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Several-MeV gamma-ray generation at NewSUBARU
by laser Compton backscattering
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Abstract

A new laser Compton gamma ray source in the energy range of several MeV was developed using
a COz laser at the NewSUBARU electron storage ring. When the electron energies were 974, 1220
and 1460 MeV, the maximum gamma ray energies were measured to be 1.72, 2.72, and 3.91 MeV.
The luminosity of the gamma rays was 7300 photon/mA/W/s and a flux of 5.8x10° photon/s was
achieved. A gamma beam divergence of 0.5 mrad and its pattern were also measured. These
performances agreed with calculations. This generation of gamma rays is in a no-loss mode for the
storage electrons, and the maximum flux was limited only by the power of the laser. A flux of up
to 10! photon/s will be achieved using a 30 kW class CO» laser. Several MeV gamma ray sources
at NewSUBARU are capable of generating such high power.

Introduction

A Laser Compton gamma ray beam is a
very unique light source having the positive
characteristics of tunable energy, quasi-
monochromaticity, tunable polarization and
beam directivity. It is generated by backward
Compton scattering with relativistic electrons
and photons. The gamma rays have been
generated at several high-energy-electron-
accelerating facilities around the world.
Gamma photon energies ranged from several
MeV to several GeV, depending on the
electron energy at each facility G a m m a
rays in the energy range of a few tens MeV
are useful in the study of nuclear physics.
Although the peak energy of giant resonance
mildly depends on the atomic mass of the
targets’ nuclei, it is around 15-25 MeV. The
NewSUBARU electron storage ring is suitable
for producing this energy gamma ray because
its electron energy condition allows for the use
of a Nd-doped laser having a wavelength of
1.064 um and such a laser has been developed
for stable and high-power operation. With
NewSUBARU operating at an electron energy
of 1-1.5 GeV, laser Compton gamma rays of
17-34 MeV have been successfully generated
using a commercial Nd:YVO4 laser with
wavelengths of 1.064 um and 0.532 um. The
gamma ray 1s used in various studies: nuclear
physics, nuclear astrophysics, nuclear
transmutation and CT-imaging for industrial
applications.

Several applications, however, demand
gamma ray energies of several MeV. For
example, gamma rays of 1-4MeV are useful in
studies of nuclear structures using the
nuclear resonance fluorescence (NRF)
measurement technique. Using the polarized

gamma ray beam, we can determine the
parity of excited states of nuclei. In addition,
these gamma rays are used in studying a
nondestructive assay of materials hidden by
heavy shields. For these applications, we have
expanded the energy range of the gamma ray
using a COz laser with a wavelength of 10.52
um. The COz laser is also capable of operating
in a high-power region. A new transport
system transmitting the COz laser was added
and a focusing optic in it was designed to have
a collision point different from that of the Nd-
doped laser. The gamma ray produced by the
CO2 laser demonstrated an energy range of
1-4 MeV and flux of 5x10° photon/s in testing;
this was consistent with the designed values.
The gamma ray flux can be increased easily
using a higher powered COz laser. It is easy to
generate a high flux gamma ray in the range
of several to a few tens MeV because a high-
powered Nd-doped laser and COz laser can be
used with NewSUBARU operating at an
electron energy around 1 GeV.

Experiments

The NewSUBARU ring has two long
straight sections of 14 m and its whole shape
resembles a racetrack with a circumference of
119 m. Laser Compton scattering experiments
were conducted for one of the straight sections
combined with beam line 1 (BL 1). (Fig.1).

A laser was set in the experimental hall and
its beam was introduced by mirrors inside a
shield tunnel into a vacuum tube of the ring
through a focusing lens. The laser beam was
bent by a mirror inside the tube and collided
head-on into an electron beam. The gamma
ray was scattered only in the direction of the
electron beam and was extracted from the



shield tunnel into a shielding hutch. The
extracted gamma ray beams were measured
by Nal and a Ge detector in the hutch.

The CO2 laser beam passing through the
new beam transport system was scattered by
relativistic electrons in NewSUBARU and
gamma rays were generated. For this
experiment, the incident laser power and
electron beam current were set to 1 W and 1-2
mA, respectively. Energy of the gamma ray
was measured by a Ge detector (64 mm ¢ x 60
mm) with a high energy-resolution and the
flux was measured by a Nal scintillation
counter (5 inch ¢ x 5 inch) with relatively high
absorption. Signals from these detectors were
processed by a multi-channel analyzer and
energy channels were calibrated absolutely
using radioisotopes of Co-60, K-40, Y-88, and
T1-208.

Results and Discussions

The energy spectra measured by the Ge
detector at electron energies E. of 974, 1220,
and 1460 MeV are shown in Fig.3. There was
a lead collimator with a 3 mm ¢ hole in the
front of the detector, 8.6 m from the collision
point. It should be noted these spectra
represent the convolution of the detector
response function with the gamma ray energy
distribution. As the full-energy peaks are
visible in Fig.1, we determined the maximum
energies at electron energies E. of 974, 1220
and 1460 MeV to be 1.72, 2.72, and 3.91 MeV,
respectively. These energies are in agreement
with values calculated.

The flux of the gamma ray can be obtained
by integrating the energy spectrum measured
by the Nal scintillation counter. Absorption
efficiencies in this energy range of the counter
were calculated to be 94-80% using XCOM
software. Taking account of these efficiencies,
the flux and luminosity were obtained. The
luminosity at the electron energies E. of 974,
1220 and 1460 MeV was measured to be 7300
photon/W/mA/s without a collimator. When
the 3mm ¢ collimator was inserted, the
luminosity became to 480 (1.5-1.7MeV), 530
(2.3-2.7MeV) and 890 (3.1-3.9MeV) photon/W/
mA/s at each electron energy level. Taking
into account the attenuation of photons by
several media and the tolerance of the laser
beam alignment, we calculated these
luminosities to be 7000 photon/W/mA/s
without a collimator, 500 (1.5-1.7MeV), 750
(2.3-2.7 MeV) and 1000 (3.1-3.9 MeV) photon/
W/mA/s with the collimator. When the
collimator was used, the luminosities
increased with increasing electron energy

because the gamma beam divergence (1/y)
decreased.

If we use a 30 kW power CO: laser at
NewSUBARU with a current of 500 mA, a
high flux gamma ray of ~10'! photons/s is
achieved in several-MeV energy ranges. Even
if such high flux gamma rays are generated,
the operation of the NewSUBARU electron
storage ring is not affected. Because the
energy acceptance of the 1 GeV stored
electron beam is 9 MeV, which is higher than
gamma ray energies in the several-MeV
regions, the storage electrons are not lost in
the scattering process and do not decrease the
beam lifetime. Thus, in principle, several-MeV
gamma ray sources at NewSUBARU,
combined with the COz2 laser, do not have flux
limitations. Because CO:2 lasers are
considered the most successful lasers at high
power generation, the gamma ray source is
expected to be the highest-power light source
in this energy region of the laser Compton
gamma ray.
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Fig.1 Gamma ray spectra measured by the Ge-
detector at electron energies of 974, 1220 and
1460 MeV. The beam current was 1-2 mA and
the laser power was 1 W.
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Measurements of Flux of Laser Compton Scattering
Gamma Ray Photons Generated in BL01

Ken Horikawa
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Abstract
Absolute measurements of flux of laser Compton scattering gamma ray photons generated in an
electron storage ring, NewSUBARU, with a Nd laser (1.064um) beam was carried out by using a
GSO detector. The maximum normalized flux of gamma ray photons was found to be
6.0x10°+5%photons/W/mA/sec at the beam hatch. The value obtained above was well reproduced

by theoretical calculations.

Introduction

Until recently, radioisotopes have been used as a
source of mono-energetic gamma ray, while the
bremsstrahlung by high energy electrons has been
used as a source of radiation that has a continuum
energy spectrum. In 1963 Milburn, Arutynian, and
Tumanian proposed a gamma ray source using laser
Compton scattering. The idea came into reality in the
last decade as a practical radiation source as the elec-
tron accelerator technology and laser technology
were improved. [1], [2] The gamma ray source has
not only a semi-monochromaticity, but also a re-
markable advantage that it forms a highly directional
and polarized beam. Therefore, a variety of applica-
tions are expected, especially for the gamma ray
photons of MeV. The laser Compton scattering
gamma ray sources are now regularly operated in
TERAS, HIyS and NewSUBARU. [3], [4] In New-
SUBARU, studies on nuclear transformation treat-
ment of nuclear waste and gamma ray imaging were
started. [5]

In this paper, we report the absolute measurement
of the gamma ray photon flux in NewSUBARU.
Laser beam intensity distribution is also discussed for
maximizing the photon flux to be generated.

Absolute measurement of gamma ray photon flux

A gamma ray attenuation rate in the GSO detector
was evaluated to exceed 99% at the photon energies
of more than 6MeV by calculating the probability of
energy dissipation due to photoelectric -effect,
Compton scatterings and pair creations [6]. Therefore
it was concluded that the flux of gamma ray photons
could be observed with the accuracy of within 1%
without correcting the signal. A scattering angle of
the gamma ray to be observed is limited theoretically
within a solid angle which is determined by an ab-
soreber (ABS) in the beam line in the case of New-
SUBARU. The ABS is a shutter protecting a duct
from radiations. An aperture size of the ABS is
30x20mm. The gamma ray beam size at the hatch
was limited within 30mm which was smaller than
36mm of the size of the GSO detector. Therefore, we
could make absolute measurements of the gamma ray
photon at the hatch by using the GSO detector.

The normalized photon flux was measured to be

6.0x10°+5%photons/W/mA /sec.

Calculated photon fluxes of the laser Compton
scattering gamma ray, and optimum laser focus-
ing condition

Theoretical values of a total gamma ray photon
flux and a net gamma ray photon flux are shown as a
function of laser focus position in Fig. 1.
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Fig. 1 Dependence of theoretical normalized photon
number on laser focus position.

The total gamma ray photon flux is a theoretical
value of the gamma ray photon flux which is gener-
ated in the whole of the interaction region. The net
gamma ray photon flux is a theoretical value of
gamma ray photon flux which can be taken out in the
gamma ray hatch. The measured normalized gamma
ray photon flux is also shown in Fig. 1 for different
laser focus positions

In Fig. 1, the x symbol and the circular symbol
indicate the theoretical maximum values of the total
flux and the net flux available at the hatch, respec-
tively. The bar symbols indicate measured values at
the hatch. The theoretical value of the net flux has a
hump which is located at the focus position of about
-1 m. This accords well with that of the measured
value. The net flux as a function of the laser focus
position is considered to have a distribution whose



peak is shifted to the negative side from the center in
the interaction region because the acceptance solid
angle for gamma ray increases at the negative side.

It is concluded that by taking into account the ac-
ceptance angle the measured net flux agrees well with
the theoretical one and the optimum laser focus posi-
tion for maximizing gamma ray generation can be
well predicted by the theoretical calculation described
above.

Conclusion

The absolute measurement photon flux of Nd
laser Compton scattering gamma rays was carried out
by using a GSO detector in which the gamma ray
attenuation rate was over 99%. The maximum nor-
malized photon flux of the gamma ray was found to
be 6.0x10°+5%photon/W/mA/sec at the hatch. Theo-
retical calculations of laser Compton scattering
gamma ray photon flux were done by taking into ac-
count various parameters, and the measured net flux
agreed well with the theoretical one. It is concluded
that the optimum laser focus position for maximizing
gamma ray generation can be well predicted by the
theoretical calculation obtained in this study.
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Characteristics of EUV light and ion emissions
from a micro lithium target
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Abstract
Characteristics of extreme ultraviolet light and ion emissions from a micro lithium target were
investigated by using a double pulse irradiation. The EUV and ion emissions were enhanced by a
factor of about 2~3 with a pre-pulse against that without the pre-pulse. Additionally, a number of
fast ions were reduced at the pre-pulse. These results confirm that the double pulse method is
useful to obtain a uniform plasma and optimize the plasma size.

1. Introduction

A high power 13.5 nm light source is under
development for the application to extreme ultraviolet
(EUV) lithography'. Major technical issues on the
EUV source are improving an EUV conversion
efficiency (CE) and suppressing the degradation of a
condenser mirror by target debris, as well as
developing a high-average-power pulsed laser. In a tin
target, the CE is intrinsically high because maljor
EUV emissions from the tin ions of Sn*" to Sn"",
concentrate around 13.5 nm’. However debris
deposition or damage on the mirror, thus cleaning of
the mirror would be the most critical issue to be
solved in case of heavy metal targets such as tin
targets. Alternatively, lithium (Li) metal debris will
not deposit on the mirrors if they are maintained at ~

400 °C** and in addition a Li target has intrinsically
a high spectral efficiency because of an intense line
emission (1s-2p) in excited Li*" ions at 13.5nm. In
the case of using Li planar target, We demonstrated
an improvement of CE by a forced recombination
scheme and optimization of incidence laser
wavelength™.

Figure 1 shows an example of the practical forced
recombination target. In this system, target materials
are supplied continuously as liquefied Li such as
filament jet or micro droplet. The recombination
emissions near the wall can be also utilized.
Therefore the target plasma should be uniformly
heated because it needs to generate the plasma
flowing toward the wall. In this paper, we report on
characteristics of both EUV light and ion
emissions from lithium micro targets by using a
double pulse method’.

2. Experiments and results

Figure 2 shows an experimental set-up. The
experiments were carried out by using two
commercial Nd:YAG lasers which were a
Spectra-Physics Quanta-ray Pro-230 Series (SP) and a
Quantel YG981C-10 (Quantel). The SP laser and the
Quantel laser delivered a 1064nm wavelength laser
pulse with pulse durations of 10~12 nsec and about 8
nsec, at full width at half maximum, respectively.
Laser pulses were focused on micro Li target through
a focal lens which had a focal length of 500mm in a

vacuum chamber kept at about 4x10” Pa. Li-coated
glass micro balloons (GMB) with a diameter of about
100um were used as the micro targets. Li layer was
formed on GMB surface with a thickness of 5~8um
by a vacuum deposition. EUV intensities were
measured by calibrated EUV calorimeters. They were
mounted at angular positions of -15°, -90°, 60°, 125°,
and 160° to measure angular distributions of the
emission. The emitted ions were measured by using
charge collectors mounted at angular positions of 20°,
70°, and -160° at a distance of 140mm from the target.
The EUV emission image at 13.5nm was monitored
by an EUV camera which was consisted of imaging
optics using two Mo/Si multilayered mirrors and a
back-illuminated x-ray charge coupled device camera.
An emission spectrum was monitored by a grazing
incidence spectrometer mounted at angular position
of 40° to the laser axis.
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Fig. 1 An example of practical forced
recombination target geometry.
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Fig.2 Experimental set-up.

