The peak detection efficiency of the Ge de-
tector used in this experiment was calibrated to be
5% using the 384-keV gamma-ray photons emitted
by barium-133. The probability of one iodine-128
atom emitting a 443-keV photon in a spontaneous
decay process was considered to be 12.6%°. The
number of iodine-128 atoms N; was calculated using
the following equation:

N
Ni = l_eTfﬂ 1 (2)
where Np is a number of decayed iodine-128 atoms
and T is a time period for measuring the 443-keV
photons.

Derivation of reaction cross section

The photonuclear reaction cross section of
iodine-129 ok was evaluated as follows using N; [EQ.
(2)]. The variation of the yield rate of iodine-128 dY
for distance dx along the direction of the LCS gam-
ma-ray beam is expressed as follows:
dY =n- f(x)-o -dx-dS, 3)
where n is the atomic density of iodine-129 and f(x) is
the flux of the gamma-ray photons per unit area at
position x. The atomic density was calculated to be
7.4 x 107 mm™ from the size of the target. The
3-mm-diameter collimator passes an axial portion of
the incident gamma-ray beam so that the spatial dis-
tribution of the transmitted beam with a 3-mm di-



ameter is uniform, and the target has rotational sym-
metry whose axis is coaxial with the beam axis. By
evaluating Eq. (4), Y is described as follows:

Y=2zn-o, fO) T J'()L(r)e’”(””"s)X dxdr, (4)

where f(0) is the value of the incident flux at the tar-
get entrance. f(0) was measured as f(0) = 4.7 x 10*
photon mm™ sec * + 2%. R is the radius of the target,
L(r) is the penetration distance of the incident gam-

ma-rays into the target, which is a function of radius r.

os is the cross section for all processes except the
photonuclear reaction.

Dependence of reaction cross section on polariza-
tion and energy of incident gamma-rays

Fig. 1 shows photonuclear reaction cross section
or derived from Egs. (1) and (4) by assuming the
value of o5 proposed by J. Berger et al.” in an energy
range from 13.9 to 19.7 MeV for both linear
(crossed) and circular (circled) polarizations of inci-
dent gamma-rays. The gamma-ray photon energy was
scanned by changing the energy of the electron beam
from 890 to 1060 MeV. The probability distribution
of the signal intensity against the count rate was as-
sumed to be a Poisson distribution. From its standard
deviation, the error bars in Fig. 1 were calculated to
be 12% at respective gamma-ray energy. The error in
the absolute value of the cross section was evaluated
to be +50% by taking into account the errors due to
the alignment accuracy between the gamma-ray beam
and the target axes; this accuracy was a major factor
compared with the errors in the number of iodine-129
atoms (< +£1%), the flux of the gamma-rays (+2%),
their energy spread (-3%), and the peak detection
efficiency of the Ge detector (+10%).

An appreciable difference in the cross sections
determined for linear and circular polarizations was
not observed because the data of both polarizations
remained within the dispersion of the measurements.
Therefore, all data of the cross section of the
iodine-129 target were treated as a set and fitted by a
Lorentzian curve to derive the dependence of the
cross section on the photon energy®. From the above
evaluation, the energy dependence of the cross sec-
tion was determined by a fitting curve with a maxi-
mum value of 220 mbarn +50% at 15.9 MeV +4%
with a half-width at half-maximum of 2.55 MeV
+20%. In this measurement the accuracy of the cross
section obtained was improved compared with that of
the data by J. Magill et al.? because the polarized
gamma-rays were semi- monochromatized in the 3%
energy spread so that the cross section was directly
obtained for each energy point of the gamma-ray
photon. The photon energy dependence of the
iodine-129 or was obtained experimentally by scan-
ning the energy of the semi- monochromatized gam-
ma-ray photons.

The (y, n) reaction is caused by the giant reson-
ance which is due to the gamma-ray photon field in
nucleus. No appreciable difference observed in the
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Fig. 1 Dependence of photonuclear reaction cross
section of iodine-129 on energy and polariza-
tion of gamma-ray photons.

cross sections determined for linear and circular po-
larizations suggests that the helicity of the photon due
to the polarization does not affect the photon reaction
by the giant resonance. The theoretical analysis to
explain the above result will be done in further study.

7

Conclusion

We determined the maximum photonuclear reac-
tion cross section of iodine-129 to be 220 mbarn
+50% at a photon energy of 15.9 MeV +4% with a
half-width at half-maximum of 2.55 MeV +20%. We
did not observe any appreciable difference in the
cross sections determined for linearly and circularly
polarized gamma-ray beams considering the limits of
experimental error.
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Abstract
We measured pulse-height spectra of 16.7 MeV laser-Compton scattering photons with a 6” x 5”
Nal(T1) detector for a blank and three lead materials of 75.8, 50.9, and 25.9 % transmissions at the
NewSUBARU facility to investigate how the original Poisson distribution of the pulsed photons is
modified after passing through thick-target materials. We present a well- prescribed method of
determining the number of incident photons within 3.5% accuracy based on the response of the

Nal(T1) detector to the pulsed photon beams.

1. Introduction

Quasi-monochromatic y-ray beams are produced
in the interaction of laser photons with relativistic
electrons, which is referred to as inverse Comp- ton
scattering, at synchrotron radiation facilities in
Japan[l, 2], where the laser-Compton scattering
(LCS)y -ray beam is used in nuclear physics
experiments. An experimental study of photon-
induced nuclear reactions requires a thick target
material because of small interaction cross sections.
Therefore, the determination of the number of
photons incident on the target material is an important
experimental factor,

Collisions of pulsed laser photons with relativistic
electrons in a storage ring are a statistical
phenomenon. Thus, the probability distribution of the
number of scattered photons n is expected to follow
the binomial distribution. Since the product of the
numbers of laser photons and electrons, N, involved
in each laser pulse is very large and the collision
probability p is very small, the binomial distribution
may be reduced to a Poisson distribution[3]

]
P,(n)=""e™
n! (1)

where m is the average number of scattered photons
per laser pulse which is given by m = Np.

Previously it was shown that energy spectra of
pulsed LCS photon beams measured with a BGO
detector are characterized by the Poisson

Central region of
the laser—Compton scattering

Vacuum duct

distribution[4]. Thus, it is straightforward to deduce
the number of LCS photons if the average number of
scattered photons per laser pulse, m, is experimentally
determined. In measurements with a thick target, the
Poisson distribution is modified by attenuation of
pulsed LCS photons in the target material. How- ever,
it is readily shown that the modified distribution
remains a Poisson distribution with a different value
of the average number of scattered pho- tons m'. Also
shown is that the number of LCS photons incident on
the target can be deduced if m' is corrected for the
attenuation by a factor o

m'=an 2)
with a e where p is the linear attenuation
coefficient of y rays and t is the thickness of target
material.

We experimentally tested this prescription for
determining the photon flux using thick lead materials
of different thicknesses and verified the prescription.
We report results of the experimental test and present
an experimental formula for the photon flux
determination which is useful in a thick target
measurement.

2. Experiment

We produced a 16.7 MeV pulsed quai-
monochromatic y-ray beam in the laser-Compton
scattering of 1064 nm laser photons from 974 MeV
electrons at the NewSUBARU facility. The quoted vy-
ray energy stands for the maximum energy. A top-up

Wall

Experimental hatch

Nal(TIl) detector
Pb collimator

Mirror

Laser ! > Mirror

Fig. 1: Experimental setup in the LCS y-ray production beam line at the NewSUBARU facility.
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operation of the storage ring was carried out, where
electrons are injected from a linear accelerator
whenever a decrease of the electron beam current
beyond a threshold is detected. The top-up opera- tion
kept the beam current constant at 219.98 + 0.44 mA
(0.2 % variation) during the present measurement.
The experimental setup is depicted in Fig. 1. Laser
photons from a YVO4 laser operated in a Q-switch
mode at 30 kHz were injected into a 20 m straight
section of a storage ring of race-track shape. A 3 mm
lead collimator of 100 mm thickness was mounted in
a small experimental hatch at the distance of 16.49 m
from the central region of the laser-Compton
scattering. Three natural lead targets of 4.4, 10.6, 21.2
mm thicknesses were used. The transmission rate of
the three targets is 75.8, 50.9, and 25.9 %,
respectively [5]. The target was mounted immediately
upstream the collimator. A Nal(Tl) detector of 6 in.
diameter and 5 in. length (REXON components inc.,
USA) was mounted at 30 cm downstream the
collimator to measure the 16.7 MeV LCS y-ray beam.
Measurements at 3.94 W laser power were carried out
for 600 sec to obtain energy specc- tra of the pulsed
LCS photon beam for the three lead targets and a
blank target. Single-photon spectra were also
measured for 300 sec at a reduced laser power 0.10
W in the blank- and lead-target runs. We note that
14.2 % of the 16.7 MeV photons transmit the Nal(TI)
detector. However, this transmission does not
essentially affect the discussion made below.

3. Results and analysis

Figure 2 shows multi-photon pile-up spectra hp(x)
measured for a blank target and the three lead targets.
Single-photon spectra /s(x) measured for each target
are also shown in the figure. Obviously the result for a
blank target (Fig. 2(a)) represents a pile-up spectrum
of the LCS y-ray beam originally produced in the
interaction between laser photons and relativistic
electrons. One can see in Figs. 2(b), 2(c) and 2(d) that
the pile-up spectra vary when the y-ray beam passes
through the lead targets in such a way that the center
of gravity of the distribution is shifted toward less
multiplicity with increasing the target thickness
(decreasing the transmission rate). This is obviously
because of the attenuation of the LCS vy rays in the
target materials.

The Nal(TI) detector responds differently when it
detects n photons with each having 16.7 MeV and a
photon with 16.7 x n MeV. The response to multiple
photons with the multiplicity n with each having 16.7
MeV, Ru(x), was calculated from the experimental
single-photon spectrum, R;(x), by

= 2

R,,(.r]"f-'-fn::rﬂ'{'t'Jd'r' where

The resultant multiple-photon spectra are shown in
Fig. 3 for n=2-10 as well as the single-photon spectra
(n=1).

In Fig. 4, we compare the peak position of the
experimental pile-up spectrum corresponding to the
multiplicity » (solid circles) with the calculation (open
circles) for the blank and three Pb targets. It is noted
that the n=1 peak positions of the pile-up spectra
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Counts/Channel

Fig. 2: Experimental pile-up spectra of a 16.7
MeV LCS y-ray beam measured with the 6” x 57
Nal(Tl) detector for a blank (a) and three lead
targets with 75.8 % (b), 50.9 % (c), and 25.9 %
(d) transmission rates, respectively. Experimental
single-photon spectra are shown by the dashed
lines in an arbitrary scale. Best fits to the
experimental pile-up spectra are shown by the
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Fig. 3: The multiple-photon distributions with
the multiplicity n (n= 1-10) calculated from the
experimental single-photon distribution (see

text).

0 500 1000 1500
Channel Number

2000




1500 (a) Blank o .

1000 ¢

) o Experiment

500 .
8 o Calculation

— o °
1500 (b) Pb (@ = 75.8%) -

L2

=
[,
(=]
o o

L]
LX)

1000

Peak Channel Number

500

= [9
1500 (d) Pb (¢ =25.9%) °

o0

1000

L)

500 ¢

123456782910
Multiplicity n

Fig. 4: The peak channels of the experimental
pile-up spectra corresponding to the multiplicity
n (filled circles) in comparison with those of the
experimental single-photon distribution with
n=1 and calculated multiple-photon distributions
with n=2-10 (open circles).

(solid circles) for blank and the lead target with 75.8
% transmission are larger by 14-12 % than those of
the corresponding single- photon spectra (stars). The
same tendency is seen for the peak positions of the
pile-up (solid circles) and calculated (open circles)
spectra with n=2-4. This discrepancy is unlikely to
take place for the primary component of the Nal(TI)
scintillation light with 230 ns decay time in view of
the 30 kHz frequency of the y-ray beam pulses.
However it may take place for an afterglow by
phosphorescence with 0.15 s decay time [6]. The
afterglow effect may be enhanced in a detection of
high-multiplicity photons each having 16.7 MeV.
Indeed, it has been observed in past measurements
with LCS y-ray beams at 20 kHz at the National
Institute of Advanced Industrial Science and
Technology [1] that a discrepancy of the n=1 peak
position in single-photon and pile-up spectra increases
with increasing the average number of photons per
beam pulse. Furthermore, we note that the
experimental peak position for higher multiplicities
tends to saturate more rapidly than the calculation. We
ascribe this saturation effect to the response of the
photomultiplier tube of the Nal(TIl) detector. The
deviation observed at n=10 in blank and the Pb target
with 75.8 % transmission was 11 %.

The experimental pile-up spectra were fitted by a
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Fig. 5: The peak channels of the experimental
pile-up spectra corresponding to the multiplicity
n (filled circles) in comparison with those of the
experimental single-photon distribution with
n=1 and calculated multiple-photon distributions
with n=2-10 (open circles).

superposition of the calculated multiple-photon
distributions, where corrections were made for the
dependence of the peak position on the multiplicity.
Best-fit results are shown by the dotted lines in Fig. 2.
Thus, the experimental pile-up spectra were
decomposed into multiple-photon events with the
multiplicity n. The number of the multiple-photon
events are shown by the histogram as a function the
multiplicity n in Fig. 5 for blank and the three Pb
targets. The experimental distribution of the multiple-
photon events was fitted by a Poisson distribution for
each targets. The resultant Poisson distributions are
also shown in Fig. 5.

One can easily understand the experimental fact
that the multi-photon distribution (the distribution of
the multiple-photon events) resulting from the
attenuation of the LCS photons in the target material
remains a Poisson distribution.

Starting from the multi-photon distribution for a
blank target, we calculated those for the three Pb
targets taking their transmission rates of 75.8, 50.9
and 25.9 % into account. The results are shown by the



half-tint histogram in Fig.5. One can see that the
experimental multi-photon distributions for the three
Pb targets are well reproduced by the calculation.

Table |. The number of the LCS photons incident
on targets estimated from the Poisson distribution
with n = 0 shown in Fig.5. The number of the
LCS photon-beam pulses with n = 0 is given by
the product of the frequency of the laser (30 kHz)
and the data acquisition time (600 s); No=1.80 x
107.

target Mt Nowt,(x107) N, (x107)

Blank 384 6.90 6.90
Pb(a=75.8%) 2.89 5.19 6.85
Pb(a=50.9%)  1.89 341 6.70
Pb(a=25.9%) 0.916 1.65 6.38

1 The average number of photons in the Poisson
distribution.

4. Discussion

It is straightforward to deduce the number of
incident LCS photons, N,. Using the Poisson
distribution, we get N,=Nom which is the average

number of photons per LCS photon-beam pulse m
times the number of the LCS photon-beam pulses.
The number of beam pulses is equal to the frequency
of the beam pulses (30 kHz) times the data acquisition
time.

The number of incident LCS vy rays is also
obtained from the attenuated multi-photon distribution
by Ny=Nom= Nom'/a. using the average multiplicity m'

for the attenuated multi-photon distribution and the
transmission probability o given by Eq.(2).

When we use the Poisson distributions that are
best fits to the experimental multi-photon
distributions, we obtain the number of the LCS
photons incident on the target materials as listed in
Table 1. Note that the number of the LCS photons
were in principle kept constant by the top-up
operation of the NewSUBARU storage ring. The three
measurements with the Pb targets give results that are
consistent with that for blank target within 8 %.

In an actual experiment, a photon detector does
not detect zero multiplicity events (n=0, no photons
per beam pulse). However, the experimental multi-
photon distribution can be directly used to determine
the number of incident LCS photons. The number of
LCS photons is determined from the product of the
average number of photons per beam pulse and the
number of beam pulses for the experimental n+0
events. Note that the former quantity corresponds to
m'/(1-e~™) in the Poisson distribution, while the latter
quantity corresponds to No(1—e™). The number of
incident LCS photons is determined by correcting for
the attenuation. The results are listed for blank and the
three Pb targets in Table Il. The agreement between
the experimental quantities within 4.4 % is obtained.
Furthermore, we note that the numbers of incident
LCS photons determined from the experimental and
the best-fit Poisson distributions agree well within 2.2
%.
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Finally we present a more practical prescription
for a photon flux determination. Instead of the multi-
photon spectra with the multiplicity n#0 (Fig. 5), let
us deduce the number of incident LCS photons from
the experimental pile-up spectra (Fig. 2).

The number of incident LCS photons obtained
from this practical prescription is listed in Table IlI.
The results obtained from blank and the three Pb
targets agree to each other within 3.5%. Naturally the
results are in excellent agreement with those given in
Table 11.

Table Il. The number of the LCS photons
incident on targets y estimated from the
experimental multi-photon distribution withn= 1
shownin Fig. 5.

taget  mePD N2(107) Nowt, (107) Nin, (107)

Blank 397 172 6.81 6.81
Pb (0=75.8%) 3.12  1.63 5.10 6.73
Pb (¢=50.9%) 229  1.48 3.39 6.67
Pb (0=25.9%) 156  1.08 1.69 6.52

D The average number of photons in the
experimental multi-photon distribution (Fig. 5).

Table Ill. The number of the LCS photons
incident on targetsy calculated from the
experimental pile-up spectra shown in Fig. 2.

targel _mPPD NA(107) Now, (107) Niny (107)

Blank 397 173 6.87 6.87
Pb (0=75.8%) 3.14  1.66 5.21 6.88
Pb (0=50.9%) 2.33  1.49 3.48 6.84
Pb (0=25.9%) 159  1.08 1.72 6.65

1 The average number of photons in the
experimental pile-up spectra (Fig. 2).

4. Conclusion

We experimentally investigated the nature of
multi-photon distributions of pulsed LCS photons
measured with the Nal(TI) detector using blank and
the three thick lead targets and found that the multi-
photon distribution is well characterized by the
Poisson distribution. We present an experimental
formula based on pile-up photon spectra measured
with the Nal(Tl) detector to determine the number of
incident pulsed LCS photons within 3.5 % accuracy in
a thick target measurement.
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Abstract
Resonant photonuclear isotope transmutation (RPIT) is shown to be very powerful to produce
exclusively radioactive isotopes (RIs) by resonant photonuclear (y,n) and (y,2n) reactions via E1
giant resonances. Photons to be used are medium energy (E(y) = 12- 25 MeV) photons produced
by laser photons backscattered off GeV electrons. The cross sections are as largeas 6~ 0.2—-0.5b
(10-%*cm2) for all medium-heavy nuclei. A large fraction (~ 3%) of photons is effectively used for
the photonuclear reactions, while the scattered GeV electrons remain in most storage rings to be
re-used. To demonstrate the RPIT feasibility, ®®Mo/**™Tc and 1%Au RIs were produced by RPIT on
100Mo and 197Au with laser photons scattered off 1 GeV electrons at the NewSUBARU storage
ring. RPIT with medium energy photons around 1012-15/sec provides specific/desired Rls with the
rate of 1010-13/sec and the RI density around 0.05-50 GBg/mg for nuclear science, molecular

biology and for nuclear medicines.

1. Introduction

The present paper aims at reporting that
RPIT(resonant photonuclear isotope trans- mutation)
is quite powerful for exclusive Rl (radio isotope)
productions (transmutations). Nuclear reactions used
for RPIT are resonant photonuclear reactions through
giant resonances (GR) by means of laser electron
photons, i.e. medium energy photons produced by
laser photons backscattered off energetic GeV
electrons in a storage ring.

RPIT is shown to be a very efficient and realistic
way to provide various kinds of RIs to be used for
nuclear physics, molecular biology, nuclear medicine
and for other basic and applied science.

So far, (n,y) reactions and nuclear fissions have
been extensively used for RI productions and
transmutations. Low energy thermal neutrons used for
(n,y) reactions and/or nuclear fissions are easily
obtained by using intense medium energy protons
and/or high flux nuclear reactors. Rls produced by
(n,y) reactions and those by nuclear fissions are
limited to those with large neutron capture cross
sections and those with large fission branches,
respectively. Many kinds of fission product RIS,
however, are produced in addition to the specific
isotope of interest, and thus chemical separation is
indispensable for extracting the desired isotope.

In the present report, we discuss the possible use
of photonuclear reactions for nu- clear isotope
transmutations. Actually, photonuclear reaction cross
section is in general much smaller than typical nuclear
cross sections because of the small EM coupling
constant.

The main points of the present RPIT are to use
resonant photonuclear excitations via E1 giant
resonance[1] with the large cross section and to use
energetic photon beams obtained by laser photons
backscattered off GeV electrons. Such photon beams
are called as laser electron photons. The main ideas of
RPIT are discussed in the recent report.[2, 3]
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Laser electron photons for RI productions have
been discussed, as given in recent reports and
references therein.[2,4,5] Photonuclear reactions and
photo fissions for medical isotope productions and
nuclear transmutations were evaluated by using the
FLUKA simulation code.[4] Photonuclear reactions
with photon beams of large brilliance and small band
width (AE/E = 1073) were discussed for production of
medical RIs with high specific activity.[5] Isotope
productions by using bremsstrahlung photons from
medium energy electron beams were discussed in the
recent report.[6] Among them, FEL(Free Electron
Laser) photons backscattered off GeV electrons in the
HIyS facility[7] is very interesting to provide medium
energy photons for RPIT.

In what follows, we describe briefly RPIT with
laser electron photons to provide efficiently various
kinds of RIs with large RI production rate and high RI
density. It is used to get RIs of interest without extra
Rls. Unique features of RPIT and the E1 giant
resonance and those of laser electron photons for
photonuclear reactions are given in section 2 and
section 3, respectively. Rl production rates and
efficiencies are discussed in section 4, and %Mo/**™Tc
and 196Au productions by RPIT on %Mo and 7Au
with laser photons scattered off 1 GeV electrons at
NewSUBARU are described in section 5. Concluding
remarks and perspectives are presented in the last
section.

2. Resonant photonuclear reactions via E1 giant
resonance

Resonant photonuclear reactions via the isovector
E1 giant resonance are used for RPIT. Merits of the
resonant reactions are as given below.

1. The cross section is quite large because of the
resonant excitation of many nucleons involved in the
GR. The energy integrated cross section is given by



>
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JAEGNE®) =2n°a- =

=250aA[ fin*MeV] (1

where N and Z are the proton and neutron
numbers, A = N + Z is the mass number, k = 0.2 is the
correction coefficient for the exchange current, and a

= e?/h~1/137 is the EM coupling constant.

Table 1. Cross sections for photonuclear
reactions at E1 GR and cross sections for electron
positron pair creations and Compton scatterings
in unit of b=10-24cm?2.