Characteristics of EUV and ion emissions were
investigated by using a double pulse irradiation. The
incident energies of pre (SP) and main (Quantel)



pulses were 0.15 and 0.5], respectively. In this
experiment, both laser pulses irradiated the target
coaxially from the same direction with an about
400um focal spot diameter.

The optimum pulse separation in time was found
to be about 50 nsec. Angular distributions of EUV
and ion emissions are shown in Fig. 3. With the
pre-pulse, the EUV and ion emissions were enhanced
by a factor of about 2 at the region from -60° to
60°and a factor of about 3 at the rear side of the target
against laser illumination. We evaluated the kinetic
energy spectra of the Li ions from the charge collector
signals with and without the pre-pulse. The
maximum kinetic energies are ~1.5keV and ~1.7keV
with and without the pre-pulse, respectively.
Furthermore a number of fast ions were reduced at the
pre-pulse. At the energy of 1keV, they were found to
be about one third of that without the pre-pulse. EUV
emission images were obtained with and without the
pre-pulse. The image size with the pre-pulse was
about two times larger at the delay of 50 nsec than
that without the pre-pulse.

These results confirm that the double pulse
method is useful to obtain a uniform plasma and
optimize the plasma size.
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Mitigation effect of plasma debris from cryogenic xenon
target by argon buffer gas

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

Abstract
In order to mitigate the sputtering effect on collection mirror which was caused by xenon fast
debris, mitigation effect on plasma debris from the rotating drum xenon cryogenic target by an
argon buffer gas and also absorption of soft X-ray from the plasma investigated. The sputtering
caused by the fast xenon debris was reduced by 1/18 with an argon buffer gas of 8 Pa. The
damping of the X-ray by introducing the argon buffer gas was measured to be about 0.75 % /Pa for
a flight pass of 190 mm on these argon pressures. These results suggest that the plasma debris are
well mitigated by an argon buffer gas without suffering from a serious loss of X-ray due to the

optical absorption by the argon buffer gas.

Introduction

X-ray source generated from laser produced
xenon plasma has a broad-band spectrum, and it
would become a compact and high power soft X-ray
source. In order to use this light source for a lot of
applications, high average output power and
reduction of condenses mirror damage by plasma
debris are required. A high average output power was
achieved by using a rotating drum xenon cryogenic
target(!! and a 100W/320pps Nd:YAG slab laser
system!?l. That was 20W into 2n for a wavelength
range of 5 nm to 17 nm. Furthermore a focusing of
soft X-ray was accomplished by using a cylindrical
ruthenium mirror system under the condition of
single laser pulse radiation. By setting up the system
at a place that could collect the X-ray power, soft X-
ray intensity at a focal point was improved by 46-
times of that without the systeml*l. However to use
this mirror system at the operation condition of
100W/320pps, the mirror sputtering effect must be
mitigated. Because, if we would operate the laser at
100W/320pps without debris mitigation, the mirror
would be sputtered at a high rate of about 10nm/
min*l. To mitigate the sputtering effect, we introduce
an argon buffer gas. Argon has a spectral peak at
3.2nmB! which deviates from xenon peak of 10.8nm.
Thus an absorption ratio of soft X-ray from xenon
plasma by argon gas was about 1/10 of a self-
absorption ratio of soft X-ray from xenon plasma by
xenon gas on the same pressure.

In this paper, we report on a mitigation effect on
plasma debris from the rotating drum xenon
cryogenic target by an argon buffer gas and also
report on the absorption of soft X-ray from the
plasma by argon.

Experiments and Results

Fig.1 shows the experimental setup. A Q-switched
1.06um Nd:YAG laser pulse was focused on a
rotating drum xenon cryogenic target at incident
normal. Laser pulses were irradiated with a energy of
0.3 J, a pulse duration of 8 ns, a focusing spot size of

about 500pm®, and 10pps or single pulse operation.
A drum was operated at a rotating speed of 130rpm
and a vertical velocity of 3mm/s in 30mm width. A
thickness of xenon layer was adjusted about 500pm
and fresh surfaces were supplied in each shot. An
argon buffer gas was supplied from a top of vacuum
chamber. To evaluate a debris mitigation effect by the
gas, we measured a sputtering rate in a gold film
coated on a Quartz Crystal Micro-balance (QCM)
which was mounted at 45 degree and a distance of 77
mm from a plasma source point. Soft X-ray energy
was measured by an X-ray calorimeter at -22.5deg
and a distance of 190mm from the source. The
positions of these two instruments were determined,
where a collection mirrors system should be set up.
The xenon partial pressure was kept less than 0.2Pa
during the experiment by a turbo-molecular pump

mounted on the underside of a vacuum chamber.
Laser

X-ray
calorimeter

sample K

Collection
mirrors
system

Fig.1 Experimental setup

Fig.2, 3 show the sputtering mitigation effect and
the X-ray attenuation rate as a function of the argon
partial pressure. The sputtering by the fast xenon
debris was reduced by 1/18 with an argon buffer gas



of 8 Pa. The attenuation of the X-ray by the argon
buffer gas was measured to be about 0.75 % /Pa for a
flight pass of 190 mm on these argon pressures.
These results suggest that the plasma debris are well
mitigated by a argon buffer gas without suffering
from a serious loss of X-ray due to the optical
absorption by ones.
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PTFE Processing Characteristics of High-energy
X-ray and Application to a bio-microdevice

Yoshiaki Ukira and Yuichi Utsumi

Abstract
This paper reports the smoothing effect of poly-tetrafluoroethylene(PTFE) by using high-energy
X-ray. The roughness of surface was drastically decreased down to (Ra=5.6nm) form native
surface roughness (Ra=93.5). The another attempt of the application to bio-microdevices is
reported. The immunoassay for poly-chlorinatedbiphenil (PCB) is demonstrated by immobilizing

1* antibody on the surface of PTFE microstructure.

Introduction

Poly-tetrafluoroethylene (PTFE) is very
attractive material for various fields including
micro-electro mechanical systems (MEMS),
RF-MEMS, and lab on a chip, because of its
chemically stable, thermal and electrical good
insulating, bio-convertible and low friction
properties. However, it is difficult to fabricate
PTFE microstructures with conventional
techniques such as semiconductor process or
micromachining. On the other hand we had
succeeded in the fabrication of high-aspect-
ratio microfluidic parts of PTFE by direct in-
vacuum photo-etching using synchrotron
radiation (SR) with high-energy of soft X-ray
ranging in 2-12keV [1]. This paper reports a
new finding of processing characteristics
brought by using relatively high-energy X-ray
irradiation on to the PTFE and application to
the immunoassay system.

Smoothing of PTFE
irradiation

It is known that SR induces the scission of
polymer chain of polymers due to inner shell and
valence electron photo excitation [2]. The
decomposed  photochemical  products,  which
generated by high-energy x-ray irradiation,
continually desorb from surface of the substrate,
which results in the ablation of PTFE, while there
induced recombination of radials in the bulk. It has
been known that CFx ions are the dominant
decomposed species of soft x-ray irradiated PTFE
from mass spectrometry (MS) investigation [3]. We
found the stoichiometry of PTFE is maintained even
after the exposure as shown by the result of x-ray
photoelectron spectroscopy. Next notable property is
that the roughness of PTFE surface is greatly
decreased by SR irradiation at the elevated
temperature above 100 oC as shown in Fig. 1 and
Fig.2. The origin of these phenomena are
investigated in this work. We considered that the
melting point of PTFE during SR irradiation becomes
lower than normal (3270C) due to continual photo-
fragmentation in the deep PTFE bulk induced by

Induced by X-ray

1]

Ra = 5.63 nm
Ts =200°C

Figure 1 AFM images of x-ray irradiated PTFE surfaces. The
dose condition were fixed at 200 mAhr
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Figure 2 Dependence of surface roughness on substrate
temperature

high-energy x-ray, and this leads the liquescence of
the solid PTFE. The liquefied PTFE flows into
porous textures of the bulk and only irradiated part of
material is continuously etched specifically. It is
speculated highly decomposed photoproducts such as
CF, CF2 will be generated due to inner shell
excitation, which leads to the sustain of
stoichiometry and achievement of remarkable high
aspect ratio of etching above 100, which confirmed
for the first time by using the high energy x-rays of
SR.

Application to a Bio-microdevice

In the case of conventional ELISA, polystyrene
(PS) is standard material to immobilize the antibody,
and it is also used for the lab on a chip as solid phase
by using PS microbeads. However, it is expected that
the use of PTFE microstructures bring great benefit
for the application of lab on a chip to the system
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Figure 4 Calibration curve of PCB obtained by competitive
ELISA

using organic solvent, such as immunoassay of poly-
chlorinatedbiphenyl (PCB). On the other hand we
proposed the high-sensitive immunoassay system
using capillary bundle structure [4]. In this system
the high-aspect ratio polymethylmethachryrate
(PMMA) capillary bundle structure is fabricated by
deep x-ray lithography and antibodies are

immobilized on the PMMA capillary bundle structure.

In this paper PTFE capillary bundle structure is used
for better stability in organic solvent. As shown in the
Fig. 3, anti-PCB antibody-bound PTFE -capillary
bundle structure is stacked into vertical microreactor
and competitive ELISA is carried out in the vertical
microreactor [4]. The large surface area of capillary
bundle structure is effective to immobilize much
antibody than normal microchips using microbeads
or microchannels. For the competitive ELISA the
standard sample of PCB is prepared by solving into
organic solvent (dimethylsulfoxide: DMSQO). The
sample is mixed with hapten (enzyme-labeled PCB
like matter) solution. Then mixture is injected into
the antibody-bound capillary bundle structure and
incubated for competitive antigen-antibody reaction.
After the reaction, the substrate (tetramethylbenzidin:
TMBZ) is injected into the capillary bundle structure
and enzyme catalyze the degradation of TMBZ. After
the incubation of enzyme reaction the reaction is
aborted by 1IN H2SO4 solution and amount of
product is measured in the microchip. Figure 4 shows
the obtained calibration curve, and decreasing signal

with concentration of PCB suggests successful
detection of PCB.
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Abstract
We have proposed a method for high cell culture throughput by means of a micro 3D scaffold and
density with high surface-to-volume ratio, and have successfully demonstrated that the throughput
and density of cell culture significantly increased under a finite regime of scaffold size and
figuration. We have succeeded in obtaining high density cell culture and also found that the size
and figuration of capillaries in the micro 3D scaffolds significantly affect cell culture and surface

adhesion.

Introduction

The conventional cell culture method for
producing monoclonal antibody and therapeutic
protein has remained the batch process, a process
which is very time consuming due to its sorting
and refinement complexity. Therefore cell culture
throughput using a flat cell culture dish is limited.
We have proposed a method for high cell culture
throughput by means of a micro 3D scaffold and
density with high surface-to-volume ratio, and
have successfully demonstrated that the
throughput and density of cell culture
significantly increased under a finite regime of
scaffold size and figuration. The scaffold can also
be used as a bioreactor with combinatorial
systems of cells and their useful products.

Evaluation qualitatively of 3D cell culture

We qualitatively evaluated the property of cell
adhesion to a micro 3D scaffold of Poly Methyl
Methacrylate (PMMA) fabricated by deep X-ray
lithography as shown in Fig. 1 [1]. The scaffold
consists of capillaries with different cross sectional
sizes and figurations — honeycomb, diamond,
pentagon, and circle. HepG2 cells transfected with
pEGFP  vector encoding Enhanced Green
Fluorescent Protein (EGFP) were used to evaluate
cell culture density by laser scanning microscope.
As shown in Fig. 2 (a), (b), (¢), and Fig.3,
cultivated cells adhered to the inner-surface of the
capillaries of the scaffold; however, cells did not
adhered to the surface of the circle shape
capillaries (Fig. 2 (d), 4). Thus, cross sectional
figuration is shown to strongly influence cell
adhesion. We also found the cross sectional size of
the scaffold affects cell cultivation and adhesion.
These findings suggest that competition between
the supply of medium culture and excretion of
metabolic products affects cell activities.

Fig.1 SEM image of PMMA 3D microstructure with
cross sectional figuration of honeycomb capillary
bundle.

- -
- -
Fig. 2 Fluorescence images of 3D-cultivated cell
adhered on scaffolds from various capillaries with

cross sectional figuration of (a) honeycomb, (b)
diamond. (¢) pentagon. and (d) circle on day 3.




Fig.3 Fluorescence images of 3D-cultivated cell
adhered to honeycomb capillaries by laser scanning
microscope on day 4. (a) bottom view, (b) side
view.

@) O

Fig.4 Fluorescence images of 3D-cultivated cell
adhered to circle capillaries by laser scanning

microscope on day 4. (a) bottom view, (b) side view.

Evaluation quantitatively of the 3D cell culture

Based on the above results, we evaluated the
quantity of 3D cell culture in the capillaries of the
micro 3D scaffolds with honeycomb and diamond
cross sectional figurations over the course of
several days. By determining the amount of GFP
in cells, we measured the quantity of 3D cell
culture which we then compared with flat plate
PMMA results, as control. As shown Fig. 5, when
using micro 3D scaffolds the cell number and the
amount of GFP tend to increase, for the smaller
size honeycomb capillaries; smaller the pattern, the
greater the number of capillaries and the larger the
surface area. All patterns showed a peak GFP
amount at 10 or 12 days, suggesting the depletion
of medium culture in the capillaries after the
maximum cell multiplication. Moreover, we
calculated the amount of GFP in each figuration
per surface area of capillary and found that the
amount of GFP per surface area of capillary

increases for the smaller size cross sectional
capillaries in the scaffolds.

10, A:honeycomb 50pm, /.: honeycomb 100 pm
I honeycomb 150 pm, [I: honeycomb 200 pm
@ : honeycomb 300 um, @: flat PMMA
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Fig.5 Time course for the quantity of cell culture
with scaffolds from capillaries with honeycomb
cross sectional figurations. (each point represent
mean £ SD, n=3-8) The honeycomb capillary
nattern has a side lenoth of 50 to 300
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Fig.6 Time course for the quantity of cell culture
with scaffolds from capillaries with diamond cross
sectional figurations. (each point represent mean

+ SD, n=3-8) The diamond capillary pattern has a
inner angle of 30 to 60 degree.

Conclusion

We have succeeded in obtaining high density cell
culture and also found that the size and figuration
of capillaries in the micro 3D scaffolds
significantly affect cell culture and surface
adhesion. These results suggest that micro 3D
scaffolds consisting of capillaries with optimized
structure parameters are able to control cell
culture figuration and increase culture density.
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Abstract
The “flexible regeneration type nerve electrode” is an interface device for nerves, connecting nerve fibers
to signal conducting lines on a micro structure, making it usable for “Microneurography”. Our chips
buildup is based on multiple PDMS (Polydimethylsiloxane)-layers.

1, Introduction

“Microneurography”, developed by Karl-Erik
Hagbarth and Ake B. Vallbo, is a technique for
reading and manipulating nerve signals by tools,
acting as “nerve signal interfaces” ™. Today’s
applied “Microneurography” uses needle shaped
tungsten structures as electrodes measuring
nerve signals. This is achieved by penetrate a
nerve fiber, intending to reach the core of the
nerve with the tip of these structures. Commonly
applied “Microneurography” has disadvantages
such as difficult implantation, difficult
positioning and unprecise readout of nerve
signals due to macroscopic scale. Mentioned
disadvantages render these methods unusable for
practical medical services. The “flexible
regeneration type nerve electrode” proposed by
K Mabuchi from Tokyo University is an
interface device for nerves, connecting nerve
fibers to signal conducting lines on a micro
structure, making it usable for
“Microneurography” ©. We rely on the
regeneration ability of nerves by cutting one,
putting our chip between the nerve ends and
force it to grow together through our chip
structure. Figure.1 shows the model of nerve
reproduction electrode.

electro code .

I
d"stal

r}lbrve stump
. _,-' .‘:;-.-

hole with recording site

Figure.1 Model of nerve reproduction electrode

2. Design

Figure 2 shows the outline of the nerve
regeneration electrode It is difficult to integrate
many electrodes by using single layer due to
small area. Thus the electrode shape is designed
to be stacked allowing three-dimensional (3D)
crossing of multiple electrode lines. For the first
attempt, designed electrode structures have 12
channels electrode on a single layer and total 24
channels are realized by stacking two layers,
however the electrode lines are not crossing due
to coupling to our connector. Next, the capillary
diameter is designed. 30 pm in diameter
capillary structures were designed to allow the
nerves to pass through due to minimum diameter
(20 um) of nerve fibers. Moreover, the capillary
diameter of 60 um and 90 pum were designed,
which capable two or three nerves in a capillary.
The width of the electrode line was designed as
20um by considering impedance and capillary
density. Moreover, lines are spaced 20 pm to
avoid the influence of noise such as leak current.
It is also important for better detection of signals
to realize good insulation  between
three-dimensionally stacked layers.

capillary diameter
Smm 30a4m,60um, 80um

205 m

AL

Figure, 2 Outline of electrode



3. Experiment

To form PDMS through hole structure pillar
pattern is formed to transfer the opposite pattern
on the PDMS film, by replication process. First
of all, 40 nm thick Ti film is deposited on brass
substrate by means of spatter for chemically
stable surface and better adhesion of photoresist.
Photoresist (AZP4903: AZ Erectronic Materials
co. Ltd) is courted on the Ti layer and electrode
line pattern is formed on the layer. Next 5 pm
thick Au electrode line structure is filled in the
line by means of electro plating. After removal
of AZ resist, photoresist
(KMPR1010 :KAYAKU Microchem Co. Ltd)
is courted on the electrode pattern with thickness
of 40 um. Then pillar pattern (opposite capillary
pattern) is formed on the electrode pattern by
aligning the photomask on the electrode pattern.
After  photolithography ~PDMS  resin s
spincourted on the pillar pattern to cover 30 um
in thickness and cured. To form through hole
structure, by removing PDMS thin film on the
pillar pattern, PDMS is etched by reactive ion
etching (RIE) with CHF3 and O2 gas source.

For accurate processing depth control of PDMS,
we investigate the processing properties of
PDMS by using RIE etching. P! Especially
processing rate of the PDMS layer strongly
depends on the relaxation process time, which is
interval time between curing of PDMS and
etching process. As shown in figure 3 the
etching rate is exponentially decreasing with
relaxation.
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Figure.3 PDMS etching Graph Processing rate-Relaxation time

This is speculated that unstable chemical
property of PDMS is contributing on the shift of
etching properties. In the early stage of
relaxation, there is a lot of monomer, which does
not cross-linking by polymerization and the
small monomer expected to be much volatile

than polymerized structures.

Then KMPR pillar pattern is removed by
removing process. In the removing process the
substrate is dipped into Remover PG(KAYAKU
Microchem Co. Ltd) then dipped again into
Remover K(KAYAKU Microchem Co. Ltd).
Finally brass substrate is etched in etchant (Cu-
3931: Meltex .Inc) and freestand PDMS
electrode chip is fabricated.

As shown in the figure 30 um thick through hole
structures are successfully formed on the PDMS
thin film, and optical image o the electrode is
shown in the figure 4.

Figure.4 optical image on the electrode

4. Conclusion

The 3D stacked type regenerated nerve
electrodes are proposed and trial fabrication is
demonstrated. The through hale structure is
formed on the PDMS thin film. The dry etching
processing rate was strongly depends on the
interval time between the PDMS curing and
etching process. We are aiming to bond multiple
electrode layers to complete the process for the
application to the nerval interface.
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Abstract
A novel micromixer is proposed, fabricated and verified. The new concept of the micromixere is to
cross-link the many capillaries in three-dimensional structure. The characteristic flow behaviors
are simulated by using computational fluid dynamics (CFD) software”FLUENT”. The results of
the CFD shows unique mixing behavior in three-dimensionally cross-linked capillaries. The
mixing performance of the micromixer is strongly influenced by controlling the three-dimensional
crossing condition. The micromixer is fabricated by means of deep X-ray lithography with multi
step exposure. The cross-linked capillary structures are successfully fabricated with controlled
cross-link conditions. The performance of micromixer is evaluated by using a kind of enzyme
reaction. By comparing mixture, mixed with cross-linked fluid filter and fluid filter without cross-

linked capillaries, we found out the speeding up of the reaction by using new micromixer.

Introduction

The micromixing is one of the most
important issues in the field of lab on a chip
[1,2]. The quality of mixing will be very
influential for the result of analysis; the use of
non-uniform mixture will result in non-
reproducible results and the use of uniform
mixture will result in better results. This
paper shows a unique micro mixing behavior
in three-dimensional microstructure and its
application to chemical reaction.

Simulation and Result

The new concept of this paper is to cross
capillaries by controlling overlap level of crossing
capillaries. The computational fluid dynamics (CFD)
using CFD software ‘FLUENT” is carried out to
estimate the performance of the micromixer. To trace
the mixing behavior, chemical species is assumed in
initial condition. We assumed two crossing patterns
which totally overlapping (fig. 1(b’,d)) and half
overlapping (fig. 1(c’,e)) patterns and capillaries
without crossing for control (not shown). Figure 1
shows initial condition of water (Fig. 1(a)) with
chemical species (the property is the same as water)
and mixed waters through cross-linked capillaries
(Fig.1(b,c), the close ups of the cross-linked structure
are shown in Fig.1(b’,c")), and fig. 2 shows the time
shift of the standard deviations (SD) of mass fraction
of chemical species in the mixture. The results
indicate that the crossing structure has much better
mixing performance and half overlapped structure
provides the best mixing, because it induces branch
of flows around the cross (fig. 1(e)) while totally
overlapped one does not exhibit such behavior
because it maintains the stable laminar flow (fig.

1(d)).

=P Streamline with reflecting behavior at cross
----- » Streamline with passing behavior at cross

Fig.1 Simulated mixing behavior using CFD. Color bar
indicates mass fraction of chemical species. (a) Chemical
species is imaginary separated from water at initial
condition. (b) Mixture obtained totally overlapped cross
capillary structure and (c) mixture obtained half
overlapped cross capillary structure. (b”)(c’) is showed
enlarged view part of (b)(c) circle. (d) illustrates flow
behavior in totally overlapped cross capillary

structure ,(e) illustrates half overlapped cross capillary
structure. Half overlapped structure induce branch of
streamline due to un-overlapped part of cross.
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Fig.2 Time shift of standard deviation of mass
fraction of red species.

Fabrication and Evaluation

Typical micromachining is not suitable to fabricate
the cross-linked capillary structure, because it needs
very complex processes control the level of overlap.
To generate the cross-linked structure, deep X-ray
lithography is applied. The PMMA resist attached
with X-ray masks are tilted up to X-ray beam for first
exposure and then tilted down for second exposed.
The level of overlap is controlled by slightly rotating
the masks around normal axis. Figure 3 shows the
scanning electron microscope (SEM) image of

fabricated micromixer with half over lapped structure.

The complex 3D microstructure with twice crossing
is successfully formed on thick PMMA resist by just
exposing twice and developing.

To verify the mixing effects on chemical reaction,
we applied this micromixer to enzyme reaction.
Enzyme and substrate are mixed by passing the
micromixer and the product of the enzyme reaction is
measured by spectroscopy. Figure 4 indicates time
consumption for saturation of reaction yield. The
speed of the reaction is drastically speeded up and the
error bar is drastically decreased by using cross-
linked structure, and it means that cross-linked
structure reproducibly provides uniform mixture.

Conclusion

These results indicate that the micromixter with
cross-linked capillary structure has much higher
mixing performance. It is considered that the
characteristics of this micromixer is effective not
only speed up of the reaction but also reproducibility
and sensitivity of the assay by using reproducible
mixing. And this micromixier is considered that very
useful for pre mixing module for biological reaction
such as enzyme linked immunosorbent assay
(ELISA). Further more, the antibodies for
immunoassay can be immobilized onto the surface of
cross-linked capillary structure. By using the large
surface area of cross-linked capillary structures the
enzyme reaction of the ELISA will effectively
amplified and it can result in higher sensitivity [3, 4].

Fig.3 SEM images of cross-linked capillary bundle
structure (half overlapped type)

o
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T

Time of saturation [sec]

With  Without
cross cross

Fig.4 The time of saturation. The error bars
indicate standard deviation. Groups are 4 and 5
for with cross and without cross, respectively.
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Extreme ultraviolet lithography (EUVL) has been
proposed as a next generation lithography at the 32
nm node around 2009. In the technology, defect-free
mask is one of the critical issues. Consequently, we
developed EUV phase-shift microscope (Figure 1) to
detect such as phase-defect in multilayer mask!. And
we have developed the EUV beam splitter, which is
critical component of phase-shift inspection or
resolution enhancement. The optical system portion
of an EUV microscope is shown in Figure 2. In this
optics, as NA becomes different number between
longitudinal and tangential direction, resolution
decreases in one direction. However, by installing
EUV beam splitter above Schwarzschild optics, NA
becomes uniform for all planar direction and
resolution improves (Figure 3).

Figure 4 shows fabrication process of EUV beam
splitter?). In this process, stress control is important at
depositing multilayer. We controlled by changing of
RF power, DC power, and the Ar working pressure.
We could fabricate multilayer of low tensile stress by
counteracting tensile stress of molybdenum film and
compressive stress of silicon film.

Figure 5 shows the exposure results of elbow
pattern of 300 nm in size. Before installing beam
splitter, lines of wvertical direction could not be
resolved(a). However, after installing beam splitter,
the 300-nm L &S elbow pattern for all planar

direction(b) has been clearly resolved. Figure 6
shows the close up of these patterns in horizontal(a)
and vertical(b) directions.

We have developed an EUV microscope with a
beam splitter for the first time and succeeded in the
highly precise pattern inspection.
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Fig. 1. Configuration of EUV phase-shift microscope.
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An EUV resist with high sensitivity and low line
edge roughness (LER) is required. LER of a resist is
strongly affected by an aberration and a flare of an
imaging optics. The flare of less than 10% is required
for LER evaluation in an exposure tool. Thus, since
an EUV interference lithography has no aberration
and no flare, LER evaluation is necessity to utilize
EUYV interference lithographic exposure tool.[1,2]

We propose a dual grating interferometric (DGI)
lithography which can be operate in the usage of an
incoherent EUV light source. Thus, the DGI
exposure method can combine with a stand alone
EUV source, such as laser produced plasma and
discharge produced plasma. Therefore, this exposure
system becomes a compact one for the evaluation of
resolution and LER in a EUV resist. Figure 1 shows
the configuration of a DGI exposure setup which can
use incoherent EUV light source. In this
interferometric optical system, two transparent-type
diffraction gratings are employed. An cherent light is
produced by 1s-grating from an incoherent light
source. Then, an interference fringe patterns on a
wafer are made by 2"-grating. A replicated pitch
width of a resist pattern is a half-pitch width of 2nd
transparent-type diffraction grating pattern. The
calculated intensity distributions on a wafer obtained
by a computer simulation (a) for an incident coherent
light and (b) for an incident incoherent light are
shown in Fig. 2. It indicates that DGI exposure
method works well even if the usage of incoherent

EUV light

1st-grating

—t

2Md_grating

light instead of coherent light.

This diffraction grating using for DGI system
was fabricated through by an electron beam writing
and dry etching process. In our setup, bending
magnet of SR storage ring is employed as a light
source, and light from a bending magnet is
monochromated to the EUV wavelength region. The
photograph of the exposure tool using DGI system is
shown in Fig. 3. The exposure tool consists of a main
chamber which includes wafer stage and diffraction
gratings. And load lock chamber is attached to the
exposure chamber to exchange a wafer. It is believed
that the developed EUV interference lithographic
system is a beneficial tool to develop EUV resist
which satisfies the specification of 32 nm and below.
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Fig.1. Dual grating interferometric system.
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Fig. 2. The calculated intensity distributions on a wafer
(a) for an incident coherent light, and (b) for an incident incoherent light.