Isotope o(GR) b o(e)b o(GR)/o(e)
27A1 0.07 0.95 0.071
63Cu 0.16 33 0.048

100Mo 0.25 6.1 0.041
1248n 0.31 89 0.034
208Ph 0.52 20 0.026

Using the Breit-Wigner resonance shape with the
observed width of I' = 4.5 MeV for the E1 GR, the
cross section at E(y) = E(GR) is expressed as

o(GR) = 2.5 x 1073 Ab. 2)

The cross section amounts to about 30 % of the
geometrical nuclear cross section. GR resonance cross
sections for typical nuclei are shown in Table I and
Fig.1. The cross section is proportional to the mass
number A because of the resonant excitation.
Therefore the small EM coupling of o = 1/137 is well
compensated by the large factor of A = 60~200 in case
of medium heavy nuclei.

2. GR is a macroscopic oscillation of a bulk of
protons and that of neutrons. Accordingly the cross
section per nucleon, the resonance energy and the
resonance width do not depend much on individual
nuclides and insensitive to individual nuclear struc-
tures. The resonance energy is expressed as E(GR) =
aA-1/5 = 22~14 MeV for A = 30 ~ 200 nuclei as
shown in Fig.1, and the width is as broad as I' = 4 ~5
MeV. Thus one can preferentially excite GR in any
nuclei by using medium energy photons. This is in
contrast to (n,y) reactions by thermal neutrons, where
the cross section depends much on individual nuclides
and nuclear level structures.

3. Photonuclear reactions on medium heavy nuclei
at the GR region are mainly (y,n) or (y,2n) reactions,
depending on B(2n) > E(y) > B(n) or E(y) > B(2n),
where B(n) and B(2n) =~ 2B(n) are the one and two
neutron binding energies, respectively. Then one gets
exclusively nuclei with (Z, N — 1) and (Z, N — 2) from
target nuclei with (Z,N) by using the (y,n) and (y,2n)
reactions with adequate energy photons, respectively.
In case of light nuclei, (y,p) reactions are also used to
produce RIs with (Z — I, N ). Accordingly, it is
possible to get specific/desired RI isotopes from
stable isotopes, or short-lived RI isotopes from long-
lived RI isotopes without producing many extra Rls.
This is in contrast to fission products in nuclear
reactors, where many extra isotopes are necessarily
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3. Laser electron photons for photonuclear
isotope transmutation

Medium energy photons with the appropriate
energy of E(y) = E(GR) are obtained by Compton
backscattering of laser photons from GeV electrons in
a storage ring. Laser photons are amplified in energy
via scattering off GeV electrons by many orders of
magnitude, depending on the electron energy and the
scattering angle. The appropriate energy window A E
~ [ is selected by using a collimator to define the
scattering angle.

The scattering process of laser photons is
schematically shown in Fig.2.

Interaction Laser Laser electron
point photons photons 15-30 MeV
Es "__,.---"
& ..-""'"""
ool Virtual Scattered
electrons (GeV)  ¢lectrons electrons (GeV)
Fig. 2. Schematic view of production of laser

electron photons by Compton backscattering of
laser photons from GeV electrons.

Here the GeV electron is excited to a virtual state
by the laser photon capture, and is split into the
scattered GeV electron and the laser electron photon,
i.e. the scattered photon. The scattered photon energy
E(y) is expressed in terms of the laser photon energy
E(l) and the scattering angle 6 with respect to the
electron beam as

4y2E(l
E(y) = L EL)

|+4]’(E(|"}."m+}"3fiiz (3)

where m denotes the electron mass and ye = E(e)/
m is the Lorentz factor of the incident electron with
the energy E(e). Noting 4yeE(l)/m < 1 in the present
case, the photon energy can be conveniently
expressed as




E(y)=kE(D) f(0) )

where k =~ 4ye2 is the amplification factor, and f{6)
= [1 + ye? 61! stands for the angle dependence. Since
f(0) =~ 1 at the forward angle of 6= 0 , ie. the
backward angle with respect to the incident laser
photon, the laser electron photon has the maximum
energy of k E(l) with the amplification factor k ~ 4ye2
at 6=0.

The energy window of E(y) — E'(y) can be set by
using a collimator of an angle aperture of £A6 at the
forward direction, where E(y) and E’(y) are the photon
energies at the scattering angles of § =0 and 6 = A6.

The laser electron photon energy and the band
width are tuned by adjusting E(I), E(e) and A@ so that
the energy spectrum shows the peak at the maximum
energy of E(y) = E(GR)(~15 MeV) and the band width
around AE(y) = I[(~5 MeV).

The energy amplification factor is as large as k =
107-8 for the GeV electron energy of E(e) = 1 ~3 GeV.
Then one gets medium energy photons of E(y) =15
MeV to be used for photonuclear reactions by using 1
~ 0.1 eV laser photons.

The photon intensity of around 10%'%/sec is
realistic by using intense lasers and intense electrons.
In future, high intensity photon sources with the
intensity of the order of 10'%15/sec will be possible.

The laser electron photons have several
advantageous points to charged particles and
neutrons. They are as follows.

1. The laser photons are well collimated into a
small angular region of 8 = 1/ye. The angle spread is
around € = 0.15-0.5 mrad. for 3-1 GeV electrons.
Thus the nuclear transmutation is confined in the
small cylinder within 1 mm in radius at around a few
meters from the laser electron interaction point. This
makes it possible to get isotopes with very high RI
density of the order of GBq/mg, which is crucial for
nuclear physics, molecular biology and nuclear
medicines.

2. The large fraction (~ 3%) of the incident
photons are effectively used for the isotope
transmutation, as given in Table I. Here a very thick
target of the order of 20~30 gr/cm2 can be used for
photon beams since photons have no electric charge to
interact with atomic electrons. Note that charged
particles lose their energy mostly via interaction with
atomic electrons without being used for nuclear
reactions.

3. The scattered GeV electrons lose the energy via
the interaction with the laser photon only by 0.3 ~1
% , depending on the scattering angle, and thus most
of them can still remain in the storage ring to be re-
accelerated up to the original energy by RF power
supply.

4. The laser electron photons tuned to the GR
energy are well above the (y,n) threshold energy. In a
typical case of the maximum photon energy of E(y) =
16 MeV and the neutron binding energy of B(n) = 8
MeV, more than a half of the laser electron photons is
above the threshold energy of 8 MeV for photonuclear
reactions, and is used for photonuclear reactions. This
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is in contrast to bremsstrahlung photons, where the
photon yields drop down rapidly with increase of the
energy, and thus a small part of the high energy tail
can be used for photonuclear reactions.[6]

5. Some laser electron photons interact with target
nuclei to excite GR, which decays by emitting 1 or 2
fast neutrons and a few y rays, while others interact
with the electric field of the target nuclei to produce
electron positron pairs with E(et) =5 ~ 8 MeV. These
neutrons, y rays and electron-positron pairs may be
used for basic and applied science. Slowing down the
fast neutrons, one may re-use them for another isotope
transmutation.[4]

4. Photonuclear RI productions

Let’s estimate the RI production rate and the RI
density for RPIT. Photonuclear (y,n) and (y,2n) cross
sections via the El GR are given as oe(n) =
oe(GR)Br(n), and oe(2n) = oce(GR)Br(2n), where
Br(n) and Br(2n) are the effective branching ratios for
the n and 2n channels and ce(GR) is the effective GR
cross section for the laser electron photons in the
energy window. Practically, Br(n) and Br(2m) are
nearly 1 by selecting the laser electron photon
energies as B(n) < E(y) < B(2n) and B(2n) < E(y) <
B(3n), respectively. Experimentally, we use photons
with the spectrum window ofA E =7 . Thus the
effective cross section isc e(xn) = 0.7 a(xn) = 0.7
Br(xn) o(GR).

The RI production rate N (Z, N — x) by using the
(y, xn) reaction on the A(Z, N ) target nucleus is given
as

N(Z.N - x)=N'(y)ao" (xn)N(T) (5)

where N'(y) is the number of photons per sec in the
energy window of AE = 5 MeV, a is the attenuation
factor of the incident photons through the thick target,
and N(T) is the number of target nuclei per unit area.
We evaluate the RI production rates in two cases.

In case of FEL, the production rate can be
evaluated on the basis of the HIyS data of N(y) = 2 x
109/sec for 50 mA electrons with E(e) = 0.474 GeV
and E(I) = 1.6 eV (L =780 nm).7) The photon intensity
increases as E(e)k with k =5.

Extrapolating these data, one may assume/expect
to get the total number of photons around N(y) =
2x10'%/sec / 500 mA for E(e)=1.2 GeV and the N'(y) =
10'2 /sec for the photons in the energy window. Using
a target with thickness of around 30 gr/cm? and a =
0.62, the RI production rate for a typical case of A =
100, Br(n) = 0.7 and o(GR) = 0.25 b is given as,

N(ZN -x)=15x10" /sec (6)

The photons are well defined into the small
angular region of # = l/ye = 4 x 107 radian, i.e.
within a radius r = 0.8 mm at 2 m from the interaction
point. Then the target cylinder with 1.6 mm in
diameter is 0.6 gr. Thus the RI density after
sufficiently long irradiation (multiple of the product
half-life) is 1.5 x10 10 /sec/0.6 gr = 0.025 GBg/mg,
which is equivalent to 0.025 GBg/ml in case of liquid
with 1 gr/cc. Using target nuclei enriched into
particular isotopes, one gets efficiently the isotope
transmutation, being almost free from other extra/



In case of CO; laser photons injected anti-parallel
to a beam of GeV electrons in a storage ring, the
number of the backscattered photons per sec is given
as.8)

N(y)=1x 10° E
) @)

where I is the current of the electron beam and P
stands for the power of the laser, respectively in units
of A and W. A segment with the length 1 of the
electron beam is assumed to be contained inside the
laser beam of the cross section area s, respectively in
units of m and mm. A finite Rayleigh length makes s
dependent on 1. In case of a Gaussian laser beam, the
dependence is written as

=

5= Ki, L =arctan( : =
2L 2mw” (8)

where A (10.6pum) in unit of um and w in unit of
mm are, respectively, the wavelength and the waist
radius of the laser beam at the middle of the segment
1. To enhance N(y) , one may increase 1 and reduce w.
It is however bounded by a value No(y) =4.4x107 1P,
which corresponds to a sufficiently large segment
length 1 compared with the Rayleigh length. When a
relationship 1> 4w? is fulfilled, N(y) counts more than
90 % of No.

Low emittance electron beams in the third
generation synchrotron light sources allow us to
assume w = 0.5 mm for which an adequate segment
length is /=1 meter. To obtain N(y) = 10'%/sec with I =
500 mA as considered in the FEL case, the power of
the laser is required to be P = 46 kW. To be
conservative, we may say that a well established
technique of the laser backward scattering utilizing a
few kW CO; laser photons can provide a mean to
study nuclear transmutation and RI production with a
production rate of an order of 10%/s.

Radioactive isotopes to be used for PET and
SPECT tracers and photonuclear reactions are shown
in Table IT and Table III.

Table II. Radioactive isotopes to be used for PET
tracers and photonuclear reactions.

Isotope  Halflife Q(EC) keV Reaction Abund
1nc 204 m 1982 2C(y,n) 989
3N 100 m 2220 UN(y,n)  99.6
150 2.04 m 2754 160(y,n)  99.8
I8F 109.8 m 1656 YF(y,n) 100

627n 92h 1627 647Zn(y,2n) 48.6
68Ga 67.6 m 2921 ®Ga(y,n) 60.1

Table III. Radioactive isotopes to be used for
SPECT tracers and photonuclear reactions.

Isotope Halflife d Q(EC) keV Reaction Abund

§Ga 326 93,185 ©Ga(y2n) 60.1
®Mo/®mTc2.75,025 140 10Mo(y.,n) 9.6
[n 2.8 245,171 BIn(y2n) 43
126] 13 389,666  127[(yn) 100
195smpt 402 259  19Pg(y;n) 254
201T] 3.04 167 23Ti(y2n) 29.5

Intense sources of medium energy photons with
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N(y) = 1013715/s may provide RIs around N = 10!1713/s,
The RI density is evaluated for a typical case of E(e)
=2 GeV with ye=3.9 103. Laser electron photons with
E(y)=15 - 10 MeV and 24 - 16 MeV for (y, n) and (y,
2n) reactions are obtained, respectively, by scattering
of 0.24 eV and 0.39 eV laser photons at & =0 - 0.16
mrad. Thus the collimator to be used for both
reactions are the one with aperture ofA 8 = + 0.16
mrad. i.e. the radius of 0.65 mm at 4 m from the
interaction point. Using a 30 gr/cm2 target, N =
10'"13/s can be confined in a cylinder of » =0.65 mm
with the density of 0.5 - 50 G Bg/mg after long
irradiation.

Let us discuss the *Mo/*™Tc isotopes, which are
widely used as SPECT isotopes. The Mo isotopes
are produced by 'Mo(y,n) reactions and also
100Mo(y,p) reactions followed by B— decays. RPIT
with NM(y) = 10'3715/s and enriched Mo isotopes pro-
vides the Rls of ®Mo/**™Tc¢ with the production rate
of 10'""13/sec and the RI density of 5 103719 Bq/mg
after sufficiently long irradiation.

5. ¥Mo/*™Tc¢ and ""Au RI productions by
RPIT

PMo/*mTc and °Au RIs were produced by RPIT
on 100Mo and '"7Au in order to demonstrate the
RPIT feasibility. Medium energy photons with E(y) =
16-12 MeV were obtained by using 1.064 pm Nd-
YAG#4 lasers scattered off 0.95 GeV electrons in the
NewSUBARU electron storage ring. A collimator
with aperture of 6 mm in diameter was used to select
the energy window of AE =4 MeV. The photon energy
window 1is just adequate to excite preferentially El
GRs in %Mo and '"’Au. The photon intensity is of
the order of 106/sec. Note that the scattered electrons
at the forward angle of 6 =0 mrad. are not re-used in
the present NewSUBARU with E < 1 GeV, although
they are re-used in most storage rings with £ > 2-3
GeV.

A target used consists of 6 natural Mo disks with 2
mm in thickness and 1 Au disk with 0.5 mm in
thickness. Here the Au disk is inserted just between
the 3 and 3 Mo disks. Note the natural Mo includes
9.6 %100Mo, while the natural Au is 100 %'97Au.
They are irradiated by the medium energy photons for
8.89 hrs (hours), and the y rays from RIs are measured
by means of GMX Ge detector after 0.82 hrs from the
stop of the irradiation.

The y ray energy spectrum measured for 1 hr from
0.82 hrs after the irradiation is shown in Fig. 3. The
100Mo stable isotopes were well transmuted to the
%Mo RIs, as shown by the very strong 140.5 keV y
line from the 142.5 keV isomer in *Tc (T1/2 =6.0
hrs), which were populated from Mo (Ti2 =66 hrs)
decays. Strong 739.5 keV, 778 keV and 181 keV y
lines from Mo (Ti2 =66 hr) decays are also
observed. Note that the strong 140.5 keV vy ray is just
the one used widely as the medicine for SPECT.
Interesting is to see the 569 keV and 658 keV lines
from %°Nb (T2 =23.4 hrs) and 9'Nb (Tip= 72.1 m),
which are produced by the (y,p) reactions on *’Mo
and Mo, respectively.

The strong 355.5 keV, 333 keV, and 688.5 keV



(333 + 355.5) v lines are from EC and B+ decays of
196Ay and the 426 keV line is from B— decays of
196 Au, which are produced by RPIT on '“’Au. The 67
keV and 75 keV lines are K X-rays from Pt and Pb,
respectively.

Relative yields of Mo and '"°Au isotopes are
evaluated by using the measured yields of the 181
keV and 355.5 keV lines from their decays,
respectively. They are plotted as a function of the time
T from the start of the irradiation as shown in Fig. 4.
They are consistent with the known half lives of Mo
and '°Au.
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Fig. 3. Gamma ray energy spectrum from RPIT
on natural Mo and Au targets. The vy rays at 140.5
keV, 181keV, 739.5 keV, and 778 keV are from
9%Mo. The y rays at 569 keV and 658 keV are
from 96Nb and 97Nb, respectively. The vy rays at
333 keV, 355.5 keV, 426 keV, and 688.5 keV (333
+ 355.5) are from %6Au. The 66.5 keV and 74.5
keV lines are X rays, while the 511 keV line is
the electron positron annihilation.

Effective cross sections for the RPIT (y,n)
productions of Mo and '°Au isotopes were
evaluated from the numbers of these isotopes
produced by the RPIT photon irra- diation by using
Eq.(5).

The attenuation of the incident photons through
the Mo and Au targets is given by a = 0.78 for the
present target ensemble.

The effective number of photons, N'(y), were
derived as

N(y) = [ N(y.E(y)dE, ©)

where N(y,E(y)) is the energy distribution of the
incident photons through the 6 mm dia. collimators.
The relative energy distribution of N(y,E(y)) was
measured by using a Nal crystal.

The number of the Mo isotopes are evaluated
from the observed yields of 181 keV and 739.5 keV y
rays from the ®?Mo decays and that for the '%°Au are
from the yield of the 355.5 keV 7 rays from the '"°Au
decays, respectively. Here the y ray yields were
corrected for the branching ratios known from the
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nuclear data[9-11] and the peak efficiencies estimated
by using the Monte Carlo simulations.

Qammter Ty Yields wer 276 1 ver

Steart timeer tive 16 wew

Fig. 4. Relative yields of the 181 keV vy rays from
99Mo (squares) and the 356 keV vy rays from
196Au(triangles) as a function of the time T (K
sec) from the start of the irradiation by photons.
The irradiation stopped at T = 8.89 hrs (32 K sec)
and the y ray counting started at T= 9.71 hrs (35
K sec). Solid lines are decay curves of the 99Mo
(T12 = 66 hrs) and 196Au (T12=6.18 d)

Then the effective cross sections are expressed

simply as
oy ({C1)

2 vfﬁiﬂ"( |-37Mi]' Ur':llquﬂ}

NCTAmNC Au) (10)
o ("M)=ko'("Aw) | k =030=005 (11)
where N(C) and ce(C) are the number of isotopes

involved in the present RPIT, and the effective cross

section with C standing for the product RIs of Mo
and '%Au, and for the stable target isotopes of %Mo
and 7Au.

Using the observed excitation function for
197Au[12] and the observed energy dis- tribution of
N(LE(y)), we get oe('°Au) = 0.365 +£0.012 b, Then
the effective cross section for '9Mo(y,n)*Mo is
obtained by using Eq.(11) and the ce('°Au) = 0.365 b
asoce( PMo) = 0.109 + 0.020 b, including a small
contribution from (y,p) channel. The effective cross
sections for the *®Mo(y, p)’’Nb and *’Mo(y, p)’°Nb
were evaluated from the observed yields of the 658
keV and 569 keV v rays from *7Nb and *°Nb,

respectively. They are about 3 % of the effective

(y,n) cross sections. Then, assuming the 3 %

contribution to the Mo production from the (y,p)

channel, one gets the effective cross section of

ce(®Mo) = 0.106 + 0.020 b. This is in consistent with

the value 0.105 b derived from the measured (y, n)

cross section on Mo,[13] and is consistent also with

the cross section evaluated by using the number of the
laser electron photons and the number of the
measured Mo isotopes.

We note here that the effective (y,n) cross sections
for 7Au and %Mo are approximately 69% and 62%
of the GR peak cross sections of 6(GR), respectively.

o ("M =



6. Concluding remarks and perspectives on
photonuclear reactions

The present report shows that RPIT with laser
electron photons provides exclusively various kinds
of specific/desired isotopes with the large production
rate and the high density for basic and applied
science. RPIT is of potential interest also for nuclear
transmutation of long-lived nuclei. Accordingly,
RPIT using intense laser photons and GeV electrons
in a storage ring is quite complementary to other
methods using high flux reactors and intense charged
particle accelerators.

RPIT with large efficiency is quite attractive from
ecological view points. Since the GeV electrons
stored in most storage rings lose little their energy via
interactions with laser photons, they remain in the
ring. The laser electron photons are efficiently used
for production of desired RIs. Then the overall
efficiency of the RI production is many orders of
magnitude larger than that of the charged particle
accelerators and nuclear reactors. Fast neutrons have
recently pointed out to be used for nuclear
transmutation.14) This uses a small fraction of the
charged particles to produce the fast neutrons, and is
complementary to RPIT. Intense electron accelerators
provide bremsstrahlung photons for photonuclear
isotope transmutation,6) but most of photons are
below the threshold energy of the photonuclear
reaction and the electrons after the bremsstrahlung are
not re-used.

There are several programs of intense photon
sources under progress.[4,5,15] MEGa- ray is the
project at LLNL for high intensity photons with 1012
photons/sec in the MeV region and ELI-NP is the one
at Romania for higher energy photons with 1012
photons/sec in the GR energy region of E(y) > 19.5
MeV. They plan to achieve the intensity of around
10%5/sec. In Tokai Japan, the ERL(Energy Recovery
Linac) project is under progress to provide intense
photons for resonance fluorescence.[16]

It is noted here that the laser photon backscattering
off GeV electrons in an electron storage ring is well
established and it requires fewer developments
compared with linac based facilities like ones planned
in Romania and Tokai.

If the natural abundance of the target nuclide is not
large, enrichment in the specific isotope is effective to
increase the efficiency by the enrichment factor and to
reduce other RI productions. Ton-scale enrichment
into 100Mo for 99Mo/99mTc and other isotopes are
realistic by means of centrifugal isotope separators.
Such isotopes are also used for basic science such as
neutrino studies in double beta decays.[17] A large
scale isotope separation plant with the separation rate
of the order of 100 kg/year is interesting for basic and
applied science.

RPIT can be used to detect small impurities of
specific stable and radioactive isotopes. They are
excited by photonuclear reactions via E1-GR, and are
detected by measuring prompt and delayed gamma
rays characteristic of the isotopes of the order of ppb/
ppt levels. Thus it can be applied for nondestructive
impurity and radionuclide assay.
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It is of great interest from scientific and ecological
view points to build high intensity electron storage
rings and FEL photon sources to provide medium
energy photons with intensity of the order of 1013-15/
sec. Such intense photons can be widely used for
producing byproduct fast neutrons, y rays and electron
positron pairs as well as for the photonuclear RI
productions for basic and applied science.
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Soft X-ray Source by Laser Produced Xe Plasma

S. Amano, K.Masuda, S.Miyamoto, T.Mochizuki
LASTI/UH

Abstract

The laser plasma soft X-ray source in the wavelength rage of 5-17 nm was developed, which
consisted of the rotating drum system supplying cryogenic Xe target and the high repetition rate
pulse Nd:YAG slab laser. It demonstrated the maximum conversion efficiency of 30% and the soft
X-ray generation with the high repetition rate pulse of 320 pps and the high average power of 20
W. The soft X-ray cylindrical mirror was also developed and successfully focused the soft X-ray
with an energy intensity of 1.3 mJ/cm?. The plasma debris mitigation with Ar gas will allow a long
lifetime of the mirror and a focusing power intensity of 400 mW/cm? with 320 pps. The high
power soft X-ray is useful for various applications.