Fig. 3. The DGI exposure tool
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EUYV interference lithography (EUVIL) beamline which employed a single grating was constructed
at the BL3 beamline in NewSUBARU synchrotron radiation facility. Using this system, 400-nm L&S
resist pattern by single grating interferometric lithography system which employed a bending magnet

as a light source was replicated on a wafer.

In the otherwise design of EUVIL gratings, a dual grating interferometric system which is useful for
a bending magnet as a light source was designed and constructed at BL3 beamline. Dual grating
interferometric lithography has a capability for the replication of 28 nm line and space pattern on a
basis of the interference-fringes calculation in the condition of partial coherence light source such as a
bending magnet. In dual grating interference optical system, two transparent-type gratings were

employed.

Keyword: EUV resist, chemically amplified resist, interference lithography

1. Introduction

Extreme ultraviolet (EUV) lithography? is the
most promising technology for 32 nm node, and it is
required for the high volume manufacturing
lithographic technology around 2011. Resist
materials and process technologies are one of the
three top issues.? High sensitive and low line edge
roughness (LER) have to be achieved
simultaneously. In a stand view of resist material
development, the exposure characteristics of resist
material itself should be studied to design and
synthesis of EUV resist which can satisfy the EUV
resist specification. From this point of view, since
LER is affected by aberration and flare of the
imaging optics, aberration and flare of the exposure
tool for the EUV resist evaluation have to avoid. The
flare of less than 10% is required for LER evaluation
for an exposure tool for 32 nm node beyond®. On
the other hand, in the interference lithography (IL),
since IL does not require complicated and expensive
high numerical aperture imaging optics, IL has no
aberration and no flare for the imaging optics.

EUV light from an undulator as a light source
at synchrotron radiation facilities has long been
recognized as a possible source for interference
lithography in this regime®. A periodic pattern can
be replicated on a wafer by IL using a coherent light
source such as an undulator. > ® Lloyd’s mirror
interferometer systems > © and single grating
interference (SGI) system” ® are proposed. The
Lloyd’s mirror interferometer (LMI) system is based
on a single mirror. Replicated resist resolution of
LMI is limited by temporal coherence (I = A? / AL,
where X is an exposure wavelength).” On the other
hand, replicated resolution of SGI is limited strongly
by spatial coherence and SGI had been usually used
with a coherent light source such as laser and an
undulator. In synchrotron radiation, a bending
magnet is more compact, more simple and cheaper
than an undulator. Thus, in this paper, we would like
to discuss an EUV interference lithography using a

single grating interference (SGI) system and a dual
grating interference (DGI) system for the usage of a
bending magnet as a source.

2. Single Grating System

Figure 1 shows a configuration of a final structure
a fabricated transparent grating with two windows.
Figure 2(a) shows seven transparent gratings with
two windows which was fabricated on a 4-inches
wafer. And Figure 2(b) shows a photograph of 800-
nm-L&S Si3Ng grating pattern observed by an
optical microscope.

In the fabrication process of a transparent two
window grating, 1) a 4-inches silicon wafer which
had been coated with Si3Ny layers on the both sides
of a wafer in 300-nm thickness was prepared. 2)
tantalum layer was sputtered on a SizNs layer. 3)
ZEP520 resist was coated with 650-nm thickness. 4)
Resist pattern was replicated by electron beam
lithography. 5) The resist pattern was transferred to
the tantalum and Si3Ny layer by a dry-etching using
CF3 gas. 6) Resist was removed by dry etching
process using O2 gas. 7) Backside of SizNs of a
demanded aperture was removed by a CF3-dry-
etching process using glass mask. 8) Aperture area
on silicon substrate was removed by a wet etching
process using KOHaq. During this process, SizN4
layer acts as an etching mask. Then the transparent

Ta
S — A~

Si wafer

I [ B SizN4

Fig.1 Configuration of a final structure a
fabricated transparent grating with two windows.



Fig.2 (a) Photograph of transparency grating and
(b) photograph of 800-nm-L&S SisNs grating
pattern.

grating which can be used in interference
lithography was fabricated.

Fig.3 shows the principle of SGI system. Ot
order, 1% order, and -1% order are produced by a
transparent grating. As shown in Fig. 3, if two
grating is used, 1% order ray produce from one
window grating interfere in -1%t order ray produced
from another window of a grating, and an
interference fringes is created at the suitable
position. Then if the resist inserted at the suitable
position, periodic pattern of a resist will replicated
on a basis of an interference fringes. In principles,
capable-replicated-pattern size is limited to a half
size of the wavelength.

SR light which is produced from the bending
magnet of the electron beam storage ring is led to the
glancing mirrors M1 and M2. After these mirrors,
the beam size and divergence become to be 20 mm
in diameter and divergence of #0.75 mrad
respectively. Then the SR light is led through the 4
jaw slits, shutter, a 0.15-um-thick Zr filter and a
reflected by Mo/Si multilayer mirror M4 to
monochrome to the EUV wavelength. The centroid
wavelength of the reflectivity spectrum is 13.5 nm
and full width at half maximum (FWHM) is 0.7 nm.
Finally, EUV light led to SGI system. Single grating
exposure chamber maintains typically the vacuum
pressure in the order of 10 Pa using a turbo
molecular pump and scroll dry pump. Loadlock
system for exchanging wafer sample was attached to

Two Windows

+1st order
Ot order

+1st order
Ot order

-1st order

grating wafer

Fig.3 Principle of SGI system.

the exposure chamber to change a 4-inches wafer.
The spatial coherent length, L, is related to its angle
distribution, o, by the relation of Lc = A / 6.” Since
the light angle distribution on a single grating is 0.35
mrad, calculated coherent length is 38.6 um. The
distance L between the two-window grating has to
be smaller than the spatial coherent length.

To replicate resist pattern caused by an
interference fringes formulated from a single grating,
distance between a single grating and a wafer and tilt
position of a grating tilt have to be aligned. In order
to control the gap between grating and wafer along
light axis, we used Z-motion stage which can be
moved by a pulse motor in vacuum pressure order of
10 Pa, and the stage moving resolution is 1.5 pm.
Furthermore, we installed the a and B axis stages
which can control the grating tilt position around by
horizontal and vertical directions.

Figure 4 shows a photograph of a replicated
ZEP520A resist pattern of 400-nm line and space (L/

+1st order
0th order '

0th order

Fig.4 Replicated ZEP520A resist pattern of 400-
nm line and space (L/S) pattern observed by
optical microscope.



+1st order
Ot order

Ot order

Fig.5 Replicated ZEP520A resist pattern of 400-
nm line and space (L/S) pattern observed by
optical microscope.

S) pattern using a 1600-nm-pitch single grating
which was observed by a scanning electron
microscope (SEM). Exposure time was around 10 s
with a 0.2-um-thick Zr filter. As a result, using a
bending magnet as a light source, we obtained
interference replicated pattern. However, the pattern
contrast is not perfect because of low temporal
coherence of the bending magnet.

3. Dual Grating System

As a result of calculated interference fringes of
the intensity distribution on a wafer in comparison
with a coherent light and a partial coherent light,
using 200-nm L&S grating, 100-nm L&S pattern on
a wafer can be replicated easily from coherent light.
However, it is difficult to replicate 100-nm L&S
pattern using single grating system with partial
coherent light. In this calculation, it is assumed that
beam size of 20 mm in diameter and the divergence
of £0.75 mrad for a partial coherent light in the
condition of a BL3 beamline after M1 and M2
mirrors.

To improve the resolution, it is introduced dual
grating system which can allow pattern replication of
28-nm width. The setup of dual grating system is
shown in Fig 5. 1%t grating has one grating window,
and 2" grating has two grating windows to transmit
the incident EUV light. By 1%t grating, an incident
light is diffracted into -1t and +1%¢ order rays. Then
by two grating windows of 2" grating, -1t and +15t
order rays produced from 1% grating are diffracted
into -1t order ray and +1% order ray. Finally each -1%
order ray and +1%t diffracted from two grating
windows of 27 grating interfere each other to
produce interference fringes on a suitable position of
a wafer. In dual grating system, using 1%t grating the

+1st order

Wafer

Ot order

+1st order

q
\ 0t order
2 grating -1st order

Fig.6 Setup of dual grating system.

1st grating

incident light of 2" grating is reproduced to satisfy
special coherency.

If the incident light is a parallel ray, pattern size
replicated on a wafer can be calculated by the
following equation, where di and dz are the pitches
of 1%t grating and 2" grating, respectively.

{3

1) For example, if 400 nm pitch of 1% grating and
100 nm pitch of 2™ grating are used, it can be
replicated 33-nm L&S pattern on a wafer. 2) For
example, if 800 nm pitch of 1t grating and 100 nm
pitch of 2" grating are used, it can be replicated 28
nm L&S pattern on a wafer. 3) For example, if 1000
nm pitch of 1% grating and 80 nm pitch of 2" grating
are used, it can be replicated 22 nm L&S pattern on a
wafer.

Figure 7 shows the calculated interference
fringes and intensity distribution on a wafer. In this
calculation, 800-nm pitch grating is used as a 1%
grating, and 100-nm pitch grating was used as 2"d
grating. The distance between 15t and 2" grating is
109 mm, and distance between 2" grating and a
wafer is 43 mm. Furthermore, the partial coherence
condition was used is same to that used in single
grating. The results show that good performance in
both of using coherent light source and partial
coherent light source. Therefore, 28-nm L&S pattern
can be replicated on a wafer using BL3 beamline.

SR light which is produced from the bending
magnet of the electron beam storage ring is led to the
glancing mirrors M1 and M2. Then the SR light is
led through the 4 jaw slits and shutter. Finally the
EUV light leads to the dual grating system. Dual
grating exposure chamber maintain typically the
vacuum pressure in the order of 10 Pa using a turbo
molecular pump and scroll dry pump. Loadlock
system was attached to the exposure chamber for
exchanging a 4-inches wafer sample. In order to
control the gap between dual grating and wafer along
light axis, we used Z-motion stage which can be
moved by a pulse motor in a high vacuum pressure,
and the stage moving resolution is 1.5 pm.

[u—




(b)

Fig.7 Calculated interference fringes and
intensity distribution on a wafer in the DGI
system, (a) coherent light and (b) partial
coherent light.

Furthermore, we installed the o and B axis stages
which can control the dual grating tilt position
around by horizontal and vertical directions. The
dual grating

Figure 7 shows 3-demensional-setup view of
dual grating system. Two slits and one spacer are
used to align the dual grating system. Short distance
between 15t and 2" grating is achieved to increase
the tolerance of the alignment. The thickness of two
slits and a spacer are 200 pm and 4 mm,
respectively. The thickness of the silicon substrate of
15t and 2™ grating are 500 pum, respectively. Surface
of 1%t grating sits right direction and surface of 2nd
grating sits left side on a paper sheet to maintain the
distance of 4 mm between the surfaces of 15t and 2"d
grating. Furthermore, distance between the surface
of 2" grating and a wafer is maintained to be 1.8
mm.
Figure 9 shows a ZEP520A resist pattern on 4-
inches wafer. Center exposure area is an interference
region of +1 order and -1 order from two grating
window area from 2™ grating in dual grating system.

The effectiveness of using dual grating system
combined with a bending magnet as a source is
confirmed.

4. Conclusion

Transparency grating was succeeded to fabricate.
Using the transparency grating, SGI lithography
system and DGI lithography system were

1st Slit Spacer 2" Slit

2nd Grating
100 nm pitch

15t Grating
400 nm pitch

Fig.8 Three-demensional-setup view of dual
grating.

constructed to the BL3 beamline at NewSUBARU.
Using SGI lithography combined with a bending
magnet as a light source, 400 nm L&S pattern is
replicated. In the calculation, partial coherent light is
not suitable for SGI lithography, and DGI system
can be used for the partial coherent light source. As a
result, 28-nm L&S pattern can be replicated using
dual grating system combined with the partial
coherent light source as a bending magnet by
computer simulation.

Furthermore, the DGI exposure method can be
combined with a stand alone EUV source, such as
laser produced plasma and discharge produced
plasma. Therefore, this exposure system will become
a compact one for the evaluation of resolution and
LER in a EUV resist.
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1. Introduction

Extreme ultraviolet lithography (EUVL) is the
most promising technology for the fabrication of fine
patterns of less than 32 nm node around 2010.
Second issue of EUVL technology is resist
development. The most significant issue is to
simultaneously achieve high sensitivity and low line
edge roughness (LER). For the method of reducing
LER, it has to be taken account of uniform photo acid
generator (PAG) density in a resist film. Since in the
conventional chemically amplified (CA) resist, PAG
and polymer mix in the solvent, PAG density in resist
becomes non-uniform. Consequently, PAG was
synthesized to the side chain of base resin to achieve
uniform PAG density. As shown in Fig. 1, PAG
density of a PAG-bonded resist seems to achieve
higher uniformity rather than that of PAG blended
resist. We developed and evaluated the PAG-bonded
resist to satisfy the EUV specifications.

(a)

PAG

resin \

(b)

Fig. 1. (a) PAG blended resist and (b) PAG
bonded resist.

2. Experiment

To confirm the superiority of a PAG-bonded
resist, PAG blended resist which is consists of same
base resin materials for the PAG-bonded base resin
was used to compare LER under electron beam (EB)

exposure. Chemical structure of the PAG-bonded
resist and the PAG-blended resist are shown in Fig.2
(a) and Fig. 2 (b), respectively. We evaluated various
PAG system for the improvement of the exposure
characteristics of the PAG-bonded resist. The
chemical structure of beneficial PAG is shown in Fig.
3.

The EUV sensitivity experiment was carried out
using resist evaluation system installed at the BL3
beamline of NewSUBARU synchrotron radiation
(SR) facility. Eo sensitivity of the PAG-bonded resist
and the PAG-blended resist were 5.0 mJ/cm? and 3.5
ml/cm?, respectively. Figure 4 and 5 show the
photograph of SEM image of 75 nm lines and spaces
(L/S) pattern of the PAG-bonded resist and the PAG-
blended resist replicated by 30 kV EB writing tool.
LER of the PAG-bonded resist and the PAG-blended
resist were 3.5 (36) nm and 7.8 nm (30), respectively.
Furthermore, 50 nm L/S pattern of the PAG-bonded
resist could be observed. However, resist B could not
resolve. Since using 30 kV EB writing tool,
resolution of 50 nm is limited, 50 kV EB writing tool
is used for the evaluation of the resolution. Figure 6
shows the photograph of SEM image of 55 nm lines
and 25 nm spaces which is replicated by the 50 kV
EB writing tool.

3. Summary

We developed and evaluated the PAG bonded
resist that is a CA resist to reduce LER for EUVL.
Under EUV exposure, Eo sensitivity of the PAG-
bonded resist was 5 mJ/cm?. In order to clarify
resolution and LER, EB exposure was performed,
and LER of 3.5 nm (36) in 75 nm L/S was achieved
by PAG bonded resist. A LER of PAG bonded resist
is smaller than that of PAG blended resist. It can be
considered that the PAG density of PAG bonded
resist has higher uniformity than that of PAG blended
resist. In addition, resolution of 25 nm was achieved
by the 50 kV EB writing tool. It is confirmed that
PAG bonded resist have characteristics of high
resolution and low LER. We will discuss of the
improvement of exposure characteristics using
beneficial PAG group in the PAG-bonded resist.
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Fig. 2. Chemical structure of (a)PAG bonded

resist.
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Fig. 3. Chemical structure of PAG and (b) PAB
blended resist.
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Fig. 4. The photograph of SEM image of 75
nm L/S pattern of PAG bonded resist.

1S60n

Fig. 5. The photograph of SEM image of 75 nm
L/S pattern of PAG blended resist.
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Fig.6. The photograph of SEM image of 55nm line
and 25 nm space pattern of PAG bonded resist.



Mitigation of Low LER with PAG Bonded Resist
for EUVL
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We developed and evaluated PAG bonded resist which is chemically amplified (CA) resist to
reduce line edge roughness (LER) in extreme ultraviolet lithography (EUVL). Under electron
beam (EB) exposure, it is compared that LER and resolution of photo acid generator (PAG)
bonded resist and PAG blended resist which using same PAG and base polymer. It was found that
LER and resolution of PAG bonded resist are better than that of PAG blended resist. LER of 3.5
nm in 75 nm L/S and resolution of 25 nm space were achieved. Under EUV exposure, sensitivity

of 5.0 mJ/cm? is achieved.

Keywords: EUV resist, EB resist, line edge roughness, sensitivity

1. Introduction

Extreme ultraviolet lithography (EUVL)Y is the
most promising technology for the fabrication of fine
patterns of less than 32 nm node. EUVL is planned
to transfer to the production line around 2010.
Second issue of EUVL technology is resist
development. EUV resist specification? are 1) 18
nm resolution for a gate pattern, 2) 32 nm for dense
pattern, sensitivity of less 2 mJ/cm?, 3) line edge
roughness less than 1.2 nm (30), 4) outgassing less
than 1x10¢ Pa. Since LER and sensitivity are in
trade off, it is very difficult to achieve LER and high
sensitivity simultaneously. Required LER value is as
same as molecule size of base resin. Thus molecule
size control is required in the pattern width control.

To reduce LER in chemically amplified resist®-,
following five items have to take account such as, 1)
controlling diffusion of acid, 2) low molecular
weight 3) narrow dispersion molecular weight
polymer and 4) uniform photo acid generator (PAG)
density in resist film. Items 1) to 3) have been
carried out. However it did not work well or had a
problem for EUV resist.

Therefore, as a concrete method to achieve
uniform acid density, PAG is synthesized to side
chain of base resin. Since in the conventional
chemically amplified (CA) resist, PAG and polymer
mix in the solvent, the density of PAG in resist
become heterogeneous®. As shown in Fig. 1, PAG
bonded resist seems to achieve higher uniformity
rather than that of PAG blended resist.

In the previous paper”, it is demonstrated that
PAG bonded resist has low LER and high sensitivity
under electron beam. Futhermore, PAG bonded resist
has high sensitivity under EUV exposure. However,
the resolution was limited to 100 nm. Therefore, in
this paper it is focused on to refine resolution of

PAG bonded resist under EB exposure with keeping
low LER and high sensitivity.

2. Experiment

2.1 Sample

For the method of increasing sensitivity,
protection group which has a chemical structure with
high absorption in EUV light was designed. In
conventional protection group, de-protection
reaction of protection group is occurred by acid
which is generated during exposure from PAG.
Furthermore, in novel protection group, since photo
decomposition reaction is ocurred under EUV
exposure. Therefore, novel resist system seems to
have high sensitivity comparison to the conventional
resist system such as ESCAP type resist.

(@)

Fig.1. (a) PAG blended resist and (b) PAG
bonded resist.
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Fig. 2. Chemical structure of resists A and B.
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Fig. 3. Chemical structure of PAG.

To confirm the superiority of PAG bonded resist,
PAG blended resist which is consists of same base
resin materials for PAG bonded base resin was used
to compare LER under EB exposure. Chemical
structure of PAG bonded resist and PAG blended
resist are shown in Fig.2 (a) and Fig. 2 (b),
respectively.  Copolymer of hydroxy styrene was
used as base resin, PAG which is shown in Fig. 3
was used as PAG, propylene glycol
monomethylether acetate (PGMEA) was used as
solvent. Molecular weight of synthesized resist was
16400 and molecular weight distribution was 1.09.

The details of composition of resist sample are
shown in Table 1.

Table 1. The details of composition of resist sample.

Protection PAG
group Amount Type

Resist A |32.3 mol%| 3.7 wt% Bond
Resist B |32.1 mol%| 3.7 wt% Blend

Sample

2.2 Evaluation method
The sensitivity and outgassing experiment were
carried out using resist evaluation system® installed

at the BL3 beamline of NewSUBARU synchrotron
radiation (SR) facility.

In the resist evaluation syste, it is simulating a
six-mirror imaging optics for practical used for
EUVL. SR light was mono-chromated to 13.5 nm
wavelength by seven times reflection of concave
mirror and two plane mirrors of Mo/Si mutilayer.
Intensity of light was measured an electron current
value of a photoelectron when EUV light irradiates
to photoelectron plate. And it convert to the photon
number of EUV light. Then, intensity of light was
calculated from the photon number converted.

Furthermore, resist pattern was performed by EB
writing system to evaluated resolution and LER.
The acceleration voltages of EB writing system were
30 or 50 kV. The resist pattern image was obtained
using scanning electron microscope (SEM) and LER
was measured with a graphic processing computer
software SUMMIT?).

2.3 Process condition

The resist film was spin-coated on Si wafer and
prebake was carried out on a hot plate at the
temperature of 120 °C for 90 seconds to evaporate
the solvent. The resist film thickness was controlled
at 100 nm and measured by a multi-wavelength
interference thickness measurement tool Nanospec
model 6100A manufactured by NANOmetrics Co.
Ltd. PEB was carried out on a hot plate at the

temperature of 90 °C for 60 seconds after exposure.
Aqueous 2.38 wt% of tetramethylammonium
hydroxide (TMAH) was used as a developer at the
temperature of 23 °C for 30 seconds and rinsed with
de-ionized water.

3. Results and discussion

3.1. Sensitivity and outgassing measurement

Figure 4 shows sensitivity curve of resist
samples under EUV exposure and Table 2 shows Eo
sensitivity of resist A and resist B.

Eo sensitivity of resist A and B are 5.0 mJ/cm?
and 3.5 mJ/cm?, respectively. It shows that
sensitivity of PAG blended resist is higher than that
of PAG bonded resist.  Since it is thought that
polymer agglutinates to wrap up PAG, it is consider
that acid is hard to diffuse during PEB process.

The outgassing is measured using high sensitive
quadrupole mass spectrometer.  Total outgassing
displacement between after exposure and before
exposure was measured. The measured mass range
was 1 amu to 500 amu. Table 3 shows total
outgassing pressure of resist A and resist B.

Table 2. Eo sensitivity of resist A and B

Sample Ey sensitivity
Resist A 5.0 mJ/cm?
Resist B 3.5 mJ/cm?
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Fig. 4. Sensitivity curve of resist samples.

Table 3. Total outgas pressure of resist sample

Sample Total outgas pressure
Resist A 3.46x10°6 Pa
Resist B 4.33x10% Pa

The total ougassing pressure of resist A and B
are 3.46x10° Pa and 4.33x10° Pa, respectively.
Furthermore, a lot of molecular weight own to a
protection group was detected. As a result, it is
thought that protection group is decomposed under
EUYV exposure. Total outgassing of resist A have not
big difference between total outgassing of resist B
because of similar base resin chemical structure.

3.2. Resolution and LER evaluation

Figure 5 shows the photograph of SEM image of
resist A replicated by EB writing system ELIONIX
3700 The acceleration voltage of EB writing system
was 30 kV. 75 nm line and space pattern was
observed. Sensitivity and LER are 16.0 pC/cm? and
3.5 nm (30), respectively.

Il

Fig.5. The photograph of SEM image of resist A

Figure 6 shows the photograph of SEM image of
resist B. 75 nm line and space pattern was observed.
A sensitivity and LER are 7.5 pC/cm? and 7.8 nm
(30), respectively.

Fig. 6. The photograph of SEM image of resist B

It was confirmed that LER of PAG bonded resist
was smaller than that of PAG blended resist. As a
result, it is sure that uniformity of PAG in PAG
bonded base resin has higher uniformity than that of
PAG blended resist. Furthermore, 50 nm L/S pattern
of resist A could be observed. However, resist B
could not resovle.

Figure 7, 8, 9 show the photograph of SEM
image of 90 nm line and 60 nm space, 62.5 nm line
and 37.5 nm space, and 55 nm line and 25 nm space
of resist A, respectively. The acceleration voltage of
EB writing system was carried out at 50 kV using
ELIONIX 7500. It is conformed that resist A has a
capability to resolve 25 nm.

HY0347 35 kV n 4 2007/01/06

Fig. 7. The photograph of SEM image of 90 nm line
and 60 nm space of resist A

4. Conclusion

We developed and evaluated PAG bonded resist
which is chemically amplified (CA) resist to reduce
line edge roughness (LER) for extreme ultraviolet
lithography (EUVL).
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Fig. 8. The photograph of SEM image of
62.5 nm line and 37.5 nm space of resist A.
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Fig. 9. The photograph of SEM image of 55
nm line and 25 nm space of resist A.

Under electron beam (EB) exposure, it is
compared that LER and resolution of photo acid
generator (PAG) bonded resist and PAG blended
resist which using same PAG and base polymer. Eo

sensitivity of resist A was 5.0 mJ/cm? under EUV
exposure.

Total outgas pressure of resist A was 3.46x10¢
Pa, and a lot of molecular weight of protection group
was detected.

In order to clarify resolution and LER, EB
exposure was performed, and LER of 3.5 nm (30) in
75 nm L/S was achieved by PAG bonded resist. A
LER of PAG bonded resist is smaller than that of
PAG blended resist. It can be considered that the
PAG density of PAG bonded resist has higher
uniformity than that of PAG blended resist.

In addition, resolution of 55 nm line and 25 nm
space was achieved when the acceleration voltage of
EB writing system was 50 kV. It is confirmed that
PAG bonded resist have characteristics of high
resolution and low LER.

In the next stage, LER and resolution of PAG
bonded resist will be evaluated using EUV
interference lithography.
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abstract

The effect of irradiation of synchrotron radiation to high-hydrogenated DLC thin films was investigated.

Etching of films, department of hydrogen from films and change of local structure were founded.

Introduction

General DLC films are ablated by the
exposure to the synchrotron radiation (SR) in the soft
x-ray region under Oz atmosphere, while they are not
etched by the exposure to the SR in the soft x-ray
region in the vacuum. On the other hand, the
irradiation of soft x-ray in the vacuum against high-
hydrogenated DLC (H-DLC) films bring about the
departure of hydrogen. In the present study, the
variation of local structure of high-hydrogenated
DLC thin films by the irradiation of soft X-ray in the
vacuum was investigated.

Experimental

High-hydrogenated DLC thin films were
deposited by amplitude-modulated RF plasma-CVD.
The film thickness was 200 nm. The irradiation of
soft X-ray against DLC films was carried out at BL-6
of NewSUBARU. The SR at the BL-6 sample stage
had a continuous spectrum from IR to soft X-ray,
which was lower than 1 keV. The SR dose was
represented by the product of the ring current with
the exposure time. The irradiation of SR was
performed at room temperature and the increase of
substrate temperature was not found.

Results and discussion

Figure 1 depicts the SR dose dependences of
the etching depth of high-hydrogenated DLC thin
film by the SR irradiation. The depth of etching was
measured with DEKTAK(ULVAC; 6M). The etching
depth increased almost linearly with SR dose in the
SR dose range of 0-150 mA-h.

The change of density of DLC film by the soft
X ray irradiation was measured using the X-ray
reflectometer. Measured angle dependences of the
reflectivity of H-DLC films as deposition and after
irradiation of 3600 mA-h were depicted in Fig. 2.
Critical angle and vibrational period were varied by
the SR irradiation. The film density was found to
increase from 1.45 g/cm? to 1.80 g/cm’.
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Fig. 1  The SR dose dependences of the

etching depth of high-hydrogenated DLC thin
film by the SR irradiation.

Rutherford backscattering spectrometry (RBS)
and elastic recoil detection analysis (ERDA) are
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Fig. 2 XRR spectra of H-DLC films as
deposition and after irradiation of 3600 mA-h.
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Fig. 3 The SR dose dependences of the
hydrogen content of high-hydrogenated DLC
thin film and low-hydrogenated DLC thin
film.

available for evaluating quantitative determination
for all elemental composition, specially hydrogen, of
thin films with high accuracy, being unnecessary for
standard samples. In this study, the hydrogen content
of DLC film has been determined by RBS and
ERDA techniques using a tandem Pelletron
accelerator, SSDH-2 in the Kobe University.

As shown in Fig. 3, the hydrogen content in
the low-hydrogenated DLC film kept constant
independent on a soft X-ray exposure dose. On the
other hand, that in the high-hydrogenated DLC film
decreases exponentially with a soft X-ray exposure
dose. Thus, the departure of the hydrogen was
observed from high-hydrogenated DLC films, while
was not observed from the low-hydrogenated DLC
film by soft X-ray irradiation.