Laser-plasma-X-ray is generated from high-
temperature and high-density plasma produced by
high-intensity laser. This X-ray source is useful
for a lot of applications as a compact light source
with high intensity. In order to use this light
source for industrial uses, high average power is
required. The rotating drum Xe cryogenic target,
which could supply continuously solid Xe target
for laser-produced plasma soft X-ray, was
developed to satisfy this demand.

As shown in Fig.1, spectrum from the Xe has a
very broad bandwidth (5-17 nm), so it was
expected to be a high efficient soft X-ray source.
When a Nd:YAG laser irradiated the target with a
laser energy of 800mJ and 300mJ, a maximum
conversion efficiency in bandwidth of 5-17 nm
was found to be 30 % (Fig.2) and 21 9%,
respectively. The irradiation laser with a high
average power (100 W) and a high repetition rate
pulse (320 pps) was also developed originally. It
is a PCM-MOPA (Phase Conjugated Mirror —
Master Oscillator and Power Amplifier) Nd:YAG
slab system. High average output soft X-ray of 20
W at the wavelength range of 5-17 nm was
realized by using both the target and the laser.

Intensity [a.u.]

6 8 10 12 14 16
Wavelength [nm]

Fig.1 Spectrum of soft X-ray radiation from the
rotating cryogenic Xe target.
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Fig.2 Conversion efficiency (CE) as a function of
lens position.

In order to increase an intensity of this soft X-
ray, we designed a focusing mirror system. The
mirror has a shape of a cylinder with three pieces
of cylindrical Ru coated mirror. The piece with an
angle of 101 degrees had a curvature radius of 26
mm. The mirror system was placed at a distance
of 93mm from a plasma point, that was designed
to be maximized a focused X-ray energy by
compromising accepted solid angle for the light
source and Ru mirror reflectivity. The X-ray
energy intensities at a focal plane were measured
by a X-ray diode having a sensitivity in 13.5 nm
with 2 % bandwidth. Taking account of reflected
spectra, the X-ray intensity in the rage of 5-17 nm
was estimated as shown in Fig.3. As the measured
results, a maximum focused intensity was 1.3
mJ/cm?. With the mirror, the X-ray intensity at a
focal point was improved to be 27-times.

Lithium fluoride plate was used to observe the
focused X-ray pattern. X-ray generates color-
center in Lithium fluoride. Because a band-gap
of lithium fluoride is bigger than 14eV, its color-



center can be produced only for X-ray, not visible
light and UV light. The produced color-centers
emit yellow light by pumping blue light, and we
can know a pattern of X-ray by observing the
yellow pattern. The measured pattern was in good
agreement with a calculated one.

e with the mirror
Owithout the mirror

=

g

£ 14

]

(\@ L2 i prwam 1.26mJ/cm? ]
E) 1.0 i/ 1.8mm 1
E 0'8 7 . @
Z 06} ]
g 0.4 1 0.047mJ/cm? |
=S 02}

)

2 0

S -15 -10 -5 0 5 10 15
=

Distance from beam center [mm]

Fig.3 Energy intensity at the focal plane w/o the
mirror.

Although Xe is a deposition-free target, mirror
sputtering by debris needs to be mitigated.
However, the major plasma debris component is
ions, and we believe their mitigation to be simple
compared with the case of a metal target such as
Sn, using magnetic/electric fields and/or gas. We
are now studying debris mitigation by Ar buffer
gas. Ar gas was chosen because of its higher
stopping power for Xe ions and lower absorption
of X-ray, and its easy handling and low cost.
After the vacuum chamber was filled with Ar gas,
total erosion rates were measured using a gold-
coated quartz crystal microbalance (QCM) sensor
placed 77 mm from the plasma at a 45-degree
angle, and simultaneously, X-ray losses were
monitored by an X-ray diode placed 200 mm
from the plasma at a 22.5-degree angle. Figure 4
shows the erosion rates as a function of Ar gas
pressure. The rates were normalized by the
erosion Ng at a pressure of 0 Pa. When the Ar
pressure was 8 Pa, we found the erosion rate was
1/18 of that without the gas, but the absorption
loss for EUV light was only 8%. The erosion
rates (N/No) in Fig. 4 can be fitted to an
exponential curve:

N(PAr} No vexp[—%ol]
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where P, is the Ar pressure, k is the Boltzmann
constant, T is the gas temperature, o is the cross
section and | is the debris flight length. From this
fitting, we obtain o = 2.0 x 10 m% The Ar
buffer gas successfully mitigated the effect of
plasma debris with little X-ray attenuation.
Increasing the Ar pressure, mirror erosion
decreases but X-ray attenuation increases.
Compromising the erosion and X-ray attenuation,
an optimized pressure is achieved. We should
localize the higher density Ar gas to only the
debris path so that EUV attenuation is as small as
possible. We can design the optimized pressure
condition using the o value obtained and we
consider the use of an Ar gas jet. Through this
mitigation, we expect that erosion will be reduced
by more than two orders of magnitude and the
lifetime of the mirror will be extended.

This debris mitigation allows our LPP source to
continuously operate with the longer mirror
liftime and achieve a focusing power intensity of
400 mW/cm? with 320 pps. This high power soft
X-ray is useful for various applications.

® All debris sputter
1.0 B Ion sputter 1

0 2 4 6 8 10
Ar pressure [Pa]

Fig.4 Normalized sputtering rate vs. Ar pressure.
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Characterization of a laser-plasma extreme-ultraviolet source
using a rotating cryogenic Xe target
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Abstract

A laser-plasma source for extreme-ultraviolet (EUV) light that uses a rotating cryogenic solid-state
Xe target has been characterized. We focused on parameters at the wavelength of 13.5 nm with 2%
bandwidth required for an EUV lithography source and investigated improvements of the
conversion efficiency (CE). With the drum rotating, there was an increase in CE and less fast ions
compared with the case for the drum at rest. It is considered that the Xe gas on the target surface
can produce optimal-scale plasma, satellite emission lines in Xe plasma effectively increase the
EUV intensity, and the ion number is decreased by the gas curtain effect. The dependence of CE
on the laser wavelength, laser energy and intensity also studied. As a result, the maximum CE was
0.9% at 13.5 nm with 2% bandwidth under the optimal condition. By continuous irradiation of a
Nd:YAG slab laser at a repetition rate of 320 Hz and an average power of 110 W, the target
continuously generated EUV light with an average power of 1 W at 13.5 nm with 2% bandwidth.

Introduction

Recently, there has been strong expectation of
using an laser-produced-plasma (LPP) x-ray
source as a light source for x-ray projection
lithography, which is referred to as extreme
ultraviolet (EUV) lithography and is expected to
be used for the mass production of next-
generation semiconductor chips. For this purpose,
great efforts have been made to develop such an
LPP-EUV source.

Light at 13.5 nm with 2% bandwidth is
required for the EUV light source, which is
limited by the reflectivity of Mo/Si mirrors in a
projection lithography system. Xe and Sn as
plasma targets have been studied intensively
because they have strong emission around 13.5
nm. The emission peak from a Sn target is at 13.5
nm, therefore Sn intrinsically has a high EUV
conversion efficiency (CE) at 13.5 nm with 2%
bandwidth. However, such a metal target would
deposit and remain on EUV mirrors near the
plasma, degrading their reflectivity in a short
period. On the other hand, Xe is an inert gas and
does not deposit on mirrors, and it has been
studied as a deposition-free target. Unfortunately,
its emission peak is at 10.8 nm. Improvement of
the CE is a critical issue for the Xe target.

We chose Xe as a deposition-free target and
developed a rotating cryogenic drum target
system, which could continuously supply a solid
Xe target. We also developed a drive laser, which
was a phase conjugated—maser oscillator power
amplifier Nd:YAG slab system with a pulse
repetition rate of 320 Hz. Using the above, we
constructed an LPP-EUV light source system and
were able to continuously generate EUV light. In
this paper, we report the performance of the EUV
light source, especially the improvements of the
CE at 13.5 nm with 2% bandwidth.
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Experiments

A cylindrical drum in a vacuum chamber is
filled with liquid nitrogen, and thereby the copper
surface is cooled to the temperature of liquid
nitrogen. Xe gas blown on the surface is
condensed to form a solid Xe layer. The drum
coated by the solid Xe layer rotates around the
vertical z-axis and moves up and down along the
z-axis during rotation, moving spirally so that a
fresh target surface is supplied continuously for
every laser shot. Two wipers are mounted on the
container wall to adjust the thickness of the solid
Xe layer to 500 um and assist in recovering the
laser craters on the target. The thickness of 500
um was found to be sufficient for a laser shot of 1
J not to damage the drum surface.

Figure 1 shows the experimental setup to
obtain data of EUV emission from the cryogenic
Xe target on the rotating drum. Here, a
conventional Q-switched Nd:YAG rod laser was
used in single-shot operations, which could
deliver pulses at wavelengths of 1o (1064 nm),
20 (532 nm) and 3w (355 nm). The laser pulse
width was about 10 ns. The pulses were expanded
by a beam-expander and focused on the target by
a lens with a focal length of 500 mm so that
plasma was produced and emitted EUV radiation.
By changing the position of the focusing lens to
change the laser spot, the laser intensity on the
target was adjusted to find the optimum intensity.
We note the lens position (LP) is zero at best
focus, negative for in-focus (the laser spot in the
target before focus) and positive for out-of-focus
(beyond focus). An EUV energy detector
calibrated  absolutely  (FC)  (SCIENTEC
Engineering, Flying Circus) and a relative energy
monitor (EM) comprising an x-ray diode with
Mo/Si filter (IRD, AXUV-20) and a Mo/Si mirror
were used. Spatial distributions of the EUV



emission were measured by scanning the EM on a
rotating stage. A charge collector (CC) detected
the plasma ions.
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Figure 2. Experimental setup to obtain data of
EUV emission from the cryogenic Xe target on
the rotating drum.

Results

We investigated the CE from the laser to EUV
using the 1o laser pulse. Figure 2 shows the CE
per solid angle as a function of LP (laser
intensity), which was measured by the FC located
at 45 degree from the laser incident axis. The
laser pulse energy was 0.8 J. We see that the CE
was enhanced under the rotating drum condition
compared with the rest condition. Here, the rest
condition is as follows. Xe gas flow is stopped (0
mL/min) after the target layer has formed, and the
drum rests (0O rpm) during a laser shot and
stepwise rotates after every shot so that a fresh
target is supplied to the point irradiated by the
laser. The rotation condition is as follows. Laser
pulses irradiate quasi-continuously the target on
the rotating drum, supplying Xe gas (40 mL/min)
and forming the target layer. Here, the rotating
speed was 130 rpm. In Fig. 2, we see that the
maximum CE per solid angle was for an
optimized laser intensity of 1 x 10" W/cm? (LP =
—10 mm) during rotation. Measurement of the
EUV angular distribution by a scanning EM
shows that the distribution can be expressed by a
fitting curve of (cos0)**®, Taking into account this
distribution, we obtained the maximum spatially
integrated CE of 0.9% at 13.5 nm with 2%
bandwidth.

For the drum rotating operation, we found the
good characteristics of not only increased CE but
also less fast ions compared with the case with
the drum at rest. The cause of the phenomena was
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considered to be Xe gas localized on the target
surface by the wiper. We supposed that the gas
produces optically thick plasma, satellite lines in
Xe plasma would contribute effectively to
increasing the EUV intensity, and the ion number
is decreased by the gas curtain effect.

The laser wavelength dependency of the CE
was investigated and it was found that the
maximum CE was obtained for the 1o laser and
the rotating drum target. It was also found that
laser energy of more than 0.3 J was sufficient to
achieve the maximum CE with an optimal laser
intensity of ~10"° W/cm? In conclusion, the
maximum CE was found to be 0.9% at 13.5nm
with 2% bandwidth for the optimal condition, and
this value is higher than that for a Xe gas or liquid
state target but lower than that for a Sn target.

When a slab laser having a repetition pulse of
320 Hz and an average power of 110 W irradiated
the rotating target, continuous EUV generation
was achieved with average power of 1 W at 13.5
nm with 2% bandwidth. The moving average of
the EUV energy stability over 50 pulses was
estimated to be 3% (1o), but it could be improved
using a laser-diode pumping laser. Using a
higher-power drive laser with a repletion rate of
10 kHz and laser energy of 1 J, EUV power of
100 W at 13.5 nm with 2% bandwidth will be
obtained. No degradation of the Mo/Si mirror
reflectivity up to 10° shots was recognized. The
main plasma debris from the Xe solid rotating
target was plasma ions and it is thought that they
can be mitigated easily compared with debris
from a Sn target.
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Figure 2. CE as a function of LP in the rotation
(130 rpm) and at-rest (0 rpm) conditions. Insets
show the laser beam focusing on the target.
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Soft X-Ray from Laser-Produced Xe and Sn Plasmas
in a Wide Wavelength Range

Tomoaki Inoue, Takayasu Mochizuki, Shuji Miyamoto, Sho Amano,
Takeo Watanabe, and Kazuhiro Kanda

Abstract
Soft x-ray conversion efficiencies in a 5-17-nm wavelength range in xenon and tin
plasmas produced by a 1.06-um Q-switched neodymium-doped yttrium aluminum
garnet laser were found to be extremely high. They were measured to be 25% and 20%
for the xenon and tin plasmas, respectively, at a laser intensity of about 2 x 10 W/cm?.
These results indicate that a stand-alone soft x-ray source using a laser-produced xenon
or tin plasma is useful for various applications that require intense, soft x-ray photons in

a wide wavelength range.

Introduction

Soft  x-rays  from high-temperature,
high-density plasmas produced by focusing a
high-intensity laser pulse on target materials are
expected to be useful for various applications. These
include extreme ultraviolet lithography (EUVL) that
requires an intense output power at 13.5 nm within a
bandwidth of 2%,' and material processes that
require a bulk number of photons with a much wider
bandwidth. We have studied soft x-ray generation in
laser-produced plasmas using tin, xenon, and lithium
targets.>** N. Matsuo et al found that laser-plasma
soft x-ray irradiation before excimer laser annealing
(ELA) reduced the critical energy density for the
start of crystallization of a-Si film.> The effect they
observed will enable us to realize a low-temperature
process for ELA crystallization.®

A cryogenic xenon target efficiently emits a
large number of soft x-ray photons with an intense
spectral peak at 10.8 nm,* whereas a tin target emits
13.5-nm photons selectively and efficiently.®> The
conversion efficiency (CE) at 13.5 nm within a
bandwidth of 2% has been intensively studied.’
However, the CEs in a cryogenic xenon target and a
tin target in a wide soft-x-ray wavelength range have
not been reported yet, to the best of our knowledge.

In this paper, we report on soft-x-ray CEs
spectrally integrated in a 5-17-nm wavelength range
in cryogenic xenon target and planar tin target
plasmas produced by a 1.06-um Q-switched
neodymium-doped  yttrium  aluminum  garnet
(Nd:YAGQG) laser.

Experiments and Results

In the present experiment, a cryogenic xenon
drum target was used in an irradiation chamber. The
target is described in detail elsewhere.® Here we
describe it briefly. A xenon target layer was formed
on the surface of a rotating copper drum that was
cooled by liquid nitrogen inside the drum. The
thickness of the target layer was adjusted to be about
500 pum during rotation by two wipers that were
installed inside the cover on the drum. The rotation
speed was set to 130 rpm so that the lasers focused
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spot would not overlap the previous shot’s spot even
at a laser-pulse repetition rate of 320 pps.>® A
Q-switched 1.06-um Nd:YAG rod laser was focused
through a /500 lens down to a minimum spot
diameter of 50 um on the drum target surface. The
laser pulse duration and pulse energy were 8 ns at
FWHM and about 300 mJ/pulse, respectively. The
laser intensity was adjusted by changing the lens
position (LP). The vacuum pressure in the irradiation
chamber was maintained at less than 0.2 Pa by using
a turbo-molecular pump when the xenon target gas
was loaded into the drum chamber as the drum
rotated. A Flying Circus 3 (FC3) was mounted at —45
degree to measure the plasma emission energy.™ The
FC3 was composed of a Mo/Si mirror, a Zr filter, and
an x-ray photodiode, and it was absolutely calibrated
in energy sensitivity for a bandwidth of 13.5 nm +
1%. An x-ray calorimeter was mounted at 22.5
degree. The plasma emission spectrum between 5
and 17 nm was observed using a transmission grating
spectrometer (TGSM) mounted at 45 degree. The
TGSM was consisted of a transmission grating and a
charge-coupled device (CCD) camera. The
characteristics of the transmission grating were
studied by K. Eidmann et al,** and the wavelength
sensitivity of a pixel in the CCD camera was studied
by Yuelin Li et al.*®

By using the absolute energy at 13.5 nm + 1%
in the FC3 as a reference and combining it with the
relative x-ray spectral intensity, we obtained the total,
absolute x-ray emission energy integrated for the
5-17-nm range. In separate experiments, we found
that angular distribution of the x-ray emission was
(cos8)®*® by monitoring the x-ray calorimeter signals
at different angles.'* Therefore, here we assumed the
above angular distribution in 2z space for the x-ray
emission. CE was then derived by dividing the x-ray
energy integrated by the incident laser energy.

The experiment was performed with a single
laser shot in two modes, in which the xenon target
was rotating or stationary, respectively. For
comparison, a similar experiment was performed
using a planar tin target. The x-ray energy from the
tin plasma at 5-17 nm was evaluated using an x-ray



calorimeter calibrated by FC3, as
described for the xenon target.

X-ray spectra obtained for the 5-17-nm
wavelength range from the rotating xenon target, the
stationary xenon target, and the planar tin target are
shown in Fig. 1. The LP was fixed at =5 mm, where
the measured CE was about the maximum for each
target. The x-ray spectrum of the tin plasma had an
intensity peak at 13.5 nm attributable to the 4d-5p
transition in tin ions. The spectrum profile in the
xenon plasma varied significantly, and the x-ray
conversion efficiency increased as the xenon target
rotated. The spectrum for the rotating xenon target
had a broader bandwidth than that for the tin target.

The maximum soft x-ray CEs for the xenon
and tin plasmas were measured to be about 25% and
20%, respectively, between 5 and 17 nm at about LP
= -5 mm, where the laser spot size on the target
surface was about 500 um (FWHM), and thus, the
laser intensity was evaluated to be about 2 x 10%
Wicm?.

The intensity at 12-16 nm in the cryogenic
xenon target was enhanced by a factor of about 3 by
rotating the target. This suggests that the two wipers
increase the surface temperature of the target layer,
thereby preforming a xenon gas layer on the surface
of the cryogenic target while the drum rotates. The
result is a plasma density profile having a relatively
long scale length in the target plasma. Such a density
profile would lead to an increase in the optical
thickness, which makes the emission spectrum more
blackbody-like.

From the above results, we concluded that the
CE in the cryogenic xenon target is as high as that in
the tin target. However, although the tin target would
be prepared as micro-droplets by using a jet nozzle
system, it still produces plasma debris that tend to
deposit on the x-ray optics unless a strong magnetic
field is provided for ion shielding.”® A buffer gas
method would be a simple and effective method of
shielding the optics against bombardment by fast
ions for any target.’® Nevertheless, it would be
difficult to stop the tin ions from being deposited on
the optics after they have been decelerated or
neutralized by collisions with buffer gas molecules
and have started to drift slowly in the chamber.
Therefore, using the cryogenic xenon target seems
more realistic than using the tin target for soft x-ray
generation for long-term operation if we need not
require such a narrow band width as +1% for EUVL.

In conclusion, we obtained CEs as high as 25%
and 20% in laser-produced xenon and tin plasmas,
respectively, for the 5-17-nm wavelength range.
These results indicate that a stand-alone soft x-ray
source using a laser-produced xenon or tin plasma is
useful for various applications that require intense,
soft x-ray photons in a wide wavelength range. A
practical, intense, soft x-ray source may be more
easily realized with a cryogenic xenon target than
with a tin target. The soft x-rays from the

previously
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laser-produced plasma are intrinsically pulsed and
yield significant CEs such as those we obtained. A
high soft-x-ray irradiation intensity of more than 10*
W/cm? may be easily achieved at a focus zone of
several millimeters in diameter with condenser optics,
which may enable us to use new material processes.
Part of this work was supported by a Grant-in-Aid
for Scientific Reserch C(#21560752) from The
Ministry of Education, Culture, Sports, Science and
Technology (MEXT) of Japan.
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FIG. 1. X-ray spectra from a rotating Xe target (solid
line), a stationary Xe target (dotted line), and a planar
Sn target (dashed line) with a lens position of =5 mm.
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Study on Powder Transport
Using Surface Acoustic Wave Actuator
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Abstract
Surface acoustic wave (SAW) devices are expected for micro total analysis systems, because
their structures are simple. We studied powder transport using SAWS. In this study, we
investigated powder transport characteristic using SAWSs as the relationship between the electric
power applied to a SAW actuator and the moving speed of powder. As a result, we found that the
possibility of controlling the amount of powder transport by adjusting the electric power applied to
the IDT and the application time was demonstrated and powder can be transported efficiently by

optimizing the IDT’s parameter.

Introduction

The manufacturing process of each device in a lab
on a chip must be simplified so that many small
devices can be integrated. Surface acoustic wave
(SAW) actuators with very simple structures have
attracted interest. Therefore, we fabricated SAW
drive pumps and created a continuous flow of liquid
by optimizing interdigital transducers (IDTs) that
generate the SAWSs [1]. Moreover, we fabricated a
high efficiency mixing chip for synthesizing—one
that is operated only using the SAWSs [2]. We also
speculated that powder can be transported by using
the SAWSs because they had been found to move
solids [3]. If powder transport on a uTAS is possible,
we can apply it to transporting micro beads or to
separating a micro channel and to acquiring solid
fragments precipitated in a liquid phase as the unit
chemical operation in solid synthesis. Processes like
these would enable extending the application range of
the SAW actuators. However, the process requires a
precise amount of bead movement. Thus, we
investigated as transport characteristic using SAWSs
the relationship between the electric power applied to
a SAW actuator and the moving speed of powder.