To examine a change of the local structure of
high-hydrogenated DLC film by the departure of
hydrogen, Near Edge X-ray Absorption Fine
Structure (NEXAFS) spectra were measured at
NewSUBARU BL-9. Photocurrent coming from a
sample was detected in the total electron yield. The
NEXAFS spectrum of carbon K edge absorption was
measured in the range of 275-320 eV with the
resolving power of 0.5 eV FWHM. In the NEXAFS
spectrum of the high-hydrogenated DLC film before
the soft X-ray irradiation, structural peaks were
observed in the 286-310 eV. This is interpreted by the
construction of specific structures in the DLC film,
corresponding to a large amount of hydrogen atom.
These structural peaks disappear after the soft X-ray
irradiation and spectral profiles get close to those of
general DLC films well. The intensity of 285.4 eV,
corresponding to sp2 structure increased with the
exposure doses of the soft X ray. Therefore, the sp2
structure in the DLC film increases by the departure
of the hydrogen.

As deposition

1 1
300 320 340
Photon energy /eV

1
280

After irradiation

1 1
300 320 340
Photon energy /eV

1
280

Fig. 4 C K-edge NEXAFS spectra of H-DLC
film as deposition (upper) and that after SR
irradiation of 3600 mA-h (lower)
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abstract
The annealing effect on a diamond-like carbon (DLC) thin film fabricated by focused-ion-beam chemical-
vapor deposition (FIB-CVD) was investigated. Elementary analysis, using Rutherford backscattering
spectrometry and elastic recoil detection analysis were performed on the FIB-CVD DLC thin film by
annealing in the various annealing condition. It was found that the Ga in the middle layer in the FIB-CVD
DLC film promptly departed and that department of hydrogen was slower than that of Ga.

Introduction

Ga Focused-ion-beam chemical-vapor
deposition (FIB-CVD) method is developed as an
effective technique for producing of three-
dimensional nanostructures. In this method, scanning
of focused Ga ion beam under the phenanthrene gas
atmosphere leads to deposition of carbon material at
arbitrary nanoscale area. It was known that the
fundamental structure of carbon material formed by
FIB—CVD consists of the DLC core, which contains
Ga as an ion source, and surface layer, which was
composed of pure diamond-like carbon (DLC). In
addition, this residual Ga in the FIB-CVD DLC film
moved to the neighboring surface and departed from
the film surface by the annealing, from the angle-
dependent measurement of C K-edge NEXAFS
spectrum [1]. In our previous work, Ga content in the
FIB-CVD DLC thin film decreased from 3.6 % to
trace mount by the annealing for 1 hour at 1023 K,
from Rutherford backscattering spectrometry (RBS)
[2]. In the present study, we measured the RBS
spectrum and elastic recoil detection analysis
(ERDA) spectrum by the variation of annealing
condition of FIB-CVD DLC film. As a result, the
novel information on departure process of Ga from
FIB-CVD DLC film was acquired.

Experimental

Ga FIB-CVD DLC films were formed on a Si
substrate surface using a commercially available
FIB-CVD system (SII Nano Technology,
SMI2050MS) with a Ga* ion beam operating at 30
keV. The area and thickness of the produced FIB-
CVD DLC films were 10x10 mm? and =200 nm,
respectively. The samples were kept in the vacuum
annealing apparatus during 32 hour. The annealing
temperature was varied from 673 K to 973 K.

The atomic fraction of Ga in the sample was

determined by the measurement of RBS and ERDA.

RBS and ERDA with MeV-He" irradiation were
performed using an electrostatic accelerator (Nisshin-

High Voltage, NT-1700HS) located at the Extreme
Energy Density Research Institute, Nagaoka
University of Technology.

Results and discussion

Figure 1 shows Ga profiles in the RBS spectra.
In the FIB-CVD DLC film as deposition, the profile
of Ga shows rectangular, which means that Ga
populated equally in the core of the FIB-CVD film,
which contains Ga. After annealing, the content of
Ga decreased and the profile of Ga was split to two
peaks. This profile indicates that the Ga in the middle
layer in the FIB-CVD DLC film was almost lost, and
the Ga in the vicinity of surface and interface
remained. It was known that the residual Ga moves
easily in the FIB-CVD DLC film and forms spheres
surrounded by graphite shell on the film surface by
annealing treatment [3]. The moving velocities of Ga
in the vicinity of interface and surface were
considered to be smaller than that in the middle DLC
layer, because the diffusion coefficients in the Si
substrate and in the graphite shell were smaller than
that in the amorphous carbon.

Fig. 2 shows the annealing time dependence of
Ga and H contents of FIB-CVD DLC film. The Ga

32h annealing
at 773 K

32h annealing
at 673 K

As deposition

x10

M

1.40 160 1.80 1.40 1.60 1.80

Tonensr MAXT

Fig. 1 Ga profiles in the RBS spectra.



content in the as-deposited FIB-CVD DLC film, =5
at %, decreased with an increase in annealing time in
exponential law, while H content almost not varied.
Fig. 3 was depicted the annealing time
dependence of Ga and H contents. The Ga content
slightly decreased with an increase in annealing
temperature from room temperature to 673 K and
considerably decreased with an increase from 673 to
773 K. On the other hand, the H content decreased
with an increase in annealing temperature from 673
to 973 K, but a certain mount of H (=7 at %) was
observed in the FIB-CVD DLC film after 32 h
annealing at 973 K. As a result, the residue Ga in the
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Fig. 2 Annealing time dependence of
elementary composition of FIB-CVD DLC
film at the annealing temperature of 673 K.

FIB-CVD DLC film almost departed from the film at
673 K, which was a lower temperature than the
desorption of H in the DLC film.
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Abstract
Atomic movement in a-Si film by soft X-ray irradiation was investigated for low-temperature
crystallization. a-Si films were irradiated at storage electron energy of 1GeV, photon energy of
115eV and irradiation quantity of 50mA*hours and storage-ring current were varied from 50 to
175mA. a-Si film was crystallized above storage-ring current of 175mA. It is considered that
crystallization temperature at this condition was low compared with conventional thermal
crystallization. It is considered that the soft X-ray irradiation enhanced atomic movement in a-Si

film.

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
silicon (poly-Si) films prepared below 200 °C is
necessary as material of thin film transistor (TFT)
in flexible displays. The poly-Si films prepared
by crystallization of amorphous silicon (a-Si)
using excimer laser annealing (ELA) have been
investigated widely. However, it is difficult to
realize low-temperature process for ELA method.

We have tried to crystallize a-Si film using
soft X-ray irradiation [1-3]. It is confirmed that
a-Si film crystallized at storage-ring current of
220mA, storage electron energy of 1GeV, photon
energy of 115eV and irradiation quantity of
1000mA*hours. However, in this irradiation
condition, it is afraid that sample temperature was
high.

In this study, the sample temperature was
measured by an infrared thermometer and a
thermocouple attached on sample. In addition, a-
Si film was irradiated at various storage-ring
currents (50 to 175mA).

Experiments and Results
1) Sample temperature during soft X-ray
irradiation

a-Si films with 50nm thickness were
deposited by plasma enhanced chemical vapor
deposition method on SiO,/glass substrates. The
temperature of a-Si/SiO,/glass substrate was
measured by a thermocouple (K type) attached on
sample (10X 10 mm? in size ). The temperature
distribution was obtained by moving of sample
position. The measurement conditions were at
storage electron energy of 1GeV, storage ring
current of 220mA and photon energy of 115eV.

The temperature distribution is shown in Fig.
1. The maximum and minimum temperature
was 680°C and 340°C, respectively. It is shown

that difference in temperature was large in spite
of small sample because soft X-ray beam size is
small and thermal conductivity of glass substrate
is low. The maximum temperature was
comparable with crystallization temperature for
conventional furnace annealing. Therefore it is
necessary to decrease sample temperature for
low-temperature crystallization.

2) a-Si films irradiated at various storage-ring
current

a-Si/SiO,/glass substrate was irradiated at
storage electron energy of 1GeV, photon energy
of 115eV and irradiation quantity of 50mA*hours.
Storage-ring current were varied from 50 to
175mA for decrease in sample temperature. The
irradiation time for the storage-ring current of 50,
75, 100, 125, 150 and 175mA were 60, 40, 30, 24,
20 and 16min, respectively.

The Raman spectra of Si film irradiated at
various storage-ring current are shown in Fig. 2.
The peak due to amorphous phase (480cm™) was
observed at a-Si films irradiated below 150mA.
On the other hand, a-Si film was crystallized at
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Fig. 1. Sample temperature distribution during
soft X-ray irradiation at storage electron
energy of 1GeV, storage ring current of
220mA and photon energy of 115eV.



Si film l Crystal phase

Amorphous phase

Storage-ring
current

175mA
150mA
125mA
100mA

75mA

Raman intensity (arb. units.)

50mA

400 420 440 460 480 500 520 540 560 580 600

Raman shift (cm™)

Fig. 2. Raman spectra of Si film irradiated at
various storage-ring current. a-Si films were
irradiated at storage electron energy of 1GeV,
photon energy of 115eV and irradiation
quantity of 50mA*hours.

ring current of 175mA. The sample temperature
estimated by thermo tape at 100mA were 300°C.
The collect sample temperature at storage-ring
current of 175mA is not clear. However, this
temperature can be estimated to 500°C by
assuming that as the sample temperature
increased linearly with increasing the storage-ring
current. It is found that a-Si was crystallized at
low temperature compared with a conventional
furnace annealing.

The crystallization mechanism for the
conventional thermal annealing and the thermal
annealing with soft X-ray irradiation are shown in
Fig. 3. Si atoms can be moved by photon
excitation during soft X-ray irradiation and Si
atoms are ordered locally. We call this region the
quasi-nucleus. It is considered that the radius of
the quasi-nucleus was small compared with the
critical radius for crystallization. The quasi-
nucleus grew to crystal grain with critical radius
for crystallization despite  low-temperature
annealing. In this case, crystal grains can be
grown without nucleation energy in the
crystallization process because the quasi-nucleus
was already formed. Therefore, the critical
temperature for crystallization was decreased by
soft X-ray irradiation because of the generation of
a quasi-nucleus. It is found that soft X-ray
irradiation can be expected for low-temperature
crystallization of a-Si film.
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Fig.3. Crystallization mechanism during soft
X-ray irradiation. Quasi-nuclei were formed
by soft X-ray irradiation. The critical
temperature for crystallization was decreased
by soft X-ray irradiation.
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Abstract
An analysis beamline with high energy-resolution begins to supply at BL-5 for the industrial
enterprises’ use. BL-5 consists of two branch lines for the use in the high-energy region and low-
energy region, respectively. These two branch lines can be employed simultaneously. The whole
useful energy range of the BL-5 is the region from 50 to 4000 eV and X-ray absorption spectrum
of every atom from Li to Sn can be measured using this line. BL-5 will be managed and
maintained by the Synchrotron Analysis L.L.C. (SALLC), which is composed by the industrial

companies.

Introduction

Attendant upon the quick development of nano-
technology industry, demand for material analysis in
the soft X-ray region has increased rapidly. For
instance, the analysis of the soft X-ray region is an
important major technology in the research and
development and the manufacturing enterprise of a
high-technology material and the device. X-ray
absorption fine structure (XAFS) technique in the
soft X-ray region has attracted much attention from
analysis industry as a powerful tool to investigate the
electronic states and geometric structures of industrial
materials. In addition, photoemission spectroscopy
(PES) technique is also an effective analysis method
to research the electronic structure of material
surfaces in the ultra-soft x-ray region. Hyogo
prefecture constructed a new beamline at BL-5 of
NewSUBARU in reply to the demand of industrial
societies. In the construction of this beamline,
cooperation of University of Hyogo with private
enterprises is expected to prosper the co-research
with University of Hyogo and advance of the analysis
technique of analysis industry in Hyogo prefecture.

Layout of BL-5

The light source of BL-5 is the bending magnet,
which can provide the photon in the region up to
4000 eV. BL-5 consists of two branch lines for the
use in the wide range from 50 eV to 4000 eV. BL-5A,
which is mounted with a double crystal
monochromator, can be used in the energy range of
1300-4000 eV. On the other hand, BL-5B is mounted
with a varied line spacing grating (VLSPG)
monochromator, which is designed to cover the
energy range 50-1300 eV with three gratings. 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 employed
simultaneously.

Specifications of BL-5A
An optical arrangement of the BL-5A is shown in
Fig. 1. 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 BL-5A,
for the purpose to introduce a high-photon flux to the
end station. The XAFS in the total electron yield
(TEY) mode and fluorescence XAFS measurement
using SSD (SII Vortex) can be performed. 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.
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Toroidal Toroidal
MO S0 M1
Magnet Sample
DXM
0 3.65 11.0 11.65 14.65 16.65 [m]

Fig.1 Optical layout of BL-5A

Specifications of BL-5B

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 BL-5B. An optical arrangement of the BL-5B is
shown in Fig. 2.
The optical system consists of a first mirror (MO0), 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 (Mf). The
including angle of the monochromator is 175°. Two
measurement chambers are prepared at the end
station of BL-5B. The XAFS spectra in the total
electron yield mode and fluorescence XAFS spectra
using SDD (EDAX) can be measurement in the high
vacuum chamber. In addition, the photoelectron
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Fig.2 Optical layout of BL-5B

spectra 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. Each chamber can maintain 16
samples of 25 mm corner because of industrial use.

Measurement

In BL-5B, absorption spectra by means of the
TEY method were obtained for standard samples
in the soft X-ray region. The carbon K-edge
near-edge X-ray absorption fine structure (NEXAFS)
spectrum of graphite is shown in Fig.3. The spectrum
have been normalized to I, and had a linear pre-edge
background removed. The peak at 285.4 eV [1]
appears clearly, which is due to Cls—n transition.
Additionally, the absorption spectra by means of
the TEY method were obtained for h-BN powder.
The boron and nitrogen K-edge NEXAFS spectrum
of h-BN are shown in Fig.4 and Fig.5, respectively.
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Fig.3 Graphite C K-edge NEXAFS spectrum
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Fig.4 h-BN B K-edge NEXAFS spectrum
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Fig.5 h-BN N K-edge NEXAFS spectrum
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Abstract
We have investigated the Au-SrTiO3(100) interface as a function of the Au evaporation using the
photoemission spectroscopy. In the valence band of SrTiOs, the broad state originating from O 2p
electrons and a state from Ti 3d electrons were observed between 3-9 eV and at 1 eV below the
Fermi level (Er), respectively. With increasing the Au evaporation, the decrease in intensity of the
state at 1 eV was observed. In the Ti 3p core-level, the decrease of the Ti*" states was observed
after Au evaporation. These results indicate that the electrons transfer from the Ti** states of the

SrTiO3(100) surface to the evaporated Au.