Experimental Setup
Our experimental setup of powder movement using
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In the experiment, a function generator created 1-kHz
burst waveforms consisting of 1000 cycles of 19.2
MHz sine waves, and an amplifier boosted the burst
waveform voltage. When the burst waveform voltage
was applied to an IDT electrode patterned on a
piezoelectric substrate (127.8° y-rotated
x-propagating LiNbO3), SAWSs were generated. The
SAWSs propagated through the surface layer of the
piezoelectric substrate and arrived at a 10-mm3
powder located about 25 mm from the IDT. Here, we
used two copper powders, whose specific gravity is
8.9, as shown in Fig. 2. The diameters of powder
are 10um and 100pm. The powder then became
energized due to the SAWSs, and it moved to the
upper stream of the SAWSs, as shown in the sequential
photographs taken using a high-definition camera of
Fig. 3. Incidentally, the moving speed of the powder
can be obtained from photographs like these by using
the reaching distance and time.

(b) 100um copper powder

Figure 1. Experimental setup for observing  Figure 2. SEM images of copper powder used

powder movement using SAWs.
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for experiment.



IDT

Powder

(a) t=0sec
Reaching distance

(b) t=1 sec

(c) t=2sec
Figure 8. Sequential photographs of powder

movement using SAWs (Applied electric power:
420 mW).

Experiment and results

We investigated the relationship between the
moving speed of the powders and the electric power
applied to the IDT. Here, Stripline pitch of IDT is
200pm. The result is shown in Fig. 4. The moving
speed increased as the applied electric power
increased. When 1440 mW of electric power was
applied to the IDT, the moving speed of 10 u m

powder was the third faster than it of 100 x m powder.

Those result demonstrated the possibility of
controlling the amount of powder transport by
adjusting the electric power applied to the IDT and
the application time.

Next, we investigated the relationship between
stripline pitch and transporting efficiency of powder.
Here, Stripline pitches of IDT are 40, 80 and 200 u m
and powder is 10 u m copper powder. The result is
shown as Fig. 5. When the stripline pitch was
changed, the transporting efficiency of powder was
changed. When pitch was 80um, the transporting
efficiency of powder was the highest. Those facts let
us to the conclusion that powder can be transported
efficiently by optimizing the IDT’s parameter.
Therefore, we will systematically investigate this
relationship to design powder transport actuators.
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Figure 5. Relationship between stripline pitch and
transporting efficiency of powder.
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Abstract
This paper presents high-sensitivity detection of poly-chrolinatedbiphnenil in three-dimensional
lab-on-a-CD, which consists of multiple disks with three-dimensional microchannel networks. To
perform the automatic sequencing of competitive protocol, capillary barrier type passive valves
with vertically embedded capillary valve is designed and fabricated. We successfully demonstrated
the detection of poly-chrolinatedbiphenil. It is notable that the reproducibility of the detection is
strongly epending on the quality of scaffold and it is suggested that detection with concentration of

sample down to 0.01ng/ml is possible.

Introduction

The importance of fast and low cost immunoassay,
such as enzyme-linked immunosorbent assay
(ELISA), has been recognized for advanced
diagnosis  systems. Lab-on-a-CD has many
advantages, small sample volume consumption,
high-speed reaction, large-scale and parallel assays,
and compact system. However it has many issues to
be addressed. Especially, the development of highly-
functionalized and highly-integrated microsystems
and high-sensitive and reliable accuracy is necessary
for wider applications. Moreover the automatic
parallel operation of multiple microreactors is also
important for high-performance system to improve
the convenience and accuracy. The concept of
centrifugal microfluidics realize fully automated
microfluidic systems without external syringe
pumping systems.

We have been proposed vertical microreactor stack
with multifunctional capillary bundle structure
realizing integrated system with multiple components
with different functions. The capillary bundle
structure has been used due to its multiple functions
and unique characteristics of high-efficiency
microreaction, high-efficiency mixing, and 3D
optical detection design.

As shown in the fig. 1(a), our lab-on-a-CD consists
of planer microchannel disk of PDMS and through-
hole disk of PMMA disk. These disks are stacked and
reversibly bonded together to construct 3D
microchannel network. As shown in fig. 1(b), stacked
structure contributes to enhance surface area for
antibody immobilization by using bundle-like
capillary structure and optical path length of the
detection reservoirs are also increased. The stack
structure of our device also contributes to reduction
of space consumption of the each module by
increasing the thickness of reservoirs up to 700um,
thus we succeeded in to integrate 10 microreactors on
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an 8cm-disk. Figures 2 shows the photographs of
planer microchannel disks of PDMS and through-
hole PMMA disk, which fabricated by standard rapid
prototyping and deep X-ray lithography. As shown
in fig. 2(b) bundle-likes capillary structure of square-
shape capillaries (75um in diameter) are formed on
the PMMA disks for the effective immobilization of
antibody.
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Figure 1. The schematic illustration of three-
dimensional lab-on-a-CD. (a) Multiple layers of
disks are stacked and bonded each other, to construct
3D microchannel networks. (b) Cross section of the
3D reaction chamber and optical detection reservoir.
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Figure 2. (a)Photographs of fabricated disks of 3D
lab-on-a-CD. (b)SEM image of bundle-like capillary
structure for antibody immobilization.

Experiments and Results

To demonstrate the detection of PCB, bundle-like
capillary structure is immobilized with anti-PCB
antibody and blocked with BSA by off-chip
immobilization. Then the disk is reversibly bonded
with PDMS (also blocked) to construct 3D lab-on-a-
CD.

We found out the strong effect of micromachining
accuracy of the bundle-like capillary structure onto
the reproducibility of the assay. The Table 1 shows
simultaneously taken results of the three results of
tests with same condition. As shown in Table 1, the
reproducibility of the signal intensity is indeed good
(error below the 5%) by using X-ray lithography with
improved machining accuracy.

Table 1 Reproducibility of the BO. The error of the
test is less than 5% in n=3
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We demonstrated competitive ELISA and Table 2
shows the result of the ELISA. The measurements
corresponding to each plot are simultaneously carried
out on same chip of three-dimensionally stacked
detection reservoirs by means of absorption
spectroscopy. As shown in Table 2, the decreasing
signal with analyte concentration clearly suggests
successful detection of PCB. Estimated detection
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limit is less than 0.01ng/ml, and the sensitivity is
comparable to the commercially available ELISA kit,
however it is expected that the further improvement
can be achieved by optimizing the protocol and the
device.

Table 2 Obtained calibration curve by using three-
dimensional lab-on-a-CD. The signal of the enzyme
reaction is amplified by high-sensitive peroxidase
substrate(TMBZ).
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Abstract
For medical monitoring, we fabricate integrated Magneto Impedance (M) sensor. The sensor is

magnetic sensor using skin effect.

The fabricate process is complex consisting lithography

process, sputtering process and electroplating process. Therefore, we optimize the process
through repeated study of the chemical resistance of various materials and procedures, aimed at

completion of the sensor.

Introduction

Recently, the relationship between heartbeat
fluctuations and diseases such as the diabetes
mellitus is very much noticed. By developing the
system that always monitors the heartbeat, it is
expected that it may be connected for the early
detection of various diseases. The strength of the
biomagnetic field is about 10™° to 10*T. Generally,
measurement of such a small magnetic field had to
be measured by the use SQUID (Superconducting
QUantum Interference Device). But this sensor has
the disadvantage that need to cool the sensor unit.
In contrast, M1l (Magneto Impedance) sensors could
be used at room temperature, so it has attracting
attention at present. In addition Generally magnetic
sensor detect the magnetization of the magnetic
material to measure magnetic field. If you downsize
the sensor, the accurate measurement become
difficult by be affected demagnetizing field.
However MI sensor has a measurement principle
that doesn't use the magnetization of the
ferromagnetic. So the downsizing of sensor unit is
easy.

Resolution to detect

the magnetic field density [T]

1010 10210%°10® 10°10* 10% 1
L
SQUID Hall element
+—>
+—>

Flux
Maaneto Resistive
4+ —>

Magneto Impedance

Fig.1 Magnetic sensor type and resolutions.

Sensor Design

The structure of our MI sensors is form the pickup
coil was wrapped around a ferromagnetic sensor
units (Fig.2). Pickup coil can detect of the signal
from the ferromagnet without noise. There is the
insulation layer between the ferromagnetic and the
pickup coil.
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Fig.2 The image of our MI sensor

Fabrication Process

We designed the fabrication process of the sensor
by stacking multiple layers of insulation, and
forming a three-dimensional coil pattern into
insulation layer.

The fabricated process consists of lithography
process, sputtering process and electroplating
process. The insulation layer (SU-8) of the internal
structure is formed by lithography process. Next,
we fabricate coil by electroplating, and pattern 2nd
insulation layer on it.

On the 2nd layer, sputtered high permeability alloy
(Ni-Fe, permalloy). After that in the same way we
stacked an insulating layer on the brass substrate
and formed the coil and the core in each layer.
Finally the sensor is removed from the brass
substrate and becomes it is completed. (Fig.3)

Experiments and Results

We proved the fabricate process of MI sensor where
5 Insulation layers (SU-8), sputtering, and Au
plating had been used. As a result, it succeeded in
making the sensing element of Ni-Fe and the coil of
3D structure surrounding it on the brass substrate
(Fig.4). In the future, measuring the characteristics
of the MI Sensor, aims to further improvements in
sensor and its fabrication process.
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Fabricationof G oldN anoparticles AssembledN anovalley
for Surface Enhanced Raman Scattering

Takao Fukuoka, Daisuke Fukuoka, and Yuichi Utsumi
Laboratory of Advanced Science and Technology for Industry, University of Hyogo, Japan

Abstract

We developed a novel structure “Nanovalley” using the anisotropic self assembles of gold
nanoparticles on the nanoimprint template. The anisotropic noble metal nanostructures such as
linearly connected gold nanoparticles have localized plasmon resonance (LPR) of longitudinal
mode which appears in near infrared region depending the aspect ratio of the nanostructures.
Enhance field of this LSR enables surface enhanced Raman scattering (SERS) with near infrared
laser irradiation. Sufficiently, the demonstration of rapid, sensitive, non-label and near infrared
sensing of molecules was carried out with the fabricated unique anisotropic nanostructures.

1. Introduction

The anisotropic noble metal nanostructures
such as linearly connected gold nanoparticles have
localized plasmon resonance (LPR) of
longitudinal mode which appears in near infrared
region depending the aspect ratio of the
nanostructures.”) Evoked enhance field of this
LSR enables surface enhanced Raman scattering
(SERS) with near infrared laser irradiation. SERS
is interesting phenomenon that Raman scattering
intensity of the adsorbed molecules onto noble
metal nanostructure with nano scale roughness are
largely sensitized.” Recently, SERS has brought
much attention as new method which is optimum
for narrow channel like microfluidic device.>

There are, however, two problems to use SERS
in the microfluidic device. The first problem is to
fabricate appropriate nanostructure with suitable
localized plasmon resonance wavelength for
SERS in the narrow and limited region of micron
order channel. Second, it is required to detect
SERS signal rapidly to make use of characteristic
of microfluidic flow analysis.

To resolve these issues, we developed new
nanostructure “nanovalley”. In this nanovalley
structure, gold nanoparticles of 40 nm diameter
were assembled along grooves of 200 nm deep
which were fabricated on Polydimethylsiloxane
(PDMS) by the nanoimprint method.

2. Experiments and Results

Commercial gold nanoparticles dispersion was
supplied from Archilys (Kyoto, Japan) since it was
specially designed to form chain-like aggregation
under the diffusion-limited aggregation, so that the
localized plasmon resonance (LPR) of the
assembled gold nanoparticles in the nanovalley
was expected in the near infrared region.

The nanovalley structure were fabricated as
shown in Fig. 1 ; spin coating of PDSM resin on
the nanoimprint template (step 1), stick the
PDMS on the silver layer coated on silicon plate
(step 2), deposition of colloidal gold nanoparticles
onto the PDMS (step 3), and drying to make
assembles of gold nanoparticles on the

PDMS

Template

Step 1
Spin coating with PDMS resin on
the nanoimprint template

g
Si Plate

Step 2
Stick the PDMS on Ag Layer/Si Plate

Dispersion of noble metal nanoparticles
or preaggregated noble metal nanoparticles

[®
(8
< [
L. L
C “ [ (®
[® \s < <
[
¢ ¢ &
Step 3

Deposition of noble metal nanoparticles

[ -

Pe L [egaL*
& ELE
| C © &
(= '™ | @ [ &

Step 4

The Nanovalleys with near infrared
plasmon resonance

Fig. 1. Fabrication of the gold nanoparticles

11 tep 4).%
nanovalleys (step 4) assembled nanovalley structure.
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The obtained nanovalley structure kept color
tone of reddish brown caused from LPR of
assembled gold nanoparticles (Fig. 2). This
reddish brown color seemed to be corresponding
to the LPR in near infrared region.?

Fig. 2. Appearance of the nanovalleys substrate
with LPR in near infrared region.

3. SERS Activity of The Nanovalley

Evaluation of SERS activity of the nanovally was
carried out with Raman spectroscopy. This Raman
spectrometer equips incidental light with 785 nm,
100mW laser. As Raman probe molecule, 4,4'-
Bipyridine (4bpy) was used in aqueous solution.

In conventional SERS methods, it is essential that
the sample solution is dropped and subsequently
evaporated on the nanostructure, before Raman
scattering of the deposited solid sample is collected.
However, the throughput of the flow analysis is
interrupted by the evaporation process in this "drop
and dry" method.

To the contrary, the rapid signal response and
long term stability of SERS spectra of 4bpy
aqueous solution by 785 nm irradiation were
observed. As shown in Fig. 3, 10 uM of 4bpy
solution was sufficiently detected, while 100 mM
concentration of 4bpy was required in normal
Raman measurement without the nanovalley.
These facts meant apparent enhancement more
than 10* at least was achieved by using the
anisotropic gold nanoparticles assembles.

5 min - 20 h—=

58 >

Blank

(without sample)

Intensity / arb.

600 800 1000 1200 1400 1600 1800
Raman Shift / cm™
Fig. 3. Typical SERS spectra of 10 uM 4bpy

aqueous solution with elapsed time after
immersion in sample solution.
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As for an in situ SERS measurement where the
nanovalley structure was immersed in 4bpy
aqueous solution, SERS appeared within 5 s after
the immersion (Fig. 3 and 4). This very fast
response of SERS signal was desirable for high
throughput assay in microfluidic system. Fig. 4
also showed that the SERS intensity about 1600
cm-! of 4bpy almost maintained constant value for
20 h.

The outstanding stability of SERS signal proves
that the SERS active nanostructure in the
nanovalley has been stable and unbreakable even
under the wet condition.

1400
'E 1200 & -
o e ® ° .'
2 1000
0,
= 800
5, 600
‘D
= 400
i
S 200| Blank
. .
0 -1 0 I 2 3
10 10 10 100 107
Time / min

Fig. 4. SERS intensity response at 1600 cm-!
peak and long term stability using the
nanovalley.

4. Concluding remarks and perspectives

In conclusion, the availability of the
nanovalley structure as detector of microfluidic
device was sufficiently demonstrated. It is thought
that the unique nanovalley structure with
anisotropic assembles of gold nanoparticles results
in excellent effects for high throughput SERS
measurements.
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Coherent Scatterometry Microscope ( CSM)
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1. Introduction EUV CCD Camera
This system is developed for the EUV mask inspection for the
defect size of 20 nm and below, and also for mask absorber pattern

CD measurement with high accuracy. To achieve these requirements, HEHH

reconsidering the principle and law of the optics, it is employed that  coherent

S

the novel inspection method instead of the conventional optics for the ~ EYV —
m_icr_oscqpe. In this novel_ me_thod, diffracted_ light intensity ~ Wi = 5
distribution observed by an irradiated coherent light to the mask 0V mack Maskimais
absorber pattern is analyzed by a computer. Finally, using this novel Reconstruction

method, it can realize that the high accurate measurement method  Fig. 1. The principle of the EUV
which has never been achieved in the paradigm for the smaller rule  coherent scattrometry microscope.
for the advanced semiconductor devices. Since 2008, coherent

scatterometry microscope has been developing n our lab with collaborating with RIKEN and Osaka University.

2. Coherent Scatterometry Microscope )

Figure 1 shows the principle of the CSM. This system consists I R =
of the light source, mask, the CCD camera for the soft x-ray, and ® ® =
the computer. Defect can be inspected by the following method,; -1st order Oth order ~ 1storder

1) irradiating coherent light to the mask absorber pattern, 2)
observing the diffracted light intensity distribution by the CCD
camera, finally 3) absorber pattern images are reconstructed by a
computer algorithm of the iterative Fourier-Transform method
for the phase retrieval. In addition, absorber pattern width can be | —

analyzed by the diffracted light intensity of the periodic Fig. 2. Observation results of the

absorber pattern, and it can be measured as a focal pattern |ine-defect of 30-nm width pattern in 22

width on the wafer. nm node; (a) diffracted light intensity
distributions, (b) reconstructed image

3. Observation Results of the EUV Masks

In the EUV mask for 22 nm node, Figure 2(a) shows the diffracted light intensity image and reconstructed
image of L/S pattern with a 30-nm-width line-defect by the CCD camera distribution. The diffracted light signals
from the line-defect are observed between the Oth-order light from the +1th-order lights from the periodic mask
pattern. As shown in Fig. 2(b), only line-defect image is reconstructed by remove the periodic pattern image
applying specific frequency filtering. In addition, the excellent repeatability 0.32 nm (3 ) for the CD
measurement of the line and space pattern is obtained, and the requirement of less than 0.65 nm (3 ) in the
ITRS is achieved.

4. Mask Metrology System utilizing High-Order Harmonic EUV Light Source

Collaborating with RIKEN and Osaka University, a high-order harmonic laser for EUV light source on the
basis of the 59th harmonic ( = 13. 5nm) of the femto-second laser has been developing. Using this source,
since reducing a CSM inspection time by increasing the light source intensity to be 1000 times larger than the
conventional light source, full field mask inspection can be achieved.

5. Conclusions

Mask CD maeasurement becomes close to the practical technology level. For the mask defect inspection, the
diffraction light intensity images of the various types of the mask defects have been analysing. In the future, 3-D
recontructed images of the mask could be achieved to obtain.

41



EUYV Finished Mask Observation utilizing EUV
Microscope

Hiroo Kinoshita, Akifumi Tokimasa, Testuo Harada, and Takeo Watanabe

Center for Center for EUVL, LASTI, University of Hyogo

——— front-end turning mimror
g

1. Introduction New SUBARU SR (Mutilayer mirror)
Mask defect reduction is one of the Bea:a"eii v
_—

significant issues. Since 2002, bright field j back-end turning mirror
) d Schwarzschild optics _____ (Multilayer mirror)

mask metrology system for the finished (Multiayer mirror, NA 0.3, 30X)

ccp
EUV mask had been developed, and using \ g ! emm camer
. Load-lock chamber el UL
this system hp 100 nm absorber pattern, N fk il [l
pit-type phase defect size of 20 nm and -_._. A \X-'ay zooming tube
the depth of 2 nm on the blank mask were Xz sample stage (102000
succeed to obsorbed ‘ o B

Fia. 1 Svstem confiauration of EUVM
2. Configuration of the Experimetal Tool " — -"‘-f";’ L DT
Figure 1 shows the system configuration of the EUVM. L2 S = EU\.’M“amber T
The light source is the bending magnet of BL3 beamline of . :
NewSUBARU synchrotron radiation facility.
Schwarzschild optics (NA 0.3 and 30X) and the x-ray
zooming tude (20X~100X) are employed for the imaging
optics. The optical image of the mask pattern was focused
by the Schwarzschild optics on the Csl photocathode, this

image was transfer to the electron image by the Csl

Z-ray zooming tube
(10-~200%)

photocathode, and demagnified by the eletromagnetic lense
of the X-ray zooming tube. And then the eletron image was
transfer to the optical image by the fluorescent plate after a micro-channel plate (MCP) and finally the image is
capture by the CCD camera. As the spatial resolution of Csl is 0.3 m, 20 nm size defect can be theoretically
obserbed. The 172-nm-wavelength Xe lamp is attached on the loadlock chamber to remove contamination on a
sample before the observation. Figure 2 show the photograph of the EUVM.

Fig. 2 Photograph of EUVM

3. Obervation Results
Obervation results are shown in Fig. 3.

[ f M A
€ I (7Y Wy e,
E 1 1 ! ﬂy -i'.,
% I .!| :ll || L]
=, :
0 | ) w0 | ] I
Pixels |
(@) hp480 nm Elbow (b) hp100 nm L&S (c) Phase defect on the mask blank

Fig.3. Observation results; (a), (b)absorber pattern, and (c) phase defect

4, Conclusions

Absorber pattern of the finished EUV mask and phase defects of mask blank can be observed by the EUVM.
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EUYV Interference Lithography

Takeo Watanabe, Yuya Yamaguchi, Takuro Urayama, Masato Nakasuji, Akifumi Tokimasa,
Naohiro Matsuda, Testuo Harada, Hiroo Kinoshita, and Takeo Watanabe

Center for EUVL, LASTI, University of Hyogo

1. Introduction

EUV interference lithographic system which can evaluate the resists for hp 22 nm, hp 16 nm, and hp 11 nm
nodes has been developing. Since in EUV interference lithography using light diffraction and interference,
replicated resist pattern with high accurate and high resolution can be obtained, it can be evaluated that
resolution and LWR of resist itself without other fac +1storderigns  JV-IL €xposure system is installed at the BL-9
beamline. Since the 10.8-long undulator (LU) is
employed as a light source, spatial coherence is

Oth order light
Pattern is replicated in this area

) ) ) 1st order light

large and fine pattern can be replicated in the - ‘ EUV licht

whole exposure area. Up to now, 60-nm-pitch Oth order light <:g

transmission grating pattern is fabricated, which ~ *teertet S

corresponds to hp 15 nm resist pattern on a . T
Oth order light

wafer. - 1st order light

2. Principle of EUV-IL Resist Wafer Grating

The intensity of the light produced from ) o
the LU is 1,000 times higher than that Fig. 1. Principle of EUV-IL.

from the bending magnet. In addition, the high coherent light is produced from the LU. By Young’s
interference experiment, it is confirmed that spatial coherence length larger than 1 mm. Figure 1
shows the configuration of the principle of EUV-IL using two window type transmission grating.
When the EUV light irradiates to the one grating window, the light diffracted into 0", -1°%, and +1°
orders light. By two window grating, -1° order light from one window grating and +1° order light
from another window grating are interfere to produce the interference fringes on a wafer position.
Consequently resist pattern with a half pitch size of the transparent grating is replicated on a wafer.
The transmission grating is fabricated in the EUVL R&D center.

3. Exposure Results
Figure 2 shows the replicated resist pattern of the commercial resist ZEP-520A for electron utilizing EUV-IL.

SEM photographs of hp 22.5 nm, hp 20 nm, and hp 15 nm resist patterns were shown in this figure. We obtain

LLL

——
Fig. 2. Exposure results obtained by EUV-IL

(@) hp225nm
4, Conclusions

EUV-IL system has large enough coherence length. Uniform and high contrast resist patterns are replicated in
whole exposed area. And it is confirmed that EUV-IL is effective for the resist evaluation of hp 22 nm and below.
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In-situ contamination thickness measurement in the EUV
resist outgassing environment

Takeo Watanabe, Naohiro Matsuda, Tetsuo Harada, and Hiroo Kinoshita

Center for EUVL, LASTI, University of Hyogo
1. Introduction

Exposure in EUVL requires vacuum environment. Since, in
EUVL during the exposure, the carbon contamination is adhered
on the optics and the mask, Mo/Si multilayer (ML) reflectivity of
the optics and the mask, and replicated pattern width on a wafer
could be changed. The carbon contamination mainly own to the
decomposition reaction of the hydrocarbon gas species by EUV
irradiation. Although many researches were carried out to reduce
the contamination, it has not been clarified yet that the
relationship between the outgas species of the hydrocarbons and
the carbon contamination adhesion thickness on ML. Thus, the
in-situ thickness-measuring system for the carbon contamination due to the resist outgas during the EUV
irradiation.

1%

Fig. 1. Photograph of the novel
resist evaluation system.

Base pressure 1.5 X105 Pa Resist Thickness 90 nm

2. w 6.00E 06 | SR beam current 220 | mA with tap -up operation
@1GeV electron energy of the storage ring

Figure 1 shows the photograph of this system. EUV light
irradiates to a witness sample of a Mo/Si ML mirror at the
normal incident angle of 6 degrees, and the EUV light irradiates
to the resist sample. The vacuum pressure is measured by the
pressure gauge, and the outgas species are measured by the
quadruple mass spectrometer (Qmass). Simultaneously, the

0 50 100 150 200 250 300

contamination adhesion thickness is measured by the in-situ Time (&)
ellipsometer. Xe lamp is employed as a light source of the
ellipsometer. The Xe light is led to the witness sample through
the polarizer and then the reflected light is led to monochrometer
through the analyzer. Finally the polarization spectra of the
wavelength from 250 nm to 800 nm was analyzed to measure 3: [ Depositon ate 0.011 nmimin .
the adhesion thickness of the carbon contamination. 3
3. Results and Discussions 25

Figure 2 shows the hydrocarbon partial pressure time 1_2
dependency of the hydrocarbon. Since the partial pressure 1
becomes high during the EUV irradiation and the partial O‘z
pressure becomes small during the non-exposure, hydrocarbon 0 100 200 200
outgas species produced during the EUV irradiation exposure Time (min)
to the resist. Figure 3 shows the time dependency of the carbon  Fjg.3 EUV irradiation time dependency of
contamination thickness measured by the in-situ ellipsometer. carbon contamination deposition
In the thickness measurement, multilayer structure of the
witness sample was taken in an account. The thickness measurement result by the in-situ ellipsometer has a good
agreement with that by the atomic force microscope (AFM), by the nanometrcis thickness measurement system,
and the reflectometer at the BL10 beamline in NewSUBARU. As the results, it is confirmed that the
effectiveness of the carbon contamination thickness utilizing the in-situ ellipsometer.
4, Conclusions

5.00E 06

4.00E -06

3.00E 06

2.00E -06

LB RER I | b "ug »
Exposure Exposure

1.00E -06

Hydro Carbon Partial Pressure (Pa)

0.00E+00

Fig. 2. Hydrocarbon partial pressure
measured by Qmass.

SR beam current 220 mA with top-up operation

Cabon contamination thickness
(nm)

It is confirmed that the effectiveness of the carbon contamination thickness utilizing the in-situ ellipsometer.
In addition, it is confirmed that the relationship between the resist outgas species by EUV irradiation and the
adhesion thickness of the carbon contamination under the EUV light intensity required for the HVM.
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Optical element evaluation system
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1. Introduction Reflectometer
Multilayer reflectivity Filter

measurement plays an significant
role of the lithographic throughput in

the EUVL  technology. At i vivif® VIO W 1 1 ILQI
NewSUBARU, since 2000, the % AN ”ﬂ”. A %——Sm(soum)

Detector

Absorber Monochromator [ 12

i VI S-PGM
reflectometer beamline for the Light source
i Vi Bending magnet  Variable line spacing .
multilayer reflectivity measuremer_n o L) Sample size
had been constructed, and this Acceptance 600 lines/mm. 1800 lines/mm 6025 ULE mask
beamli h b d f +2.5 mrad(H) a+p=168 deg. Beam size
eamline has been opene or +0.25 mrad(V) Ao 171000 1 mm(H)x0.2 mm

common use for two companies of Fig. 1. Configuration of the reflectometer at BL-10 beamline
the mask blanks.
2. System Configuration

Figure 1 shows the configuration of BL-10 beamline. Monk-Gillieson type monochrometer, on the basis of
the variable-line-spacing plane-grating-monochrometer (VLS-PGM) is employed as a monochrometer. Influence
of the higher order light is reduced by a Si filter.

By adjusting the inclination angle of the monochrometer , the incident light can be monochromated to the
wavelength from 6.0 nm to 24 nm using the VLS-PGM with the line density of 600 lines/mm. In addition, in the
case of the VLS-PGM with the line density of 1800 lines/mm ling, it can be monochromated to the wavelength
from 3.0 nm to 8 nm and the K absorption edge of the oxygen can be analyzed. The reflectometer consists of the

-2 stage, and x-y stage is attached on the -stage which can cover the whole mask area size of 150x150 mm?
for the reflectivity measurement. Since the -and 2 - stages can be moved by the individual stepping motors
through ferrofluidic seal from outside the vacuum chamber, high speed and high accurate movement of 1 to 89
degrees for the mask incident angle can be controlled.

3. Example of the Reflectivity Measurement

Figure 2 shows the reflectivity spectra of same
Mo/Si ML sample at NewSUABRU and Advanced
Light Source (ALS). From this figure, it can be
confirmed that the reflectivity spectrum measured at
BL10 beamline at NewSUBARU is almost same as
that measured at ALS. In addition, comparison results
of the centroid wavelength and the reflectivity for that so 11 12 195 104 105 1e6  1e7 108 195 10
are shown in Table 1. As results, the reflectivity pavetenot )
measurement accuracy becomes to be a world

Reflectivity [%]

Fig. 2. Reflectivity spectra measured at NewSUBARU

standard.
Table 1. Measurement accuracy comparison with NewSUBARU and ALS
CWHM Measurement accuracy of the
(Measurement accuracy of the centroid wavelength) | reflectivity
ALS 0.007 nm 0.08%
NewSUBARU | 0.0064 nm 0.11%
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Classification of Near-Edge X-ray Absorption Fine
Structure Spectra of Si-containing DL.C Thin Films
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8LASTI, University of Hyogo, 3-1-2 Koto, Kamigori, Ako, Hyogo 678-1205, Japan
®Department of Materials Science and Technology, Nagaoka University of Technology,

1603-1 Kamitomioka Nagaoka, 940-2188, Japan
¢ Extreme Energy-Density Research Institute, Nagaoka University of Technology,

1603-1 Kamitomioka Nagaoka, 940-2188, Japan

Abstract
Structural analysis was performed on the 23 kinds of silicon-containing diamond-like carbon
(Si-DLC) films fabricated with various synthesis methods by the measurement of carbon K-edge
near-edge x-ray absorption fine structure (NEXAFS) using synchrotron radiation. Observed
NEXAFS spectra of Si-DLC films were classified to 4 kinds of type. The shrinking and shift of
o™ band and broadening of n* peak were founded. The change of C K-edge NEXAFS spectrum
of Si-DLC film was strongly related to the content of Si in the Si-DLC film.

1. Introduction

One of the important issues for the use of DLC films as wear-resistive coatings is their internal stress.
The containing of hetero-atom in DLC films posses the potential to improve wear performance. However,
comprehensive analysis of C K-edge NEXAFS spectra has not investigated as for many Si-DLC films fabricated
with various synthesis methods. In the present study, local structures of 23 kinds of Si-DLC films were studied
using C K-edge NEXAFS spectroscopy . The elementary analysis was performed from the combination of
Rutherford backscattering spectrometry (RBS) and elastic recoil detection analysis (ERDA).

2. Experimental | B DL LI BN RN |
The NEXAFS measurement was performed at the

BLO5B and BLO9A of NewSUBARU in the University of ype
Hyogo. Synchrotron radiation dispersed by a invalid spacing

planer grating monochromator was irradiated on the sample | _
film at 54.7° (magic angle) with respect to surface normal of

samples. The electrons coming from the sample were

detected in the total electron yield (TEY) mode. The RBS

and ERDA with MeV-He" irradiation were performed using Type 2
an electrostatic accelerator (NT-1700HS: Nisshin-High

\Woltage Co.) located at the Extreme Energy Density [

Research Institute, in Nagaoka University of Technology.

The He" ions accelerated to 2.5 MeV were used as incident

beam at 72° with respect to surface normal of samples.

Type 3
3. Results and Discussion B N
The NEXAFS spectra of Si-DLC films can be
classified to 4 types by its spectral profile as shown Fig. 1.
Figure 2 depicts NEXAFS spectra of a typical DLC film,
which contains only carbon and hydrogen without Si and Type4
other hetro-elements, and B-SiC powder as references. A
sharp peak was observed at 285.4 eV in the NEXAFS
spectrum of typical DLC film. This peak is originated from
the transition from 1s orbital to unoccupied = orbital. In 280 290 300 310 320 330

other words, this peak indicates the sp? hybridized orbital,

therefore this peak is not observed in the NEXAFS Photon Cnergy feVv
spectrum of diamond. The broad band at around 293 eV is Fig. 1 The C K-edge NEXAFS spectra
generated from the transition from 1s orbital to unoccupied of Si-DLC films

o orbital. In this region of NEXAFS spectra of diamond and
graphite, structural peaks were observed, but in the spectra of DLC film, only broad band was observed due to its
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amorphous structure. In the NEXAFS spectrum of B-SiC powder, a
sharp peak was observed at 289 eV. This peak was assignable to the
1s—o* transition generated from the carbon bonded to silicon.

In the type 1 of NEXAFS spectra of Si-DLC films, spectral
profile resembled that of typical DLC film without hetro-atoms. In the
type 2 of NEXAFS spectra of Si-DLC films, the shrinking of the band
generated from the 1s—oc™ transition was found. In the type 3 of
NEXAFS spectra of Si-DLC films, the shrinking of 1s—c* band
advanced and this band was shifted to lower energy side. In addition,
the peak generated from the 1s—n* transition was found to broaden. In
the type 4 of NEXAFS spectra of Si-DLC films, the 1s—n* peak
cannot be observed as isolated peak by the advancement of the
shrinking and shift of o* band.

Figure 3 depicts the relation of type of NEXAFS spectrum of
Si-DLC film with elementary composition determined by the
measurement of the combination of RBS and ERDA techniques. The
type of NEXAFS spectrum increased from 1 to 4 with increasing Si
content in Si-DLC film. The boundary between type 1 and type 2 was
located at ~6 % of Si content. Type 3 was appeared in the region where
Si content was larger than 10 % and type 4 was appeared beyond 25 %
of Si content. In other words, the type of NEXAFS spectrum increased
from 1 to 4 with increasing Si content in Si-DLC film.

L A L I |
280 290 300 310 320 330
Photon energy / ¢V

(-5 p-Si1C

™0 190 300 310 320 330
Photon eneray / ¢V

Fi1g. 2 The C K-edge NEXAFS

spectra of a) a typical DLC film

and b) B-SiC powder
N B/ M d e o

In addition, the type of NEXAFS spectrum also

increased with H content. This indicated that the type 40+ g .
of NEXAFS spectrum is determined by the Si/(Si+C) Type3 Type 4
rather than Si/(Si+C+H). From these observations, 300 O "
the shrinking and shift of o* band was interpreted 2 . ..

that the 1s—c™* transition of C-C site was altered to = O Oo o |
that of C-Si site with the increase of Si content in the - 20 o E:I O o % 7
film. In the type 3 of NEXAFS spectra of Si-DLC Type 1 Type 2

films, the broadening of 1s—n* peak was observed 10k ® -
as described above. The peak width of ls—m* |
transition was plotted against Si-content in Fig. 4. 0 , . , .

The peak width of 1s—=z* transition slightly 0 10 20 30
increased with Si-content. It can be considered that Si/ at%

the peak width of 1s—n* peak was broadened by the

appearance of C=C-Si site with Si-content in the
Si-DLC film.

4. Conclusions

The C K-edge NEXAFS spectra of 23
kinds of Si-DLC film fabricated by various synthesis
methods were using synchrotron radiation. C K-edge
NEXAFS spectra of Si-DLC films were classified to
4 kinds of type. Shrinking of ¢* band was due to the
change from o(C-C) to o(C-Si). Broadening of n
peak can be considered to increase of C=C-Si site.
The type of C K-edge NEXAFS spectrum of Si-DLC
film was strongly related to the content of Si.
Classification of Si-DLC NEXAFS spectrum can be
considered to good index for the classification of
Si-DLC films.

Fig. 3 The relation of type of NEXAFS spectrum of
Si-DLC film with elementary composition; open
circle: type 1, open square: type 2, closed circle: type
3,.and closed square: type 4.
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Sulfur L;,-edge XANES spectroscopy reveals differences
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Abstract

In forest soils, sulfur exists in a large variety of organic and inorganic forms with different electronic oxidation
states, ranging from -2 to +6. Because an excess S from atmospheric depositions is supposed to disturb soil
ecosystems, and the disturbance would be repressed by a soil sulfur retention function, it is needed to clear sulfur
retention mechanism. An advanced technique, X-ray absorption near-edge structure (XANES) has recently been
adapted for S fractionations in environmental samples. Previous studies reported that the technique was superior
to traditional wet-chemical methods for the S fractionations. Thus, we examined whether S L-edge XANES is
able to fractionate 6 analysis-grade reference S compounds by different oxidation states or not. The differences
in compound structures were reflected clearly in the spectra at BLO5B. These results suggest that a beamline
BLO5B can be used reliably to separate and quantify sulfur species with different oxidation states.

Introduction

Sulfur, an essential element for the growth of plants and microorganisms, continuously cycles between organic
and inorganic forms in the soil. An excess S from atmospheric depositions is supposed to disturb soil ecosystems.
The soil retention of organic S is a key process regulating a S cycling in terrestrial ecosystems, and the process
can diminish or delay the net acidification of soils. In general, the soil organic S is classified into hydroiodic
acid-reducible and -nonreducible S, both of which are considered to represent an ester sulfate-S and a carbon
(C)-bonded S, respectively. The former is corresponded to the soil organic S in highly oxidized states, and the
latter is corresponded to highly reduced and intermediate oxidation states. These traits were determined by a
recent advanced technique, S K-edge XANES spectroscopy. The traditional classification of organic S based on
bond classes might not have an enough sensitivity to distinguish between labile and refractory organic S forms.
Detail fractionations of the organic S using the advanced techniques are needed to clarify the mechanism of
organic S retentions in forest soils. Although the K-edge XANES is not be able to detect the difference between
organic and inorganic S, a L-edge analysis is expect to be suitable for S fractionations. However, the application
of soil sulfur fractionation using L-edge XANES analysis has not been reported yet. To establish a S
fractionation method, we examined whether the S L-edge XANES is available to fractionate 6 analysis-grade
reference S compounds by different oxidation states or not.

Experiments and Results

Analysis-grade reference S compounds; L-methione DL-methionine sulfoxide, sodium sulfite, ethyl phenyl
sulfone, L-cysteric acid, and sodium dodecyl sulfate were used for the XANES analysis at either beamlines of
BLO5B in the NewSUBARU synchrotron radiation facility, University of Hyogo. The spectra obtained by a total
electron yield method at BLO5B clearly reflected compound structures in the references, suggesting that BLO5B
was suitable for S fractionations.

14 1 £ | Because the differences in the
> L-methionine 2 DL-methionine sulfoxide compound structures were reflected
g2 ] = 1 clearly in the spectra at BLO5B, this
g . | < beamline can be used reliably to
2 g ] separate and quantify sulfur species
c . . - .
£os a g with different oxidation states.
- 160 170 180 190 06— —1/0 180 190
Photon energy (eV) Photon energy (eV)
Grating=100 I/mm Grating=100 /mm R
Slit width=50 um, Insident angle=90° Slit width=50 pm, Insident angle=90

Fig.1 Sulfur L3,-edge XANES spectra obtained by total electron yield method at beamline BLO5B.
a) L-methione; b) DL-methionine sulfoxide
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Abstract
A material analysis beamline for the industrial enterprises’ use was completed at BLO5 in March
2008. BLO5 consists of two branch lines, one is a double crystal monochromator beamline
(BLO5A) for the use in the higher-energy region (1300-4000 eV) and the other is a varied line
spacing plane grating (VLSPG) monochromator beamline (BLO5B) for the use in the lower-energy
region (50-1300 eV). These two branch lines can be operated simultaneously. The whole useful
energy range of the BLO5 is the soft X-ray region from 50 to 4000 eV. The X-ray absorption fine
structure (XAFS) measurements in the total electron yield (TEY) and fluorescence yield (FLY)
can be performed at BLO5A and BLO5B. In addition, the X-ray photoelectron spectra (XPS) can

be measured at BLO5B.

Introduction

A material analysis beamline for the industrial
enterprises’ use was completed at BLO5 in March
2008 [1]. The light source of BLO5 is the bending
magnet, which can provide the photon in the region
up to 4000 eV. BLO5 consists of two branch lines for
the use in the higher-energy region (1300-4000 eV)
and lower-energy region (50-1300 eV), respectively.
The whole useful energy range of the BLO5 is the soft
X-ray region from 50 to 4000 eV and X-ray
absorption spectrum can be measured with a
high-energy resolution. Because the incident beam
from the bending magnet is provided for two branch
lines through the different windows of mask, these
two branch lines can be operated simultaneously.
BLO5 will be managed and maintained by the
Synchrotron Analysis L.L.C. (SALLC), which is
composed of the industrial companies, in cooperation
with the staffs of the Laboratory of Advanced
Scienece and Technology for Industry in University
of Hyogo. Industrial users can be assisted by staffs of
SALLC in the measurement at BLO5. In this paper,
we will introduce BLO5 and report recent activities,
which succeeds in the improvement of the optical
alignment of BLO5B.

Specifications of BLOSA

Toroidal mirrors are used as a pre-mirror (MO)
and a focusing mirror (M1) of BLO5A, for the
purpose to introduce a high-photon flux to the end
station (Fig.1). InSb (111) crystals and Si (111)
crystals are prepared for a Golovchenko-type double
crystal monochromator. The XAFS measurements in
the total electron yield (TEY) and fluorescence vyield
(FLY) using SDD (Sll, Vortex) can be performed.
The SDD can operated without liquid nitrogen.The
fluorescence XAFS spectra can be measured samples
at the under an atmospheric pressure by the

replacement of an end station to He using Be window.

It can keep 8 samples of 25 mm corner in the
chamber because of industrial use.
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Specifications of BL0OSB

Fig.2 shows optical layout of BLO5B. The light
beam is focused on the entrance slit S1 horizontally
by the cylindrical mirror MO and vertically by the
cylindrical mirror M21. The constant-deviation
monochromator consisting of a demagnifying
spherical mirror and VLSPG, which can provide to
high resolution, simple wavelength scanning with
fixed slits, was mounted on BLO5B. The including
angle of the monochromator is 175°. The grating
holder of VLSPG can keep three gratings (100-, 300-
and 800-lines/mm) and change the active grating
without  braking  vacuum  condition.  Two
measurement chambers are prepared at the end
station of BLO5B. The XAFS spectra in the total
electron yield mode and fluorescence XAFS spectra
using SSD (EDAX) can be measurement in the
high vacuum chamber. In addition, the X-ray
photoelectron spectra (XPS) using spherical electron
analyzer (VG Scienta, R3000) can be measured in the
ultra high vacuum chamber. These chambers can be
replaced each other within 1 hour. It can keep 16
samples of 25 mm corner in the respective chamber.
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Toroidal Toroidal
w [ 2 /&
’E__ 3 f—
Bending ﬂ S )
ample
Magnet Double Crystal
Monochromator
0 3.65 11.0 11.65 14.65 16.65(m]

Fig.1 Optical layout of BLO5A.
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Fig.2 Optical layout of BLO5B.

Measurement

We did readjustment of the optical mirror and
measured standard samples by means of the TEY
method in BLO5B. Fig.3-5 show the absorption
spectra which are obtained in each grating, 100- or
300- or 800-lines/mm, boron K-edge, calcium and
nickel Lj,-edge near-edge X-ray absorption fine
structure (NEXAFS) spectra of hexagonal boron

Slitwidth |
—— 50 um

Intensity (arbitrary unit)

|
200
Photon Energy (eV)

Grating=100 lines/mm, Incident Angle=45 °

Fig.3 h-BN B K-edge NEXAFS spectra.
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|
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Grating=300 lines/mm, Incident Angle=45 °

Fig.4 CaF, Ca L3,-edge NEXAFS spectra.
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nitride (h-BN), calcium fluoride (CaF,) powder and
Nickel (Ni) sheet. The spectrum have been
normalized to I, and had a linear pre-edge
background removed. After the optical adjusting (slit
width : 50 um), improvement of resolution is verified
by comparison with before the optical adjusting (slit
width : 200 um). For h-BN, an intense peak at 192 eV
and a structured absorption band of 197-201 eV are
assigned to the transitions from Bls to the
unoccupied B2p n" and ¢ states, respectively in
Fig.3 [2]. Additionally, the calcium L3 ,-edge spectral
shape of CaF, almost corresponds to the spectrum
reported by Naftel et al. [3]. The nickel Lj,
absorption peaks are observed at 853 and 871 eV,
respectively [4].

L3

Slit Width

Intensity (arbitrary unit)

| | | |
850 860 870 880

Photon Energy (eV)
Grating=800 lines/mm, Incident Angle=45 °

Fig.5 Ni Lz ,-edge NEXAFS spectra.
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Low-Temperature Crystallization of a-Si, a-Ge and
a-SiGe Films by Soft X-ray Irradiation

Akira Heya, Yuki Nonomura, Shota Kino, Kazuhiro Kanda and Naoto Matsuo
University of Hyogo

Abstract
We investigated novel low-temperature crystallization of a-Ge, a-Si and a-SiGe films by the SR
soft X-ray irradiation at storage ring current of 25-220 mA and dose quantity of 50 mA-h. The
relationship between electron excitation followed by atom migration process, thermal process and
the storage-ring current are investigated. Crystallization of SiGe caused by the vibration due to soft
X-ray irradiation is effective as compared with the thermal annealing.