Introduction

Since Haruta er al. discovered the catalytic
property of Au atoms on the transition metal oxide
surface [1], many studies on the electronic and
geometric structures of Au-transition metal oxide
interface have been performed so far [2].
Particularly, the strong catalytic property was found
in Au clusters on the transition metal oxide with the
size of less than 10 nm, and the oxidation of CO and
the epoxidation of C3Hg were observed even at low
temperature [2]. In this study, we studied the
electronic structures of the Au-SrTiO3(100) surface
as a function of the Au evaporation using the
photoemission spectroscopy.

Results and Discussion

In Fig. 1, a photoemission spectrum of the Ti
3p, O 2s, and Sr 4p core-levels before Au
evaporation is compared to that after Au evaporation
of 5 A. Ineach Ti 3p, O 2s, and Sr 4p core-level, the
shift of the peak to lower binding energy side by 0.2
eV was observed after Au evaporation. In addition,
the intensity of the peak at ~35.5 eV decreased after
Au evaporation. In the previous photoemission
study of the Ti 3p core-level, the peaks at ~37.8 and
~35.5 eV were assigned to the Ti*" and Ti*" states,
respectively. The Ti3" states were produced by the
transfer of a electron to the Ti sites next to the
surface oxygen vacancies when the surface oxygen
vacancies were formed. Therefore, the decrease of
the Ti*" states after Au evaporation means that the
electrons transfer from Ti*" states tothe states to the

02eV Normal
Ti 3}7 H 216eV
&

O2s Srdp

s g

}'M,\ st

OZCV OZeV

[ BforcAuc aporation

®  After Au evaporation (5A )

""\

Intensity (arb. units)

./

I
40 35 30 25
Binding Energy (eV)

Fig. 1. Photoemission spectra of the Ti 3p, O
2s, and Sr 4p core-levels before Au evaporation
and after Au evaporation of 5 A.

evaporated Au atoms. Before Au evaporation, the Sr
3ds2 peak was located at 133.9 eV. With increasing
the Au evaporation at 5 A, the peak at ~133.9 eV
shifted to lower binding energy side by 0.2 eV. The
shift of the peak in the Sr 4p core-level is identical to
that in the Ti 3p, O 2s, and Sr 3d core-levels. In the
previous photoemission study of the annealed
SrTiO; surface, the band bending effect caused by
the surface Ti?* states was observed. Therefore, the
shifts of the Ti 3p, O 2s, Sr 3d, and Sr 4p core-levels
after Au evaporation are basically ascribed to the
band bending effect caused by the decrease of the
surface Ti3* states.

Figure 2 shows the photoemission spectra of
the Au 4f core-level as a function of the Au
evaporation. All spectra display Au 4f7, and 4fs»
spin-orbit doublet peaks located at ~84.4 and ~88.0
eV, respectively. At 0.5 A, the Au 4f7» peak was
located at 84.4 eV. With increasing the Au
evaporation at 1 A, the width of the peak at ~84.4
eV decreased drastically. In addition, the peak at
~84.4 ¢V shifted to lower binding energy side by 0.4
eV. The further shift of the peak position to lower
binding energy side by 0.2 eV was observed at 5 A.
In the top, the spectrum of the pure Au was
positioned for comparison and showed the peak at
83.8 eV, which is derived from bulk Au 4f
component. As for the peak at 83.8 eV observed on
the Au evaporated SrTiO; surface, the binding
energy position is identical to that of the bulk Au 4f

component.  Therefore, the peak at 83.8 eV is
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Fig. 2. Photoemission spectra of the Au 4f core-
level as a function of the Au evaporation.



assigned to the bulk Au 4f component. This indicates
that the deposited Au atoms at more than 1 A are
close to the pure Au. In Fig. 3, the shift of the peak
in the Au 4f core-level is plotted as a function of the
Au evaporation. Since the shift of peak in the Au 4f
core-level is different from that in the Sr 3d core-
level, the shift of the Au 4f core-level is not ascribed
to only the band bending effect (~0.2 eV).
Especially, at lower Au evaporation (0.5 A), the
electronic structure seems to be different from that at
higher Au evaporation. The shift of the Au 4f core-
level is not a charge-up effect of the substrate
because no such effect was observed under the
photoemission measurements of the clean
SrTiO3(100) surface. In the case of the Au
compounds, some Au 4f components on the higher
binding energy side were observed as compared to
that of the pure Au. However, the dependence of the
energy shift on the Au evaporation is not explained.
In the previous study of the Au-Si(100) surface,
Landree et al. pointed out a final state effect arising
from the formation of the Au cluster. According to
Landree et al., the screening of the core-hole
produced by the photoemission process is weaker
when the cluster size becomes small. The position
of the Au 4f core-level shifted to higher binding
energy side. Therefore, there is a possibility that the
shift to higher binding energy side is assigned to the
final state effect caused by the formation of the Au
cluster on the Au-SrTiO3(100) surface The
dependence on the Au evaporation is explainable in
the case of the final state effect.

Figure 4 shows the photoemission spectra of the
valence band as a function of the Au evaporation. In
the bottom, the spectrum of the clean SrTiO3(100)
surface is positioned. In the valence band region of
SrTiOs, the broad feature was observed between 3-9
eV. The broad feature between 3-9 eV is
predominantly derived from O 2p electrons [3]. At
0.5 A, a peak at 6.4 eV appeared and the width of
the broad feature increased. With increasing the Au
evaporation at 1 A, several peaks between 3 and 6
eV appeared.  With further increasing the Au
evaporation, the intensity of the peaks between 3 and
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Fig. 3. In the left axis, the shifts of the peak in
the Au 4f and Sr 3d core-levels were plotted as a
function of the Au evaporation. The position of
the state at 1 eV below Er is also plotted in the
right axis.

6 eV was dominant. For comparison, the spectrum
of the pure Au was also positioned in the top and
showed two peaks at 3.0 eV and 6.0 eV and a flat
feature between Er and 2 eV. Two peaks at 3.0 eV
and 6.0 eV were predominantly derived from Au 5d
electrons while the flat feature between Er and 2 eV
was predominantly derived from Au 6s electrons.
Therefore, several peaks between 3 and 6 eV are
predominantly derived from Au 5d electrons. In the
inset of Fig. 4, the photoemission spectra near Er
were extended. In the spectrum of the clean SrTiO;
surface, a state at ~1 eV below Er was observed.
The state at ~1 eV below Er was derived from Ti 3d
electrons [3], and was related to the Ti**-oxygen
vacancy complexes. With increasing the Au
evaporation, the intensity of the peak at ~1 eV
decreased rapidly and the shift of the peak at lower
binding energy side was observed. With further
increasing the Au evaporation at 5 A, the peak
disappeared with high background. The decrease in
intensity of the state at ~1 eV below Er suggests that
the electrons transfer from Ti3" states to the
deposited Au atoms. This is consistent with the
results of the Ti 3p core-level. In Fig. 3, the position
of the state at ~1 eV below Er is also plotted with
the Au evaporation. The shift of the state at ~1 eV
below Er is different from that in the Au 4f and Sr
3d core-levels, indicating that the shift of the state at
~1 eV below Er is not ascribed to only the band
bending effect. The state at ~1 eV below Er arising
from the Ti 3d electrons is positioned in the same
energy to the Au 6s electrons of the deposited Au. In
addition, the electrons transfer from Ti3' states to the
deposited Au was observed in this study. These
results suggest that the Au 6s electrons of the
deposited Au are hybridized to the Ti 3d electrons of
the substrate.

T T T T T T
Z% Valence
— §§§1§ | Normal
N1 =t =gl 7 ev
= .
s
g
2
%
i
Binding Energy (eV)
Fig. 4. Photoemission spectra of the valence

band as a function of the Au evaporation.
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Abstract
Structures of thin native oxide films on Zn-Al alloys, pure Zn and Al, which formed in
atmosphere, were investigated by means of photoemission spectroscopy using synchrotron
radiation (SR-PES) and Al-Ka radiation (XPS).
As a result, it is found that the surface compound of thin native oxide film on Zn-Al alloys
changes from zinc oxide to aluminum oxide with increasing Al content, and that the depth profile
of the structure depends on Al content. Additionally, the ratio of Al content in native oxide film is

more than that in Zn-Al alloy.

Introduction

Zn coating is one of useful methods for protecting
steel sheets against corrosion. Recently, several Zn-
Al alloy coatings, which have better corrosion
resistance than zinc coating, have been invented, and
the hot-dip Zn-Al alloy coated steel sheets, where Al
is added to the Zn coating in the weight ratio of 5%,
55% and so on, are produced commercially [1].

In the previous study, the effect of Al content on
the corrosion resistance of Zn-Al alloy coated steel
sheets has been reported by many researchers [2-5].
The thin and amorphous corrosion product films,
which are formed on coating in the early stages, can
be confirmed directly by means of SR-PES [6]. In
this study, the native oxide films on Zn-Al Alloys
were investigated by means of SR-PES (168eV and
252¢V) and Al-Ka radiation (1487¢V).

Experiments and Results
The materials employed in this study were Zn-Al

alloys and pure zinc and aluminum for comparison.
In Zn-Al alloys, Al was added to Zn in the weight
percent of 0.1~70%.

The specimens were prepared by cutting 10 x 10
mm plate from Zn-Al alloy ingots, and then they
were mechanically polished with diamond slurry.
Finally, all specimens were exposed to atmosphere
for a week. As a result, native oxide films were
formed on polished surface of Zn-Al alloys.

SR-PES was performed at BL-7B. XPS was
carried out with XPS spectrometer (VG
ESCALAB220i-XL) using monochromatized Al-Ka
radiation. Photoelectrons were detected at the angle
of 90° to the surface in SR-PES and at the angle of
40° and 90° in XPS.

Fig. 1 shows XPS (1487 eV) and SR-PES (168
eV, 252eV) spectra recorded on the native oxide film.
In native oxide films shown in Fig. 1 (b) ~ (d), Zn,
peak around 90eV and Al,, peak around 75 eV were
observed in XPS spectra. In the SR-PES spectra

Zny, Zny, Aly, Zny, Al Zny, Al Aly,
\/\ \/\ \_/\ l‘/\/\- 168eV
252eV
1486eV
(40° )
1436eV
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Binding energy [eV]

Fig.1 SR-PES (168eV, 252¢V) and XPS (1486¢eV) spectra of thin oxide film on Zn-Al alloys
(a) Zn, (b) Zn-0.2%Al, (c) Zn-15%Al, (d) Zn-45%Al, () Al



(168eV) of Zn-0.2%, Zn-15%Al and Zn-45%Al, Al,,
peak around 76eV was clearly detected, but Znj,
peak was not clearly observed. In XPS spectra of Zn-
45%Al and Al, Al,, peaks were assigned to Al metal.

Fig. 2 shows the peak analysis to clarify the
structure of native oxide films on Zn-Al alloys. Each
peak in photoemission spectra was divided into
Gaussian peaks with curve fitting method. The Al
content ratio was estimated from the peak intensity
ratio of Aly, to the sum of Al,, and Zns,. Each peak
intensity of Al,, and Zns;, were corrected by the
photo-ionized cross section, which was shown in Fig.
3[7].

AL,

Zng,

Exp.
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(AL
T @)
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Fig. 2 Peak analysis of Aly, and Zn3;, peaks
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Fig. 3 Photo-ionized cross section of Al, and Zn3,[7]

Fig. 4 shows the content ratio of Al to the sum of
Zn and Al. XPS analysis measured a component of
native oxide films on Zn-Al alloys. On the other hand,
chemical analysis determined a component of Zn-Al
alloys. Cleary, the ratio of Al content in native oxide

100 1A

—  —e— XPS(40%)

=3 801 —m—xps90)

fc‘ = 60 | —A— Chemical analysis

+ = ,

ST w0l

=8 Y

< 20

0
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Al/ (Zn+Al) [%] (Zn and Al)
Fig.4 Al/(Zn+Al) for Zn-Al alloy and native
oxide film on Zn-Al alloy

film was more than that in Zn-Al alloy. Therefore, it
is found that the native oxide films on Zn-Al alloys
are composed of much Al content, that is, Al oxide.

Fig. 5 shows the peak position of Zns, and Al,, in
XPS and SR-PES spectra. The detection depth in SR-
PES and XPS were estimated 1 nm or less and 4 nm
or less from the escape depth of photoelectron,
respectively [8]. Accordingly, it is concluded that the
depth profile of the structure in native oxide film is
depended on Al content in Zn-Al alloy, and that the
ratio of Al oxide in native oxide film increased with
increasing Al content in Zn-Al alloy.
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Fig. 5 Peak positions of Zns, and Aly, peaks
in XPS and SR-PES spectra
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Abstract

Synchrotron radiation without a spectrometer by the NewSUBARU is used to change the
refractive index in silica-based films for optical waveguide devices. Irradiated samples are shown
to have a thin reduction layer on the surface as well as a deep refractive-index-change layer. This
two-layer model after the SR irradiation is confirmed by both optical absorption and reflection
measurements. The thickness of the surface reduction layer is determined to be less than 45 nm by
etching the sample surface. Although the refractive index change is decreased drastically after
removing the surface reduction layer by etching, it still remains high (on the order of 10-?) enough

to apply the samples to various optical devices.

Introduction

We use synchrotron radiation (SR) for photo-
induced refractive-index modifications in silica-
based glasses for optical waveguide devices. Our
objectives are to induce large refractive-index
changes more effectively using SR without a
spectrometer, and to investigate their origins
depending on wavelengths in the SR spectra. Our
previous results) showed that a high refractive index
change by SR irradiation was obtained but also a thin
reduction layer was found on the sample surface
measured by XPS (X-ray photoelectron
spectroscopy). In our present experiments, the two
layer model including the surface reduction layer
after SR irradiation is characterized by optical
absorption and reflection measurements or others to
determine their parameters such as a thickness and a
refractive-index distribution.