Introduction

Flexible organic light emitting diode (OLED) display is one of the most expected displays for next
generation because of its light weight and flexibility. Polycrystalline Si, Ge and SiGe films on the
polymer substrate are attractive for thin film transistor (TFT) in flexible flat panel display and solar cell. The
process temperature to produce the poly-Si, Ge and SiGe films by excimer laser annealing is too high to
apply the plastic substrate. We have proposed a novel low temperature crystallization method of soft X-ray
irradiation using short undulator BLO7A of NewSUBARU of SR facilities. In this study, we investigate the
crystallization mechanism of a-Si, a-Ge and a-SiGe irradiated using soft X-ray undulator source.

Experiments and Results

a-Si films was deposited on SiOy/glass substrate by PECVD and a-Ge and a-SiGe were deposited by
MBD (deposition rate: 0.02 nm/s, base pressure: ~10™° Torr). The thickness of a-Ge, a-Si and a-SiGe was 50
nm. The storage ring energy, storage ring current, photon energy and dose quantity were 1.0 GeV, 25 to 220
mA, 115 eV and 50 mA-h (Irradiation times was 30min in case of 100mA), respectively. The characteristics
of the film were measured by Raman spectroscopy. Raman spectroscopy condition that laser power and
object lens were 1.5 mW and 100 times. In the case of Si films, the crystalline fraction was determined from
the areal ratio of the signal due to the crystalline phase around 521 cm™ to the sum of the signals due to both
the crystalline phase and the amorphous phase around 480 cm™.

Figure 1 shows crystalline fraction of Si, Ge SiGe films as a function of storage-ring current. The
crystallization threshold of Ge sample was 75 mA. Sample
temperature and crystalline fraction were 420°C and 80%, 109 A ——
respectively. On the other hand, Si sample did not crystallize at 75 o
mA, although the sample temperature rised up to 390°C.
Crystalline fraction at the center of Ge and Si were 80 % and 0 %,
respectively. The difference of crystalline fraction between a-Si
and a-Ge is thought to be due to the energy band gap (Eg) of Ge
and Si. The electron excitation of Ge was 10 times larger than Si.
The density of state in the valence band of Si and Ge was almost 0 T S0 100 130 200 250
the same. Therefore, it is thought that electron in valence band of ) Storage-ring current (mA) )

Ge is excited easily, the sample temperature becomes high by ~ Fig- 1. Crystalline fraction of Si, Ge
relaxation process of electron. SiGe films as a function of
Figure 2 shows Raman spectra of SiGe with irradiation area at ~ Storage-ring current.
220mA and non irradiation area. The crystalline fraction of Si-Si,
Ge-Ge and Si-Ge were 57%, 67% and 86%, respectively. It is
known that binding energy of Ge-Ge and Si-Si are 2.8 eV and 3.4
eV, respectively. Atomic migration of Ge atoms is influenced by
soft X-ray irradiation more strongly than Si atoms. Therefore, it is
easy to form quasi-nuclei of Ge compared with Si.

For SiGe, the crystalline fraction estimated from Ge-Ge peak is .
larger than that of Si-Si peak. The Si-Si bond is stronger than the [ | Nowmadationore ™
Ge-Ge bond. Therefore, it is easy to make quasi nuclei of Ge. 200 400500 600
Crystallization of SiGe caused by the vibration due to soft X-ray aman st e

. . . ; Fig. 2. Raman spectra at irradiated
might be effective compared with thermal annealing. an?j non -irradiateg area of SiGe film
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Photoelectron Spectroscopy Study of the Valence Band
Region in Diamond-Like Carbon Thin Films

Yuichi Haruyama', Teruyuki Kitagawa®, Shinji Matsui®, Noriaki Toyoda?, and Isao Yamada®
! Laboratory of Advanced Science and Technology for Industry, University of Hyogo
2 Graduate School of Engineering, University of Hyogo

Abstract

Photoelectron spectra of the valence band region in diamond, diamond-like carbon (DLC), glassy
carbon, and graphite were measured in order to investigate the influence of the carbon atom
coordination on photoelectron spectra. Differences in the photoelectron spectra were observed,
depending on the coordination of the carbon atoms. The photoelectron spectra for DLC and glassy
carbon were compared to those simulated using the photoelectron spectra for diamond and
graphite. From this comparison, it was found that the photoelectron spectra in DLC could not be
simply reproduced using those for diamond and graphite. In addition, the photoelectron spectra of
the valence band region in DLC were compared to the density of states previously calculated using
the molecular dynamics method.

Introduction

Diamond-like carbon (DLC) is an amorphous material composed of sp? and sp® carbon, with negligible
presence of sp carbon. DLC thin films have very interesting properties, such as high hardness, low friction
coefficient, and chemical inertness, and therefore, studies on DLC films have attracted significant attention
for a potentially wide range of applications. The properties of DLC films are related to the coordination of C
atoms, such as sp? and sp® carbon [1]. Estimation of the sp? content is one of the important subjects in studies
on DLC films; the sp? content in DLC films has been determined using electron energy loss spectroscopy and
near-edge X-ray absorption fine structure (NEXAFS) studies [1]. Recently, the sp? and sp® content of DLC
films was directly evaluated from X-ray photoelectron spectroscopy (XPS) spectra of the C 1s core-level
region. Although photoelectron spectroscopy studies of the valence band region are important to investigate
the electronic structure, such as the density of states, the orbital characteristic, there are few reports on
photoelectron spectra of the valence band region in DLC. In particular, the evolution of photoelectron spectra
of the valence band region as a function of the sp?content has not been clarified.

Experiments and Results

DLC films obtained using gas cluster ion beam (GCIB) assisted deposition were formed by irradiating Ar
cluster ion beams. Three DLC films were formed with acceleration energy of the Ar cluster ions of 5, 7, and 9
kV. Glassy carbon, graphite, and diamond were also prepared for comparison. In our previous XPS study of
the C 1s core level in DLC films formed by GCIB deposition [1], the sp? and sp® content were estimated.
With increasing acceleration energy of the Ar cluster ions, from 5 to 9 kV, the sp? content in the DLC films
increased from 49 to 62 %. Similarly, the sp? and sp® content in the glassy carbon were estimated to be 95 and
5 %, respectively. For the DLC films formed by the GCIB deposition, the sp? content was estimated [1].

Figure 1 shows the photoelectron spectra of the valence band region in graphite, glassy carbon, three
different DLC films, and diamond. All the photoelectron spectra are composed of a dominant feature between
12 and 0 eV and a small feature between 22 and 12 eV. As discussed later, the features between 22 and 12 eV
and between 12 and 0 eV are predominantly derived from the C 2s and C 2p states, respectively. In the case
of graphite, several peaks were observed at ~19.0, ~13.0, ~10.0, ~7.8, ~5.5, and ~3.0 eV. In glassy carbon,
three peaks at ~19.0, ~13.0, and ~7.8 eV were clearly observed. However, the other three peaks at ~10.0,
~5.5, and ~3.0 eV were barely visible. In the case of the three DLC films, five peaks were observed, at ~19.0,
~13.0, ~10.0, ~7.0, and ~3.8 eV. The intensity of the peak at ~10.0 eV was higher than that in graphite and
glassy carbon. Also, the intensity of the peak at ~3.0 eV decreased compared to that in graphite and glassy
carbon. Therefore, a clear peak at ~3.0 eV was not observed. A peak at ~3.8 eV instead of ~3.0 eV appeared
in the spectra for the three DLC films. With decreasing acceleration energy of the Ar cluster ions from 9 to 5
kV, the feature between 12 and 0 eV in DLC films was broader. In diamond, several peaks were observed, at
~19.0, ~16.5, ~13.0, ~10.0, ~6.5, and ~3.8 eV. We discuss the evolution of the photoelectron spectra in the
valence band region as a function of the sp® content. At first, the photoelectron spectra in graphite and
diamond were convoluted by a Gaussian function to simulate the amorphous state. Next, the convoluted
photoelectron spectra in graphite and diamond were summed, depending on the ratio of the sp® and sp®
content. The simulated photoelectron spectra (thin lines) in glassy carbon and the three DLC films are shown
in Fig. 1. In glassy carbon, the photoelectron spectrum is similar to the simulated one. It was found that the
photoelectron spectrum in glassy carbon is well reproduced using the simulated photoelectron spectra. In the
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case of the three DLC films, the intensity of the peak at ~10.0 eV is larger while the intensity of the peak at
~3.0 eV is smaller than the simulated photoelectron spectra. With increasing the sp® content, the intensity of
the peaks at ~10.0 and ~3.0 eV increased. Thus, except for the peaks at ~10.0 and ~3.0 eV, the photoelectron
spectra seem to be reproduced using the simulated photoelectron spectra.

Figure 2(a) shows the photoelectron spectra of the valence band region in the DLC film with acceleration
energy of the Ar cluster ions at 5 kV as a function of the excitation energy. The photoelectron spectrum at 70
eV is composed of a dominant feature between 12 and 0 eV and a small feature between 22 and 12 eV.
From the photon energy dependence, the feature between 22 and 12 eV is predominantly derived from the C
2s state, respectively. On the other hand, the feature between 12 and 0 eV is predominantly derived from the
C 2p state. In a previous study on amorphous carbon [2], the total and partial density of states were
calculated by the MD method. The partial s and p, density of states were distributed with peaks at ~18 and 8
eV, respectively. In the previous study [2], the total density of states was also compared to the photoelectron
spectrum measured at 1486.6 eV. For the excitation energy, the intensity of the C 2s state was dominant.
Since the intensity of the C 2p state is relatively small, it is difficult to compare the photoelectron spectrum
and the density of states calculated by the MD method as for the C 2p state. At lower excitation energies, the
cross section of the C 2p states is almost identical to that of the C 2s states. Therefore, at a lower excitation
energy, the photoelectron spectrum would be compared to the density of states with reasonable intensity as
for the C 2p states as well as the C 2s states. In Fig. 2(b), the photoelectron spectrum in the DLC film with
acceleration energy of the Ar cluster ions of 5 kV was compared to the density of states (solid line) as
calculated by the MD method [2]. In the MD calculation, the sp® content was 61 % while it was estimated to
be 51-57 % in the DLC film. Since the difference in the sp* content is within 10 %, it is considered that there
is no significant variation for the comparison between the density of states calculated by the MD method and
our photoelectron spectra. Partial s, p, and p, density of states (dotted line) are also plotted in Fig. 2(b). On
the whole, the photoelectron spectrum seems to be consistent with the density of states calculated by the MD
method. However, the position of the p, state shifted to the higher binding energy side as compared to the
photoelectron spectrum. In addition, the intensity of the p, state was larger compared to the photoelectron
spectrum. As discussed in the previous paper [2], the binding energy of the p, state was overestimated in the
MD calculation. In addition, the p, state was enhanced since the interlayer interaction was neglected [2]. If
these were modified, the density of states calculated by the MD method would be much more in
correspondence with the photoelectron spectrum.
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valence band region in graphite, glassy carbon, Photoelectron spectrum (dots) of the valence band
three DLC films, and diamond. In glassy carbon region in the DLC film formed with the
and the three DLC films, simulated photoelectron acceleration energy of the Ar cluster ions at 5 kV
spectra (thin lines) are also shown. The spectra and the total (solid line) and partial (dotted lines)
were normalized by the maximum peak intensity. density of states calculated by the MD method.
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Abstract

Crystalline structure of BN thin film prepared by magnetron sputtering technique was
characterized using the soft X-ray absorption spectroscopy (XAS). Boron and nitrogen K-edge
X-ray absorption near edge structures (XANES) of the BN thin film were measured with total
electron yield (TEY) method and total fluorescence yield (TFY) method. The obtained spectra
indicate that the crystal structure of prepared BN film is very similar to that of cubic boron nitride
(c-BN) powder. This study also suggests the effectiveness of XANES spectroscopy for evaluation
of crystalline structure of BN thin films.

Introduction

As similar to carbon allotropic forms, boron nitride presents a polymorphism of hexagonal structure (h-BN)
having a hexagonal plane network, such as graphite, and cubic structure (c-BN) having a steric structure, such as
diamond. It is well known that h-BN is a relatively soft material. However, c-BN is known to be the second
hardest material after diamond, and preparation of c-BN thin film is extensively studied for a coating material
onto cutting tools. Moreover, it comes to the front of application to electronic and photo-electronic devices as
one of the wide-gap semiconductor materials.

In cases of BN thin film fabrication by sputtering or ion plating depositions, h-BN structure is preferentially
formed because it is a stable phase at normal pressures. Stably-forming technology for c-BN structured thin film
was not confirmed as affairs. Characterization of crystalline structure of BN thin film is indispensable to confirm
the fabrication technology. However, application of X-ray diffraction method to the thin film characterization is
very difficult because the atomic scattering factors for these light elements (B and N) are very small.

On the other hand, X-ray absorption near edge structure (XANES) measurement is an appropriate technique
to identify the crystal structure of BN thin film because the spectra of c-BN and h-BN are quite distinct and the
bonding state on sp? and sp® can be observed in isolation. In this study, XANES spectroscopy at B-K and N-K
edge was carried out for the characterization of crystalline structure of BN thin film prepared by an RF
magnetron sputtering method.

Experiments

BN thin films were prepared on Si wafer (100) by the RF magnetron sputtering system. An h-BN disk (38 mm
in diameter) was used as target material. The substrate holder was electrically floated for applying a bias voltage
and could be heated up to 600 “C simultaneously. Ar+N, mixed gas was used as working gas, and its pressure
was changed from 0.2 to 1.0 Pa. The DC bias was changed from -75 to 120 V in this study. Atomic composition
of the prepared sample was determined by an Auger electron spectroscopy (AES).

B-K and N-K XANES spectra of prepared samples were measured in the analyzing station of the beamline
BL9a at the NewSUBARU SR facility. The beamline monochromator was mounted with a plane varied-space
grating with central groove density of 1200 I/mm, the energy resolution of which was about 0.2 eV at the photon
energy of 400 eV [1].

The measurement was conducted with a total electron yield (TEY) method with sample current mode and with
a total fluorescence yield (TFY) method with measuring the amount of fluorescence by a photodiode. The TEY
and TFY measurements were carried out simultaneously for the same sample at the same position.
Self-absorption effects in TFY measurement were not corrected here for simplicity. It is well known that the
TEY method can yield information in a shallow region from the sample surface because of the small escape
length of photo-generated electrons of less than about 5nm [2]. Meanwhile, the TFY method can vyield
information in a deeper region (bulk) of the sample of more than 100 nm because of the much longer penetration
depth of soft X-ray photons.

Results and discussion

Figures 1 and 2 show the B-K and N-K absorption spectra, respectively, of a prepared BN thin film together
with the spectra of the standard samples of h-BN and c-BN powder. The spectra of B-K and N-K absorption for
h-BN powder sample have sharp zn* resonance peaks at 192 eV for B-K and at 401 eV for N-K edges,
respectively, which are caused from sp? bonding states like a graphite. The m* resonance peaks have a
dependency of incident angle, which is originated from an orientation of hexagonal plane network of h-BN
structure. On the other hand, the spectra of B-K and N-K absorption for c-BN powder sample do not have a ©*
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resonance peaks and also do not have a dependency of incident angle.

In the spectra of the prepared sample as shown in Fig. 1 and 2, the =* resonance peaks in B-K or N-K edges
are almost not observed. These results indicate that the crystalline structure of the prepared BN film could be
very close to that of the c-BN crystal. The results also correspond well to the result of infrared absorption spectra
measured with FTIR spectrometer [3].

Prepared BN thin film]
Prepared BN thin film

c—BN powder
c—BN powder

Normalized absorption [a.u.]
w
Normalized ansorption [a.u.]

h—BN powder
(60 deg.) b

h-BN powder (60 deg.)

~ 100 200 210 220 %90 400 410 420 430
Photon energy [eV] . Photon energy [eV] .
Fig. 1 B-K XANES spectra of a prepared BN thin Fig. 2 N-K XANES spectra of a prepared BN thin
film and standard h-BN and ¢-BN powders. film and standard h-BN and c-BN powders.

B-K XANES spectra (TEY) at angles of incidence of 90° and 45° for the prepared BN film with mixture of
c-BN and h-BN phases are shown in Fig. 3. Although the spectra for the h-BN rich mixture phase sample are not
shown here, the n* resonance peak of the h-BN rich sample shows a small dependency of incident angle.
However, the angular dependency almost disappeared for the c-BN rich mixture phase sample as shown in Fig.
3.

Figure 4 shows the N-K XANES spectra (TEY and TFY) at angles of incidence of 90° and 45° for the
prepared BN film with mixture of c-BN and h-BN phases. The angular dependency of the n* resonance peak was
almost not observed as same as that of the B-K spectra in Fig. 3. Comparing the spectra obtained by TEY and
TFY method, the intensity of @* resonance peak at 401 eV in the TFY spectra is much higher than that in the
TEY spectra. This result indicates that the concentration ratio of h-BN phase could be relatively higher inside the
thin film, though the ratio of c-BN could be much higher at the film surface.

The results obtained in this study suggests the effectiveness of X-ray absorption (XANES) spectroscopy for
evaluation of crystalline structure of BN thin films.

BN film #114 B-K BN film #114_N-K
10 T T T T !

TEY 45deg.

TEY 45 deg.
TEY 90deg. -

TFY 45deg. |

Normalized absorption [a.u.]
Normalized absorption [a.u.]
(=2}

TEY 90 deg.

2 TFY 90deg.
0185 1!)0 1é5 260 265 21‘0 21‘5 220 0390 4(50 41‘0 4‘20 430
Photon energy [eV] Photon energy [eV]
Fig. 3 B-K XANES spectra of a prepared BN thin Fig. 4 N-K XANES spectra of a prepared BN thin
film with mixture phases of h-BN and c-BN. film with mixture phases of h-BN and c-BN.
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Abstract
Low energy Ar ions (0.5 - 2 keV) were irradiated to vertically aligned multi-walled carbon nanotube (MWCNT)
films. The structural properties and local bonding configurations of the irradiated vertically aligned MWCNT
films were characterized. It was found that the irradiation disrupted = and o bonds, and after the high ion dose,
MWCNT bundles were formed. This may be originated from bending of MWCNTSs or welding between plural

MWCNTSs under the ion irradiation.

Introduction

Irradiating  carbon  nanostructures  with
energetic particles is thought to tailor the structure
and properties of the carbon nanostructures, and
can be applied to nanodevice fabrication. It was
reported that spatially localized Ar ion irradiation
of individual MWCNTSs deposited SiO, substrates
was used for fabrication of quantum dots [1].
Moreover, Ar ion irradiation of MWCNTs
enhanced the field-emission properties due to
defects induced by the ion irradiation [2]. In this
study, low energy Ar ions (0.5 - 2 keV) were
irradiated to vertically aligned MWCNT films,
and the structural properties and local bonding
configurations of the irradiated vertically aligned
MWCNT films by Raman spectroscopy and
X-ray absorption near-edge structure (XANES),
respectively. In addition, scanning electron
microscopy (SEM) and transmission electron
microscopy (TEM) were utilized to characterize
structural properties of the irradiated MWCNT
films.

Experiments and Results

Vertically aligned MWCNT films were
synthesized by catalytic chemical vapor
deposition (CCVD). Figure 1(a) and 1(b) show
SEM image of a vertically aligned MWCNT film
and its magnified image, respectively. Aligned
MWCNTs ~160 pum in length with radii ranging
between 20 and 40 nm were grown densely. An
ion gun (ULVAC-PHI, USG-3) is employed as the
ion source. Ar ions with energies ranging between
0.5 and 2 keV were irradiated to the MWCNT
films. The ion dose was varied between 1x10'
and 1x10" cm? Micro-Raman spectra were
taken with Ar ion laser (514.5 nm) using a Raman
spectroscope (JASCO, NRS-2100). The carbon
K-edge XANES measurement was performed in
beam line BL9 at NewSUBARU.

Raman spectroscopy showed that Ar ion
irradiation changed the intensity ratio of
integrated D (1355 cm™) and G peak (~1580 cm™)
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areas, Ip/lg, indicating disorder changes the nature
of in-plane bonding of MWCNT sheets, deviating
away from intrinsic sp® character [3,4]. The
XANES spectra of vertically aligned MWCNT
films irradiated with different energies of Ar ion
at a dose of 5x10™ cm?, and vertically aligned
MWCNT films irradiated with a 1 keV Ar ion at
different doses are shown in Fig 2(a) and 2(b),
respectively. In the spectrum for as-prepared
MWCNT films, n* peak at 285 eV related to
carbon sp® atoms and ¢* peak at 292 eV related to
carbon sp?, sp® atoms were clearly observed. On
the other hand, after the Ar ion irradiation, with
increasing the ion accelerated energy and dose,
both heights of =" and " peaks are decreased, and
width-broadening of c* peak is recognized. The
XANES analysis supports the results from Raman
spectroscopy.

Fig.1. (a) SEM image of a vertically aligned
MWCNT film, and (b) its magnified image.



Figure 3(a) and 3(b) show SEM images of an
as-prepared vertically aligned MWCNT film, and
a vertically aligned MWCNT film irradiated with
1 keV Ar ion at a dose of 5x10' cm?
respectively. SEM observation revealed that
irradiation with the higher dose of 5x10% cm™ led
to self-organization in the MWCNT films that
tended to form bundles. This may be originated
from bending of MWCNTSs or welding between
plural MWCNTSs under the ion irradiation.

(a) " I o |

As-prepared

300 310 320
Energy (eV)

5x10% cm?

290

5x10% cm?

300 310 320
Energy (eV)

290

Fig.2. (@) XANES spectra of vertically
aligned MWCNT films irradiated with
different energies of Ar ion at a dose of
5x10%® cm? and (b) vertically aligned
MWCNT films irradiated with a 1 keV Ar
ion at different doses.
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Fig.3. SEM images of (a) an as-prepared
vertically aligned MWCNT film, and (b) a
vertically aligned MWCNT film irradiated
with 1 keV Ar ion at a dose of 5x10" cm™,
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Abstract
Effect of etching damage on n-GaN crystal using a capacitively-coupled radio frequency
plasma with He and Ar gases was investigated. Local atomic structure of the etched surface was
evaluated by soft X-ray absorption spectroscopy (XAS) method. From N-K absorption spectra of
GaN surfaces etched by Ar plasma, disordered crystal structure was observed. From the spectra of
the surfaces etched by He plasma, the observed disarray of crystal structure was lower than that
etched by Ar plasma.

Introduction

GaN is expected to apply as semiconductor devices using under a harsh environment. Precise control of
etching by nanoprocess plasma is necessary to realize higher performance of the GaN semiconductor devices.
However, the reaction of nanoprocess plasma on the surface is so complicated that the understanding for precise
control is insufficient at the present [1]. To understand a mechanism of defect creation by physical etching,
Kawakami et al. have etched n-GaN crystal using a capacitively-coupled radio frequency (RF) plasma reactor
with rare gas of Ar and evaluated various characteristics [2,3].

In this work, to deepen the understanding of the control of etching plasma, n-GaN crystal surfaces were
etched by capacitively-coupled RF plasma reactor using He and Ar gases. Effect of etching damage on the
surface was analyzed by soft X-ray absorption spectroscopy (XAS). The results of etching damage by He and Ar
plasma are compared.

Experiment

GaN crystal was etched using a capacitively-coupled RF plasma reactor with unbalanced electrode structure
[4] at the constant self-bias voltage of 200 V with changing gas pressure (10~100 mTorr) and treatment time
(5~200 min). Rare gases of He or Ar were used as plasma source gas. The sample was a Si-doped GaN with a
thickness of 2um grown on sapphire substrates by Metal Organic Chemical Vapor Deposition (n-GaN, Nichia
Co.).

The XAS measurement was carried out at the BL-9A. N-K edge absorption spectra were obtained to analyze
the atomic local structure of the etched surfaces. The measurement was carried out with a total electron yield
(TEY) method with sample current mode and with a total fluorescence yield (TFY) method with measuring the
amount of fluorescence by a photodiode. An escape depth of electron by a photoelectric effect at the energy of
400 eV is less than about 5 nm [5]. Therefore, TEY method can analyze in a shallow region at the surface. TFY
method can analyze in a deep region from the surface (bulk), because the penetration depth of soft X-rays is
more than 100 nm. The photodiode was set at the angle of 30 deg. from the incidence light and lower left sight
from the sample. The distance between the photodiode and the sample was about 20 mm. The used photodiode
was AXUV-100 (IRD Co.) with Al coating of 40 nm thick for avoiding the yellow band secondary emission.

Results and discussion

Figure 1 shows the N-K absorption spectra of n-GaN etched with He and Ar plasma at the treatment time of
200 min and normalized by peak intensities at the photon energy of 404 eV. Figs. 1(a), (b) and Figs. 1(c), (d) are
the spectra measured by TEY and TFY methods, respectively. Figs. 1(a) and (c) are the spectra of the surfaces
etched with He plasma. Figs. 1(b) and (d) are the spectra of the surfaces etched with Ar plasma.

The peak at photon energy of 400 to 412 eV shown in the as-grown sample has complicated shape.
According to the previous report by Katsikini et al. [6], those peaks are explained with superposition of six
Gaussian peaks named G1~G6.

Deenapanray et al. reported [7] that the N-K absorption spectra of GaN were changed by Ar ion
bombardment. In Fig. 1(b), the peak shapes (two shoulders at both sides of the sharp peak near 404 eV and
others) became smoother (dull) with increasing gas pressure from 10 to 100 mTorr. The change indicates that the
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crystal structure of GaN was
disordered by Ar plasma etching. In
Fig. 1(a), the peak shapes (two
shoulders at both sides of the sharp
peak near 404 eV and others)
became a little smoother (dull) with
increasing gas pressure from 10 to
100 mTorr. The change indicates that
the crystal structure of GaN was
disordered by He plasma etching. As
shown in Fig. 1(c) and (d), the peak
shape in spectra measured by TFY
method was not changed. Therefore,
the disarray of crystal structure was
occurred at shallow region in sample
surface.

Figure 2 shows the maximum
elastic energy transfer ratio of He
and Ar ion to atoms in various
nitride solid calculated with the PIS
(Plasma behavior and its Interaction
with  Surface reaction) particle
model [4]. In Fig. 2, the elastic
energy transferred from He ion to N
and Ga atoms is less than the one
from Ar ion. That is, the impact of
He ion on N and Ga atoms have a
less influence on N and Ga atoms
than the one of Ar ion. In Fig. 1(a),
the change in spectra of the surfaces
etched by He plasma was less

by Ar plasma.

Conclusions

The disordering of crystal was observed on the
GaN surfaces etched by Ar plasma, and it became
greater with increasing gas pressure. However, the
disarray of crystal structure on the surface etched
by He plasma was less pronounced. Comparing the
XAS spectra obtained by TEY and TFY method, it 0
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Figure 1 Normalized N-K absorption spectra of GaN crystal etched and

pronounced
depending on gas pressure than the one etched by
Ar. Therefore, the disarray of crystal structure in
GaN etched by He plasma is lower than that etched

measured by (a): He plasma and TEY method, (b): Ar and TEY, (c):
He and TFY, (d): Ar and TFY, respectively, at the treatment time of
200min.
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was found that the changes in surface composition
and crystalline disordering were occurred only in

the shallow region from the n-GaN surface.
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Abstract

The “Nayuta” astronomical telescope, having the largest mirror in Japan of 2 m diameter, is
operating at the Nishi-Harima Astronomical Observatory. To maintain the reflectivity of the
telescope mirrors, we are planning to develop a recoating system for large scale mirrors. The
system is necessary to meet the following requirements. 1: The coating quality satisfies the
demands in astronomical observation. 2: The coating can be carried out with mirror surface in
upward direction. 3: The system is possible to pile up a protection coating. 4: silver metal can
be also coated instead of standard aluminum metal in the future. We selected a downward
sputtering as a coating system that enabled these requirements. In this paper, we report the
specification of the sputtering system and the preliminary experiment for extracting problem in
the coating of telescope mirrors.

1. Introduction

A large scale astronomical telescope, named “Nayuta”, has been
operated at the Nishi-Harima Astronomical Observatory in Hyogo
prefecture (Fig.1). The telescope is Cassegrain type constructing
with a 2m primary mirror and a 30 cm secondary mirror, and the
scale is the largest within Japan. The mirrors used in the telescope
must be recoated at least in every five years, because of aging
deterioration and resulting decrease in reflectivity. However, there
is no appropriate coating system inside Japan in the present state of
affairs. Therefore, we are planning to develop a recoating system
operating within the observatory facility for reductions of shipping
cost, risk of fatal damage to the mirrors and dead time of the
telescope operation.

Traditionally, coating of many telescope mirrors was conducted
by vacuum evaporating deposition. However, because of the expectation of improving reflectivity and
environmental durability, we chose a sputtering method for the coating. Sputtering method is also advantageous
for the risk of fatal damage because the method can easily deposit material to downward direction on a large scale
mirror substrate keeping the surface with upward direction.

2. Coating material

A large part of electro-magnetic radiation from celestial
objects is reflected or absorbed by earth’s atmosphere. The
wavelength regions of the electric-magnetic radiation reached
to ground is limited as shown in Fig. 2. A lot of ground-based

optical telescope can observe these wavelengths in visible light f N

and a part of near-infrared (NIR) and ultraviolet (UV) i i

radiations. The reflective coating must have enough reflectivity N

in these observing wavelengths. Moreover, we must examine

protective coating because the environment of observation is =~ Mlosneromamn Iaum) WOspm Kazum
similar to that of out-door. The coated surface has to be Vb B bV S5 70, 11

guarded from dust and humidity.

2-1. Reflective coating

Aluminum coating has been used in a lot of telescope
mirrors because aluminum has good reflectivity from UV to 0
NIR region as shown in Fig. 2. However, the number of
observatories having silver coated telescope was increasing,
recently, because the CCD camera, the sensitivity of which is  Fig. 2 Spectral reflectivity of coating
rather low in the UV region, became a mainstream

Atmosperic windaw
ransmittance

200nm Tum Ium 3um

60



observation instrument. It is also because the infrared camera has been developed, which enable us to observe NIR
regions of J(1.2 um), H(1.6 pm), and K(2.2 um) bands.

In Nayuta telescope, the dominant observing wavelength is visible light using CCD camera and NIR radiation
using infrared camera. Therefore, we plan to provide the function of silver coating in a future.

2-2.Protection coating
The telescope is exposed to the open air during the observation. It was reported that the reflectivity of the
telescope mirror was deteriorated to the level of 60% even in a year [1] because of the high humidity in Japan.

A lot of telescopes specialized to academic studies are without protection coating. On the other hand, a number
of telescopes opened to the public, including Nayuta, have a protection coating. It will take one month or longer to
recoat the mirror involving the work of removing from and installing to the Nayuta mirror cell. The working time
corresponds to above 10% of all the operation time. It is hard to keep the maintenance time of one month for every
year.

The suppression of the reflectivity deterioration can be expected by the additional protection coating. And it
will enable us to clean the dust of the mirror surface without fatal damages, too.

3. Quality of coating

Several factors have to be taken into account for the error of mirror accuracy, such as an accuracy of polishing,
changing posture of telescope, and thermal deformation of both mirror and cell. The specification of Nayuta
telescope permits the error of mirror polishing within 0.07". The surface accuracy of mirror glass is less than 16.8
nm(rms). The surface accuracy of coated mirror is less than 26.3 nm(rms). The surface roughness of the coating on
the mirror is under 2 nm(rms) [2]. In this experiment, target of the surface roughness of the coated mirror is 3% or
less of the coating film thickness. Considering above, we estimate the thickness of coating film that will have an
enough reflectivity.

4. Basic specifications of the coating system
According to the consideration as mentioned above, the basic

specifications of the coating system are as follows,

1) The coating on the mirror surface is performed by a

downward-sputtering method.

2) The size of mirror substrate is 2 m in diameter and 20 cm thick

with central hole of 50 cm in diameter.

3) The reflection coating material is aluminum or silver.

4) The roughness of coated surface is less than 2 nm(rms).

5) The protection coating is available. The material is SiO.

5. Preliminary experiment

To understand the details of the coating and removal of reflection .
film on the mirror, we are carrying out a preliminary experiment with (2)EB evaporation
the use of a small size vacuum evaporation system (ANELVA
EVD-500A) and the magnetron sputtering system (TOKUDA CFS-8EP).
We are optimizing the deposition condition for aluminum thin film. The
deposited thin films were evaluated with film thickness by stylus
profiler (Veeco Dektak2A) and with surface roughness by atomic force
microscope (Seiko Instruments Inc. NanoNavi , S-image). Fig. 3
shows the surface profile of aluminum thin films deposited by (a) EB
evaporation and (b) sputtering deposition. We are also examining a
protection coating using SiO.

Moreover, we are developing a spectral reflectometer for visible
light and near infra-red radiation using a fiber spectrometer (Ocean
Optics USB4000). The measuring method is relative reflectivity
comparing with aluminum reference mirror. Using the reflectometer, we
will evaluate not only the reflectivity of the coating but also the time (b)Sputtering
deterioration of the reflectivity. We are also examining the method of . . .
removal of coated materials by wet chemical process and evaluating the T 19-3 Surface profile of aluminum
damage to the mirror glass surface. Finally, we are also examining the  thin films.
cost of coating system and its running cost.

[1]E.Watanabe,et.al: REPORT OF THE NATIONAL ASTRONOMICAL OBSERVERTORY OF JAPAN (1995)
Vol.2,No.3
[2]Mitsubishi Electric Corporation: Detailed specification in production of large-scale telescope (2004)
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Abstract
For X-ray lithography, the accuracy of the fabricated structure depends largely on the accuracy of
the X-ray mask. Conventionally, a resin material is used for the support membrane for large area
X-ray masks. However, resin membranes have the disadvantage that they can sag after several
cycles of X-ray exposure due to the heat generated by the X-rays. For our new proposal we used
thin carbon wafers for the membrane material because carbon has an extremely small thermal
expansion coefficient. This new type of X-ray mask is very easy to process, and it is expected that

it will lead to more precise X-ray masks.

Introduction

X-ray imaging techniques have found
applications in many fields such as medicine,
biology, inspection, material science, and so on.
However, clear X-ray images of samples with low
absorbance, such as biological soft tissue, are not
easy to obtain. To resolve this problem, several
methods which use X-ray phase information have
been investigated [1]. In these methods, techniques
using X-ray gratings have been demonstrated [2]. X-
ray Talbot interferometry (XTI) [2] is one of those
techniques used for X-ray phase imaging. In XTI two
X-ray gratings are used. However, the fabrication of
X-ray gratings is very challenging because a
thickness of 20 um or more is required for use with
10-40 keV X-rays, even for gold which has a high X-
ray absorption coefficient.

X-ray lithography [3], which wuses highly
directional synchrotron radiation, is one of the
technologies that can be used for fabricating
micrometer sized structures. The X-ray mask pattern
is transferred onto the structure being fabricated due
to the difference between the X-ray transmittance in
the absorber and clear areas, and the precision with
which the structure can be fabricated depends largely
on the precision of the X-ray mask. Since, in X-ray
lithography, the radiation is highly directional, a
micro-fabrication technology that produces untapered
and high aspect ratio highly absorbent structures on a
low absorbent membrane is required.

Fabrication of carbon X-ray mask

The conventional resin membrane X-ray masks
have the disadvantage that, after several cycles of X-
ray exposure, they crease and sag due to X-ray-
derived heat. As a substitute for the conventional
resin membrane, we proposed to fabricate a new X-
ray mask using a carbon wafer membrane that has an
extremely small thermal expansion coefficient and is
easy to process.

Figure 1 shows fabrication process using carbon
wafer for membrane material. The fabrication
process consists of three steps: (a) depositing a seed
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layer on the carbon wafer, (b) applying resist over the
seed layer to perform patterning by irradiation with
UV and development, (c) forming an X-ray absorber,
i.e. an Au film, by electrolytic plating, We succeeded
in making new X-ray mask with pitch pattern of 5.3
pum and large effective area of 100 x 100 mm?, as
shown in Fig. 2. In contrast to conventional silicon
substrates, the newly devised mask fabrication
process does not require further membrane
application, frame adhesion or substrate etching.
Thus, this is very simple process.
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m

1. Resist patterning
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Fig. 1: New fabrication process of X-ray mask

Fig. 2: Picture of carbon X-ray mask



Fabrication of X-ray grating

We used SU-8 photoresist for the X-ray
lithography. SU-8 was originally designed for UV
lithography, but it can also be used in deep X-ray
lithography to produce highly accurate, high aspect
ratio patterned structures. With the resin membrane
X-ray masks, we can fabricate photoresist structures
of about 30 um in height with an X-ray exposure
dose of 4,000 mA-s/mm. The X-ray transmittance of
carbon is less than that of resin, therefore, for masks
supported on carbon membranes, we varied the dose
from 6,000 to 20,000 mA-s/mm and checked the
photoresist structures to determine the optimal
exposure dose. From the results, we concluded that
an X-ray exposure dose of approximately 12,000
mA-s/mm was optimal for fabricating structures with
1:1 line-to-space ratio patterns with a pitch of 5.3 pm
[4]. Figure 3 shows a picture of an X-ray grating on a
4 inch Si substrate made using the new carbon X-ray
mask. The structure of the patterned photoresist over
the whole area is excellent. On the other hand, the
results obtained using the resin membrane X-ray
mask, shown in Fig. 4, show the photoresist structure
to be very poor. Pattern errors and sticking were
observed from the bottom of the mask. These results
demonstrate the superior performance of the carbon
membrane-based X-ray masks.

We succeeded in fabricating an X-ray grating

Fig. 3: Picture of resist structure using newly
carbon X-ray mask.

Fig. 4: Picture of resist structure using resin
membrane X-ray mask.
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with a large effective area of 100 x 100 mm? on a 6
inch Si substrate, as shown in Fig. 5. This result
shows that new carbon X-ray mask give the best
performance.

Fig. 5: Picture of large area X-ray grating on 6
inch Si substrate.

Conclusions

We fabricated a new type of X-ray mask on both
4 inch and 6 inch carbon wafers. The carbon wafer
serves as the support membrane for the X-ray mask
and resolves the problem of thermal deformation
during X-ray exposure obtained when using masks
with resin membranes.

We successfully fabricated large area X-ray
masks on thin carbon wafers with patterns with a
pitch of 5.3 um. The 200 um thick carbon wafer was
sufficiently strong that further support around the
edges of the membrane was unnecessary. Thus, the
fabrication process is very easy compared to that
using a resin support membrane which requires a
frame bonded to the edges and etching to remove the
Si substrate. The X-ray mask pattern formed on a 6
inch carbon wafer had a pitch of 5.3 um and a height
of 4 um covering a large effective area of 100 x 100
mm?. Using this new carbon X-ray mask, large area
X-ray gratings were fabricated on 6 inch Si substrates.
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Abstract
Good quality metallic structures can only be obtained by plating up from the bottoms of the etched
grooves. Because it is difficult to form a seed layer just on the bottoms of the grooves, it is difficult
to fabricate metallic microstructures in high aspect ratio grooves etched using silicon dry etching
technology. To solve this problem, we developed a new fabrication method in which metallic
microstructures are fabricated by electroplating directly into grooves etched in the Si after the
sidewalls of the grooves have been coated with an insulating film. The depth of the grooves, and
hence the thickness of the Au was 4 um, and the pitch was 5.3 um. Moreover, fabricating Au
microstructures in deeper higher aspect ratio grooves were also attempted. As a result, 20 um deep
grooves were filled to a depth of 18 um with Au. It is expected that this technology can be used in

the production of a wide variety of devices.

Introduction

Recently, the miniaturization and efficient of
machine parts and electronic parts are advanced, and
highly precise microfabrication is requested for
making a variety of microstructure needed. An X-ray
lithography that uses the synchrotron radiation with a
high directivity is paid to attention to make the highly
accurate and high aspect ratio microstructure.
Moreover, it is possible to make a metallic
microstructure of a high aspect ratio by making the
structure by X-ray lithography and the metal plating
if the substrate is made a conductor. However, the
use of the synchrotron radiation facilities where it
requires a high cost is indispensable to need the
synchrotron radiation with a high directivity for X-
ray lithography. Then, a new fabrication process that
the synchrotron radiation facilities are not used and
the accuracy of the structure is not ruined is
requested. Even if making the microstructure of the
Si dry etching that uses Inductively Coupled Plasma
Reactive lon Etching (ICP-RIE) doesn't use X rays,
the processing accuracy can make the microstructure
of a high aspect ratio, as shown in Fig. 1.

It has been examined to make a metallic
microstructure of a high aspect ratio by using the Si
structure with the ICP-RIE in our laboratory. The
metal used Au that was able to be formed with
plating [1]. It was necessary to form the metallic seed
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Fig. 1: SEM image of Si microstructures with
aspect ratio of 7.
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layer only to the bottom of the groove of the
microstructure to form the Au structure in the groove
of the Si structure by the electroplating. If Au doesn't
extract it only from a bottom of the structures, the
cave can be done in the structure, and an excellent Au
structure cannot be obtained as shown in Fig. 2.
However, the method of having a metallic seed only
to the bottom of the micro structure made by the Si
dry etching is difficult for having a complex process
and forming the microstructure to a large area and
high aspect ratio.

Fig. 2: SEM image of defective Au structure.

Fabrication of proposal Au microstructure

The new method for fabricating Au structures by
directly electroplating on a structured Si substrate is
shown in Fig. 3. The fabrication process consists of
five steps: (1) applying resist to the Si substrate and
forming a mask pattern in it using UV lithography,
(2) etching grooves into the silicon by Si dry etching
using an ICP etching system, (3) covering the Si
structure and the remaining resist with a polymer
film using the technique used in the Bosch process,
(4) removing the polymer film from the bottoms of
the grooves by vertical anisotropic etching (5)
depositing Au in the grooves by electroplating up
from the bottoms of the grooves only. This new Au
microstructure fabrication method uses the polymer
coating process normally used in the Bosch process.
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Fig. 3: Fabrication process of new Au
microstructures.

It is necessary that growth takes place from the
bottoms of the grooves only in order to form good
quality Au structures. The polymer coating forms an
insulating layer that prevents electroplating on the
sidewalls.

Fabrication of Au structure

In our first attempts to deposit polymer films on
Si microstructures, there was a tendency for the
polymer to accumulate near the bottom of the groove,
resulting in a thick layer at the bottom. This led to
two problems. First, in addition to Au forming at the
bottom of the groove, it was also formed near the top
where the polymer was thin. Secondly, the thick
polymer layer had an effect on the shape of the
electroplated Au microstructure. Further attempts
produced polymer films with much more uniform
thickness as shown in Fig. 4. With these more
uniform coatings, we were able to fabricate high-
quality Au structures by electroplating as shown in
Fig. 5. As the figure shows, Au formed by
electroplating completely fills the 4 um deep grooves
etched in the substrate. However, to achieve a given
width for the Au microstructure it is necessary to take
into consideration both the width of the grooves in
the Si structure and the thickness of polymer
deposited on the sides. Nevertheless, these results
reinforced our expectation that it is possible to
fabricate much higher Au structures in more deeply
etched Si.
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Fig. 4: SEM image of uniformity polymer layer
on Si microstructure.

Fig. 5: SEM image of Au structures

Conclusions

In the present study, metallic microstructures
were fabricated by filling with Au grooves etched in
silicon by Si dry etching. The Au structures were
fabricated by electroplating directly on the Si.
However, good quality Au microstructures cannot be
obtained by electroplating in etched grooves since
growth takes place from both the bottoms and the
sidewalls of the grooves. This can be achieved by
coating the sidewalls with polymer, such as that used
in the Bosch process used for Si dry etching. A 0.2
um thick polymer film was found to be sufficiently
insulating, so a film of about this thickness was
deposited on the sidewalls of the etched grooves,
which were then filled with Au by directly
electroplating on the Si. As a result, Au structures 4
um deep without voids were made. In addition, we
were able to fabricate these Au structure over an area
of 60 mm squares.
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Fabrication of High Performance Light Guide Plate
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Abstract
Recently, LED (Light Emitting Diode) is paid to attention as a new source of light. However, it
doesn't turn to shine on a wide area efficiently because LED is a point light. Then, the method of
the light guide plate technology used for the liquid crystal display etc, and use as the LED lighting
is examined. In the process of study, it has been understood that luminance increases by increasing
the number of dots. Therefore, an accumulating method of piling up two or more light guide plates
was proposed as a method of achieving high luminance for highly effective lighting usage, and the
device was analyzed with an optical simulator. As a result of optimization, the average luminance

has improved by 15 %.

Introduction

In recent years, the LED has received attention as
a light source for a new form of lighting, taking the
place of lighting forms such as fluorescent lamps [1].
Recently, LEDs with the luminous efficacy equal to
that of a fluorescent lamp have been developed.
Generally, the fluorescent lamp and the incandescent
lamp are enumerated as forms of lighting. However,
as for the advantages of using LEDs as a lighting
source, low power consumption, high durability, and
long life are enumerated. The power consumption of
an LED is about half that of a fluorescent lamp; the
longevity about five times as much. A considerable
reduction in power consumption and the amount of
waste generated can be expected through the
replacement of the currently used incandescent and
fluorescent lamp lighting with LED lighting.
However, LED is not suitable for efficiently
illuminating a wide area, because LED is a point
light source. Products have been made using a
method of arranging a large quantity of LEDs to
shine over a wide area. However, irregularity in
lighting due to their respective positions on the
luminescence side, and there is the problem of high
cost due to the large numbers LEDs required.
Therefore, it was decided to convert LED point
luminescence into plane emission form by using light
guide plate technology, to increase the LED’s
efficiency and solve the above problems. This
method of LED lighting used is examined here.
Figure 1 shows a schematic diagram of a light guide
plate.

High performance light guide plate

In the light guide plate, light is guided from an
LED or other light source to desired locations via
total internal reflection rendered by an index of
refraction differential between the air and the diffuser
material. The light in light guide plate tears a total
reflection condition by reflecting in an internal
projection (dot) and irradiates the surface. The shape
of the dots was assumed to be frustum of circular
cone shape, that the diameter on was 10 um, the
diameter below was 52 pm, height was 30 pum, and

66

taper corner is 70 degree, referring to past research
results [2]. The light guide plate converts the point
light source to plane emission. One advantage of the
light guide plate is its efficient use of light through
the conversion of point light sources to plane
emission. To achieve uniform plane emission, an
important factor is bumps on the light guide plate that
release light from the diffuser surface. Uniform plane
emission is achieved by rendering an optimal bump
shape and allocation pattern.

t Guide
4

AN

Reflector Sheet

A cross section

Fig. 1: Explanation chart of light guide plate.

Piling method

A high luminance LED and a light guide plate
were combined to create a brighter lighting panel, for
use as a lighting device. However, the size of the
high luminance LEDs on the luminescence side was
5 mm, and there were no a light guide plates
available of appropriate thickness. Therefore, we
considered either two light guide plates of board
thickness 2.6 mm or five light guide plates of board
thickness 1 mm, piled up, to be suitable for the
luminescence side. The result of increasing the
number of piled sheets was to raise the mean
luminance obtained. The reasons were thought to be
the dots arranged by piling up two or more light
guide plates besides the light guide plate bottom, and
the ability to increase the number of dots even in a
light guide plate of the same thickness. This was
because of the higher probability that light would hit
the dots, as shown in Fig. 2. Therefore, a piling
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Fig. 2: Ray route outline chats of each light
guide plate.

method of piling up two or more light guide plates
was proposed as a method of achieving high
luminance for highly effective lighting usage, and the
device was analyzed with an optical simulator.

First of all, a small light guide plate (30 x 30
mm?®) was used. The dot arrangement area, the
number of sheets piled up, and the total board
thickness of the light guide plates was changed and
the results were analyzed. An air layer of 0.01 mm
was inserted between each light guide plate. The light
source on the luminescence side used one white LED
whose size matched each total board thickness. The
measuring method emitted white light of 1 W from
the LED, and measured the total energy of the light
emitted from the luminescence side of the light guide
plate. Figure 3 shows the result for a total board
thickness of 2 mm.

The total light output energy changed according
to the number of piled sheets and the total number of
dots on the light guide plate. This result could also be
confirmed for other total board thicknesses. Although
in some cases the light output energy became
saturated, the total light output energy increased as a
result of any increases in the number of piled sheets
and the total number of dots.

A piled light guide plate of the same condition
was designed and verified according to a light guide
plate (luminescence area = 50 x 90 mm? board
thickness = 1 mm) that had been designed and made
by a previous research for the sake of comparison.
Figure 4 shows simulation results of usual type and
piled type. Average luminance is 767 cd/m® in the
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Fig. 3: The relationship between the total light
energy output and the total number of
dots.
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Fig. 4: Luminance distribution on surface of
each light guide plate (simulation).

piled light guide plate, compared to an average
luminance of 668 cd/m? in a past light guide plate;
hence the average luminance improved by about
15 %. Moreover, the dot total is 480,779 pieces in the
piled light guiding plate while the dot total is 191,008
pieces in the previous light guide plate. The number
of dots is about 2.5 times the previous figure. The
number of sheets of accumulating was decided and
optimized so that the number might become one
million that was the number of saturation dots.

Conclusions

The method of improving the utilization
efficiency of light further to apply the light guide
plate made in this laboratory as a form of lighting,
and achieving high luminance, were examined. The
light guide plates were piled up as a method of
raising the utilization efficiency of light and the
method of achieving high luminance by the piling
method to increase the total of number of dots was
proposed. The piling method was verified by using
the simulation. Near a practical size as the lighting
because a light guide plate so far at the time of
optimized it in the past was compared with the piled
light guide plate based on the above-mentioned result,
and optimization of the arrangement of the dots of
the piled light guide plate of luminescence area 50 x
90 mm? and the total board thickness 1 mm was
achieved. As a result of optimization, the average
luminance of the piled light guide plates was 767
cd/m?, while that of previous light guide plates was
668 cd/m? representing an improvement of about
15 %.

It will be possible to convert it to a higher
luminance light guide plate even when the same
source of light is used.
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Abstract

This paper describes the process of deep X-ray lithography (DXRL) using epoxy negative
photoresist SU-8. Resist coating, soft bake, exposure, post exposure bake, and development of the
resist are characterized. We have successfully fabricated HAR and defect-free vertical channel
structures of 100 and 200 um depths with 10 um width in SU-8 resist introducing a new vapor
development technique that will be useful for various MEMS devices. Utilizing this technique, we
can not only increase the exposure dose for thicker resist structure without worrying the over dose
effect but also reduce the developing time significantly.

Introduction
This paper describes the process of deep X-ray
lithography (DXRL) using epoxy negative

photoresist SU-8. Resist coating, soft bake, exposure,
post exposure bake, and development of the resist are
characterized. The negative resist SU-8 has been
increasingly used in micro- and nanotechnologies
due to its excellent coating, planarization and
processing properties as well as its mechanical and
chemical stability. The fabrication of polymer based
high aspect ratio (HAR) micro-pillar structures by X-
ray lithography is investigated. A low-energy beam
line of 1.0 GeV with carbon X-ray mask is used to
create arrayed micro-pillars on soda glass. One of the
major limitations in the use of SU-8 in lithographic
processes is the occurrence of internal stress and
hence the distortion of the microstructure. In this
study, a technique for preparing the defect-free HAR
SU-8 resist structure is described.

Experimental

The resist used for the process is SU-8 3050. The
resist height is approximately 200 um, achieved by
twice spin coating. The samples are soft baked at 95
°C for 1 to 12 hours to remove the solvent [1]. The
X-ray exposure doses used are from 10,000 to 25,000
mA-s/mm. The Post exposure bake (PEB) is carried
out at 95 °C for 1 to 10 min. The substrates are
developed using pure PGMEA with gentle ultrasonic
agitation. The parameters of Soft bake time, exposure

(a) 25,000 mA- s/mm

dose, and PEB temperature and time are considered
to have an influence on stress developed in resist
structure [2]. The complex balance of parameters
decides the quality of the resist structure.

Results and discussions

Figure 1 shows the optical micrographs of resist
pattern exposed at different doses. It is shown that as
exposure dose value increases, resist residue on top
surface of the pattern increases due to the higher
internal stress. The typical thicknesses of bumps on
pattern edge and cross-shaped pattern edge are 1.5
and 0.5 um, respectively. This result suggest that
limitations of exposure dose value for SU-8 resist
that means thicker resist where higher dose is needed
cannot be fabricated successfully.

Figure 2 shows the effect of PEB temperature on
the resist pattern. The exposure dose used is 25,000
mA-s/mm for 200 um thick SU-8 resist. Figure 2(a)
shows a photograph of cross- shaped pattern after X-
ray exposure and before PEB. The temperature
during X-ray exposure is assumed 30 °C. Figure 2(b)
shows a photograph after PEB at 65 °C for 1 min. it
can be seen that unexposed resist start to come out
from the channel due to the expansion of exposed
resists. It further becomes worse when PEB is carried
out at 95 °C for 1 min to enhance the cross-linking of
the exposed resist as shown in Fig. 2(c). However,
the recommended PEB process is 5 to 10 min at 95
°C from the technical data sheet to complete the

(c) 15,000 mA:- s/mm

Fig. 1: Top view of fabricated pillar array. The exposure doses are changed. Resist residue can be seen
surrounding the cross-shaped design in a decreasing manner.
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(@)

(b)

Fig. 2: Optical photographs of (a) X-ray exposed sample, (b) after PEB at 65 °C for 1 min, and (c) further
at 95 °C for 1 min. Resist residue increases with PEB temperature and time.

cross-linking. It means longer PEB cannot be applied
to avoid the resist residue problem.

A technique that can be applied without any
limitation and with no side effects is attractive. For
removing resist residue developed during DXRL on
the resist structure, the post exposure baked sample is
placed in a caped beaker with the liquid developer,
PGMEA at room temperature for 15 min as shown in
Fig. 3. The resist is considered to diffuse from thick
region to thin region and spread surrounding surface
due to surface tension effect. Figure 4(a) shows top
SEM view of the pillars structure. The residue of
resist can be seen clearly. The coefficient of thermal
expansion (CTE) of SU-8 is 52 ppm/°C [3]. It has
been noticed that unexposed SU-8 might be squeezed
out of a channel due to the thermal expansion of the
exposed region, resulting in a resist residue on the
top surface. The problem caused by thermal
expansion becomes more serious when the exposed
area is bigger. In our case, pillars are square of 150 x
150 um?arranged with 10 um gap. The effect caused
by the large internal stress can be alleviated either by
reducing the exposed area or by generating a discrete
small-sized exposed region [4]. But this idea also
limits the area of fabrication design and structure.
Figure 4(b) shows top SEM photograph of resist
structure after PGMEA vapor treatment. By putting
the X-ray exposed sample in the caped beaker with
PGMEA after PEB, the photoresist flows on the
sample and becomes enough soft to remove during
standard developing. This technique smoothen the
resist surface too.

Conclusions
We have successfully fabricated HAR and defect-

Fig. 3: Setup for putting the sample in the
PGMEA vapor environment.

69

it

after vapor treatment

(b)
Fig. 4: SEM image of SU-8 resist pattern by X-
ray lithography. Top views of resist
pattern (a) suffering from resist residue
problem, (b) becomes defect-free after
applying PGMEA vapor treatment.

free vertical channel structures of 100 and 200 um
depths with 10 um width in SU-8 resist introducing a
new vapor development technique that will be useful
for various MEMS devices. More detail investigation
on the fabricated micro structures are still under
researches. Utilizing this technique, we can not only
increase the exposure dose for thicker resist structure
without worrying the over dose effect but also reduce
the developing time significantly.
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"Evaluating Mechanical Characteristics of Various Shape Nanosprings Fabricated by Focused-ion-beam
Chemical Vapor Deposition**

ibid. [P5-3]

Makoto Okada, Katsuhiko Tone, Meisyo Kiko, Tetsuya Katase*, Yuichi Haruyama, Kazuhiro Kanda, Shinji
Matsui,

"Durability Evaluation of Antisticking Layer by Step and Repeat UV Nanoimprinting"

ibid. [P12-4]
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54. Makoto Okada, Masayuki lwasa*, Hiroto Miyake, Nobuji Sakai, Yuichi Haruyama, Kazuhiro Kanda, Shinji
Matsui
""Adhesion Force Evaluation of UV-Curable Nanoimprint Resins by Scanning Probe Microscopy with UV
Irradiation System"
ibid. [P12-8]

55. Yuji Kang, Shinya Omoto, Yasuki Nakai, Makoto Okada, Kazuhiro Kanda, Yuichi Haruyama, Shinji Matsui
""Nanoimprint Replication of Three-Dimensional Structure Fabricated by FIB-CVD"
ibid. [9A.5]

56. Akira Wada, Tomoyuki Yasukawa, Fumio Mizutani, Masahito Niibe, Tsuneo Suzuki, Hidetoshi Saitoh,
Hatuhiko Ito, Kazuhiro Kanda
""Effect of O2 Plasma Etching on DLC Films"
4th International Conference on New Diamond and Nano Carbons(NDNC2010) [P146]

57. Hidetoshi Saitoh, Masanori Hiratsuka, Kenji Hirakuri, Kazuhiro Kanda, Makoto Kano, Masanori Tsujioka,
Hideki Nakamori, Naoto Ohtake, Naoji Fujimori
""Current Status of DLC Films Classification in Japan**
ibid. [P151]

58. Kazuhiro Kanda, Kumiko Yokota, Masahito Tagawa, Mayumi Tode, Yuden Teraoka, Shinji Matsui
""Radiation Effect of the Soft X-ray on the Highly-Hydrogenated Diamond-Like Carbon Film"
ibid. [P157]

59. Akira Wada, Takeshi Ohgaki, Masahito Niibe, Masahito Tagawa, Hidetoshi Saitoh, Kazuhiro Kanda,
Hatuhiko Ito,
"Local Structural Analysis of a-SiCx:H Films Formed by Decomposition of Tetramethylsialane in
Microwave discharge flow of Ar**
ibid. [P412]

60. Shinji Matsui, Hiroshi Hiroshima, Yoshihiko Hirai, and Masaru Nakagawa
"Research and Development on Process Science and CD Control in High-Throughput UV Nanoimprint*
ibid.

61. K. Kanda, K. Yokota, M. Tagawa, M. Tode, Y. Teraoka, S. Matsui
"Departure Process of Hydrogen from Highly-Hydrogenated Diamond-Like Carbon Film by Exposure to
Synchrotron Radiation"
5th JAEA Synchrotron Radiation Research Symposium Material Science on Metal Hydride [P-03].

62. M. Okada, M. Maeda, S. Shimatani, S. Otaka, and S. Matsui
"Fabrication of Replica Mold by Room Temperature Nanoimprinting using Organic Spin-on-glass"
International Conference of Photopolymer Science and Technology, Chiba, 2010/6/24.

63. M. Okada, T. Kishiro, K. Yanagihara, M. Ataka, N. Anazawa, and S. Matsui
"Large Area Nanoimprint Mold Fabricated by Electron Beam Stepper™
ibid.

64.Y. Kang, M. Okada, Y. Haruyama, K. Kanda, and S. Matsui
“UV irradiation Effect on Pattern Size Shrinkage of Sol-gel Indium Tin Oxide Replicated by Nanoimprint
Lithography”
ibid.

65. Y. Nakai, S. Omoto, Y. Kang, M. Okada, K. Kanda, Y. Haruyama, and S. Matsui
""Evaluation of Heat Durability of Fluorinated Antisticking Layers"
ibid.

66.S. Omoto, M. Okada, Y. Kang, K. Kanda, Y. Haruyama, S. Tono and S. Matsui
""Comparison of EB Exposure Characteristics between HSQ and Calix Arene of High Resolution Negative
Resist"*
ibid.
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67. M. Okada, M. Iwasa, Y. Haruyama, K. Kanda, K. Kuramoto, M. Nakagawa, and S. Matsui
""Evaluation of interaction between antisticking layer and UV curable resin by scanning probe
microscopy"’
9th International Conference on Nanoimprint and Nanoprint Technology 2010, Copenhagen, Denmark
(2010).

68. M. Okada, S. Nakano, K. Yamashita, S. Kawahara, and S. Matsui
"Characteristics Evaluation of Side Chain Crystalline Polymer for Nanoimprinting*
ibid. (2010).

69.Y. Kang, M. Okada, Y. Haruyama, K. Kanda, and S. Matsui
"Fabrication and characterization of SiOx moth-eye structure by room-temperature nanoimprint using
caged- and ladder-HSQ""
ibid. (2010).

70. Shinji Matsui
""Research and Development on Process Science and CD Control in High-Throughput UV Nanoimprint™
2010 International Symposium on Lithography Extensions, Kobe, Oct. 22 (2010).

71. Shinji Matsui
""Research and Development on High-Throughput UV Nanoimprint"
Jeju Island, Korea, 2010/11/22.

72.Y. Haruyama, Y. Kang, M. Okada, and S. Matsui
""Electronic structure of the fluorinated diamond-like carbon thin films as a function of annealing
temperature using photoelectron spectroscopy**
The 37th International Conference on Vacuum Ultraviolet and X-ray Physics (VUVX2010), July, 3P008,
Vancouver, Canada

73. M. Niibe, T. Kotaka, R. Kawakami, T. Inaoka, K. Tominaga, and T. Mukai:
”Damage Analysis of Plasma-etched n-GaN Crystal Surface by Nitrogen K-edge NEXAFS Spectroscopy”
3ed Int’l. Symposium on Advanced Plasma Sci. and its Applications, Nagoya, Japan 6-9 March (2011).

74.M. Niibe, K. Koida, T. Nakayama, S. Terashima, A. Miyake, H. Kubo, Y. Kakutani, S. Matsunari, T. Aoki, S.
Kawata
”Nonlinear Behavior of Carbon Deposition on the Projection Optics Mirrors by EUV Irradiation in the
Coexistence of Hydrocarbon Gas and Water Vapor”
23ed Int’l. Microprocesses and Nanotechnology Conference, 9-12 Nov. 2010 Kokura, Japan.

75. M. Niibe, K. Koida, Y. Kakutani, S. Matsunari, T. Aoki, S. Kawata, T. Nakayama, S. Terashima, A. Miyake,
H. Kubo
”Contamination experiment for EUVL optics mirrors with the use of single bunch SR”
2010 Int’l Symp. Extreme Ultraviolet Lithography, 17-20 Oct. Kobe, Japan.

76.M. Niibe, K. Koida, Y. Kakutani, T. Nakayama, S. Terashima, A. Miyake, H. Kubo, S. Matsunari, T. Aoki, S.
Kawata
”Non-linearity of carbon deposition by EUV irradiation in the coexistence of hydrocarbon gas and water
vapor”
2010 Int’l Symp. Extreme Ultraviolet Lithography, 17-20 Oct. Kobe, Japan.

77. M. Niibe, Y. Maeda, R. Kawakami, T. Inaoka, K. Tominaga, and T. Mukai:
”Surface analysis on n-GaN crystal damaged by RF-plasma-etching with Ar, Kr, and Xe gases”
37th Int’l. Symposium on Compound Semiconductors, Takamatsu Japan, May 31-June 4 (2010).

78.R. Kawakami, T. Inaoka, K. Tominaga, M. Niibe T. Mukai, A. Takeichi, and T. Fukudome:
”Etch-induced damage characteristics of n-GaN surfaces by capacitively coupled radio frequency He and
Ar plasmas”
37th Int’l. Symposium on Compound Semiconductors, Takamatsu Japan, May 31-June 4 (2010).
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79. Atsushi Tokuoka, Naoki Takahashi, Daiji Noda and Tadashi Hattori
“Fabrication of Au structure using direct electroplating on Si structure”
2010 IEEE International Symposium on Micro-Nano Mechatronics and Human Science (MHS 2010),
Nagoya, Japan, November 7-10, 2010

90. Daiji Noda, Naoki Takahashi, Atsushi Tokuoka, Megumi Katori, Tadashi Hattori
“Fabrication of carbon membrane X-ray mask for X-ray Lithography”
ASME 2010 International Mechanical Engineering Congress & Exposition (IMECE 2010), Vancouver,
Canada, November 12-18, 2010

91. Daiji Noda, Masaru Setomoto, Tadashi Hattori
“Fabrication of High Aspect Ratio Microcoils Using X-ray Lithography”
ASME 2010 International Mechanical Engineering Congress & Exposition (IMECE 2010), Vancouver,
Canada, November 12-18, 2010

92. Takaya Fujimoto, Kenji Yamashita, Satoshi Nishida, Daiji Noda, Tadashi Hattori
“Fabrication of High Performance Light Guide Plate and New Design for High Luminance”
ASME 2010 International Mechanical Engineering Congress & Exposition (IMECE 2010), Vancouver,
Canada, November 12-18, 2010

93. Daiji Noda, Naoki Takahashi, Megumi Katori, Tadashi Hattori
“Fabrication of New X-ray Mask Using carbon Wafer membrane”
2010 International Chemical Congress of pacific Basin Societies (PACIFICHEM 2010), Honolulu, USA,
December 15-20, 2010

94. Vijay Kumar Singh, Satoshi Maekawa, Megumi Katori, Yasuto Minamiyama, Daiji Noda, Tadashi Hattori,
“Technique for Preparing Defect-free High Aspect Ratio SU-8 Resist Structure Using X-ray Lithography”
2011 6th International Conference on Nano/Micro Engineering and Molecular Systems (NEMS 2011),
Kaohsiung, Taiwan, February 20-23, 2011
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(3) Award

1.

Hiroo Kinoshita
The Japan Society of Applied Physics Fellow Award
"The pioneer of the EUV Lithography"

Hiroo Kinoshita
The 10th (2010) Yamazaki-Teiichi Prize
"Semiconductor & Semiconductor Device"

Yuji Kang, Makoto Okada, Yuichi Haruyama, Kazuhiro Kanda, and Shinji Matsui

The 2nd prize in the NNT 2010 Gold Sponsor Award

International Conference on Nanoimprint and Nanoprint Technology, Copenhagen, 2010/10/14.
“Fabrication and characterization of SiOx moth-eye structure by room-temperature nanoimprint using
caged- and ladder-HSQ”

Yoshitaka Sawa, Kenji Yamashita, Takeshi Kitadani, Daiji Noda, and Tadashi Hattori

Best Paper Award in the Journal of the Society of Plant Engineers Japan

Journal of the Society of Plant Engineers Japan, Vol. 21, No. 1, pp. 7-12, 2009
“Development of High Hardness Micro Metal Mold by Double Layered Electroforming”,
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ACADEMIC DEGREES






Academic Degree

IDegree Name Master’s Thesis

Master of Takeshi Kohmoto Investigation of transportation property of surface acoustic
Engineering (University of Hyogo)  waves and its application to powder actuation

Master of Takaya Fujimoto Development of LED lighting using high performance light guidej
Engineering (University of Hyogo) plate
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Cover photograph

Lifetime Achievement Award to Professor Hiroo Kinoshita

The cover photograph shows the Medal of the Lifetime Achievement Award to

Professor Hiroo Kinoshita, director of the Center for EUV Lithography at Lasti.
Central five patterns of 12" Si wafer was made by EUV Lithography. Professor
Kinoshita was awarded the prize as inventor of the reduced projection exposure by
extreme ultraviolet lithography.

In 2010, Professor Kinoshita was awarded the 10th Yamazaki-Teiichi Prize
for pioneer of the EUV Lithography and continuous contribution to
industrialization, and was awarded the Medal of Science in Hyogo Prefecture for
his world first proposal using the extreme ultraviolet light lithography technology
in semiconductor processing, and contributed to the practical application to
develop innovative technology.
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