Experiments and Results

Experimental conditions are almost the same as in
the previous experiments!). SR (from the
NewSUBARU BL6) was irradiated on samples
directly without a spectrometer. SR with an undulator
(from the NewSUBARU BL-7A) was also used to
investigate wavelength effects. The electron energy
of the SR was 1GeV (a wavelength range of more
than about 1nm without a spectrometer). GeO> doped
SiOz or pure SiO; glass films on Si substrates were
used in our experiments. Pure silica substrate without
a film was also used for an optical absorption
measurement. After the SR irradiation, refractive
indices for the samples were determined by an
optical reflection measurement for a film on a Si
substrate. XPS  measurements were also used to
characterize surface reduction states and their depth
distributions using a dry etching method.

We have measured optical absorption spectra for
samples of GeO: doped SiO2 films on silica
substrates and silica substrates without films as
shown in Fig.1. Dotted lines in Fig.1 indicate defects
of both Si E’ center (215 nm)? and oxygen deficiency
(245 nm). For silica glass in Fig.1, oxygen deficiency

defects at 245 nm are shown to be bleached and Si E’
centers peak at 215 nm is generated after SR
irradiation. After etching the sample surface to a
depth of 15nm, the absorbance decreases drastically,
this indicates removal of the surface reduction layer.
As the etched depth becomes deeper than the 15 nm,
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Fig.1 Optical absorbance for SR irradiated
samples of GeO: doped SiO; film on silica
substrate and silica substrates without films.
Optical absorbance is also shown at the bottom
for a sample of SR irradiated silica glass after
some etching processes.



the absorbance is still decreased but is almost
saturated at etched depths of deeper than 45 nm. The
saturated absorbance after the etching is higher than
an initial one before the SR irradiation, especially
around a wavelength of 215 nm. It is important that
almost only the Si E’ center peak at 215 nm remains
after etching the surface to a depth of 100nm. Figure
1 shows that the Si E’ center defects may be the
cause of the high refractive-index change without the
surface reduction layer in the SiO; glass after the SR
irradiation.

In addition, we measured optical reflection
spectra from the SR-irradiated films on Si substrates.
Measured spectra were analyzed to determine the
refractive indices and thicknesses by a simulation

Before irradiation

A=632nm

GeO, Si0, n=1.487

S1 substrate

After irradiation

Reduced layer [

26nm, Ny= 2.005

GeO, Si10, layer 1100nm, n,;= 1.497

S1 substrate

Afteretching

GeO, Si0, n=1.497

Si substrate

Fig.2 Parameters characterized by optical
reflection measurements and their simulations
for samples before, after the SR irradiation and
after etching the irradiated sample, respectively.

including interference between the film surface and
the interface to the substrate. The obtained values are
shown in Fig.2 for samples before irradiation, after
irradiation and after etching the irradiated one,
respectively. The two-layer model was successfully
used to determine the refractive indices and
thicknesses in a simulation for the optical reflection
spectra. The simulated thickness of the reduction
layer was almost the same as was obtained in the
previous XPS measurement?). Simulated refractive-
indices are shown in Fig.3 for samples of before,
after SR irradiation and after etching the irradiated
one. The refractive indices in Fig.3 were obtained by
fitting the measured optical reflection spectra to
simulated ones. Figure 3 shows that the refractive

index becomes high by the SR irradiation because of
the surface reduction layer, but it still remains high
for a sample after removing the reduction layer by
etching. This refractive index on the order of 1072
without the surface reduction layer is high enough to
apply it to optical devices. SR irradiation with an
undulator and the following analysis by XPS etc. is
now underway to investigate wavelength effects by
the SR irradiation.

Conclusions

For a sample irradiated by SR (BL-6) without a
spectrometer, the refractive-index changes were
analyzed successfully by a two-layer model including
a very high refractive-index layer by a reduction on
the surface and a high refractive-index layer without
the reduction. A thickness of the reduction layer was
determined to be less than 45nm by optical
absorption measurements. Large refractive index
changes (10-?) were remained in a SiO> film by the
SR irradiation after removing the reduction layer. Si
E’ center defects appeared in the film after the SR
irradiation, and their distribution was uniform in the
depth direction. Si E’ centers may be the cause of the
high refractive-index change for a sample without the
reduction layer.
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Fig.3 Refractive-index change for samples
before, after irradiation and after etching
determined by a simulation using the measured
optical reflection data.
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Inhibition of Carbon Deposition on the Multilayer Mirror
Surface by Introducing Water Vapor
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Abstract
In the EUV lithography tool, carbon thin film deposition on the surface of projection optics by
EUV irradiation degrades the reflectivity of the mirrors. An experiment was carried out to
investigate carbon deposition and its mitigation on the surface of Mo/Si multilayer mirrors by
EUV irradiation with the introduction of water vapor. In the experiment of carbon deposition by
EUYV irradiation in the coexistence of n-decane and water vapor, it was observed that carbon film
deposition was mitigated by controlling the water vapor pressure. However, the mitigation effect
on carbon deposition was not uniform for the EUV intensity, and a large non-linear dependency on

the irradiation flux was observed.

Introduction

Contamination on the optical surface of an
extreme ultraviolet lithography (EUVL) tool is one of
the critical issues to be solved to commercialize the
system. To develop a contamination-protection
technology for the surface of projection optics for an
EUVL system, various examinations were carried out
on Mo/Si multilayer mirrors. There are two kinds of
contamination by EUV irradiation on projection
optics. They are carbon deposition and oxidation of
the Si layer atop of a Mo/Si multilayer. Both types of
contamination decrease the reflectivity of multilayers
and cause a resultant decrease in the throughput of
the exposure tools. In our previous work [1], we have
found that carbon film deposition and surface
oxidation, which have been thought to occur
independently of surface degradation, are reactions
that occur competitively and antagonistically.
Therefore, it is important to balance the amount of
hydrocarbons that are the source of carbon film
deposition and that of oxidation gases, such as water
vapor. To extend this idea further and understand the
mechanism of the contamination, an experiment of
carbon deposition mitigation by EUV irradiation in
the coexistence of n-decane and water vapor was
carried out.

Experiments

The details of the EUV contamination evaluation
system that we used have been reported elsewhere
[2]. The sample was put in a holder fixed on x-z axial
automatic stages. The reflectivity of the sample was
measured by two photo-diode detectors (IRD,
SXUV-100), one of which measured the direct beam
intensity when the sample was removed from the
irradiation beam and another which measured the
reflection beam intensity. EUV irradiation and the
measurement of the relative reflectivity change were
carried out in situ. By regulating the beam size using
a 100 pm diameter pinhole in the reflectivity
measurement, the reflectivities of 11 different
intensity points were measured in one series of
irradiation and measurement. The reflectivity map

was also obtained by using the pinhole. The sample
holder was electrically insulated from the chamber,
and the electron emission current by EUV irradiation
was measured as the sample current. Using the
sample current with a monochromated photon energy
scan, in Situ analysis and elemental mapping of the
irradiated surface were carried out as soft X-ray
absorption spectrometry (XAS) with the total
electron yield mode [3].

The sample used for the EUV irradiation was a
Mo/Si multilayer mirror with a period of about 7 nm
and number of layer pairs of 50 and top of the surface
was coated by about 2 nm-thick Ru metal. The
ultimate pressure of the measurement chamber was
less than 2x107 Pa, and the main component of
residual gas was water (M=18). Two lines of a gas
introduction system were equipped at the
measurement chamber, and the pressure of gas was
controlled by a needle valve. In this experiment, one
line was used for introducing n-decane gas, and
another line was used for the introduction of water
vapor. The experimental condition of gas
introduction for the experiments is shown in Table 1.

Table I Experimental conditions.

n-decane pressure (Pa) 3.0 x 107
Water Vapor pressure  (Pa) 0, 13x10°

1.3x10% 5.0x10°, 3.0x10*
Results

Figure 1 shows the sequential reflectivity change
at the irradiation center of multilayer mirrors under
an atmosphere of a fixed n-decane pressure of
3.0x10° Pa as well as under a variable water vapor
pressure from 0 to 1.3x10” Pa . At a water vapor
pressure below 1.3x107 Pa, the relative reflectivity
increased by about 1% in the early stage of EUV
irradiation. The reflectivity then decreased gradually,
and the value became 97% at the EUV dose of 1200
J/mm?. On the other hand, at a water pressure greater



than 5.0x10° Pa, the rate of the reduction of
reflectivity was small, and the relative reflectivity
was 98.5% at the EUV dose of 1200 J/mm>.

P ecane=3-0E=6 Pa
_ —@— Only Decane
1.02 —A—P,,,=1.3E-6 Pa
~v—P,,,=1.3E-5 Pa
—O—=P,,,=5.0E-5 Pa

1.01+
1.00+
0.99
0.98+
0.97
0.96+
0.95

Relative reflectivity

200 400 600 800 1000 1200
Dose (J/mm?)

Fig. 1 Dose dependence of the relative reflectivity
change of Ru-capped Mo/Si multilayer mirrors by
EUV irradiation in the presence of n-decane gas
and water vapor atmosphere.

A reflectivity map of the irradiated area for the
sample of irradiation condition at an n-decane
pressure of 3.0x10° Pa and a water vapor pressure of
5.0x10” Pa is shown in Fig. 2. As shown in Fig. 2,
the shape of the reflectivity drop was similar to that
of a doughnut, which means that the reflectivity drop
at the irradiation center was not remarkable and the
value was almost equal to that at the non-irradiated
area. However, a large reflectivity drop occurred at
the periphery of irradiation center, where the EUV
intensity was rather small. The doughnut shapes of
the reflectivity distribution were observed for all
samples at water vapor pressures from 1.3x107 Pa to
1.3x10™* Pa.

Figure 3 shows the distributions of the XAS
intensity of (a): C-K and (b): O-K absorption edges
of the sample, which are nearly proportional to the
surface atomic density of carbon and oxygen
elements, as reported earlier [3]. The distribution of
the carbon density was trapezoidal for the sample at a

25.0 T . .
11.0 115 120 125 130

X (mm)

Fig. 2 Reflectivity map of the EUV-irradiated
area after irradiation in the presence of decane gas
at Pyecane= 3.6 E-6 Pa and Py,0=5.0 E-5 Pa at the
dose of 1200 J/mm?2.

water vapor pressure of 0 to 1.3x10° Pa. This
trapezoidal distribution was similar to the carbon
thickness distribution for the samples of only lower
decane gas pressures. On the other hand, for the
sample of a water vapor pressure higher than 1.3x10
5Pa, the carbon concentration at the irradiation center
decreased with increasing the water vapor pressure.
The shape of the distribution was similar to that of
the letter “M” (or two-dimensionally, doughnut-
shaped). The atomic concentration of oxygen at the
irradiated area decreased from the non-irradiated area
for the samples at water vapor pressures below
5.0x10” Pa. However, the concentration of oxygen
became high at the irradiation center for the samples
at a water vapor pressure of 1.3x10* Pa. The
problem of the non-linear behavior to the EUV
intensity in the atmosphere into which water
vapor was introduced still needs to be
resolved.

A part of this work was performed by using
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Fig. 3 Normalized photo-absorption intensity
distribution of (a): C-K and (b): O-K edges at the
EUV-irradiated area after the carbon-deposition
mitigation experiment by water vapor.
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Abstract

It is very important to mitigate oxidation of multilayer mirrors (MLMs) and carbon deposition
onto MLMs to extend the lifetime of EUV exposure tool. In order to estimate the lifetime, we have
to figure out scaling law. Previous results at EUVA have shown that carbon deposition rate on
MLMs is not proportional to every hydrocarbon partial pressure and every EUV intensity”™. In this
study we focused on carbon deposition on Si-capped multilayer mirror. We made experiments of
EUYV irradiation to the MLMs using two different apparatuses. One is connected to a beamline
(SBL-2) of synchrotron radiation facility Super-ALIS in the NTT Atsugi research and development
center, and the other is connected to a beamline (BL9) of synchrotron radiation facility New
SUBARU in the University of Hyogo. As the result of experiments, we found that different carbon
deposition rate occurred on the different beamlines, although they have the same average EUV
intensity. We present differences of carbon deposition rate on MLMs between two different
beamlines and estimation of carbon deposition rate on EUV tool analyzing dependences of carbon
deposition rate on characteristics of EUV source.

Introduction

HVM (High Volume Machine) of EUV Scanner is needed to operate for several years
without high maintenance cost. In order to estimate a lifetime for HVM, we have to figure out
scaling law. We focus on the scaling law of contaminations on multilayer mirrors (MLMs).
Carbon deposition on MLMs causes a damage of optical performances. We have to elucidate a
photochemical reaction of EUV irradiation to the MLMs and estimate carbon deposition rate
for HVM. We found that carbon deposition rate is not proportional to average EUV intensity
and hydrocarbon partial pressure34. But we do not know dependences of carbon deposition
rate on characteristics of EUV source. So we need to make a comparison between different
EUV sources to understand the reaction quantitatively.

Experiments and Results

We made experiments using two different beamlines. One is a beamline (SBL-2) of synchrotron radiation
facility Super-ALIS in the NTT Atsugi research and development center. The other is a beamline (BL9) that
is a long undulator in NewSUBARU synchrotron radiation facility in the University of Hyogo. Table 1 shows
characteristics of both the EUV beamlines. Experimental data of carbon deposition rate at SBL-2 and
reflectivity change at BL9 have been reported in detail in previous papers'™. We set an irradiation time at 2 to
9 hours to acquire samples with suitable thickness of deposited carbon to analyze. Therefore the irradiation
time is different every sample. We injected decane (C,oH,,) that was selected because its vapor pressure is
high enough to control its partial pressure easily in the irradiation chamber. Table 2 shows experimental
conditions of injected gases. We consider that the reason why water partial pressure is larger than
background pressure shown in Table 1 is to inject water with decane gas. We used X-ray photoelectron
spectroscopy (XPS) and obtained carbon deposition quantity from photoelectron intensity of C(1s). We can
detect Ru(3d3/2) and C(1s) with XPS, but both binding energy are near values. So we cannot discriminate
between Ru(3d3/2) and C(1s) peaks. Therefore in this experiment, we used multilayer mirrors of [Si(4.2
nm)/Mo(2.8 nm)]*° on Si-wafer, i.e. Si-capped MLMs. We converted photoelectron intensity of C(1s) into a
carbon film thickness. Furthermore, we calculated carbon deposition rate by dividing the carbon film
thickness by the total irradiation time. Average EUV intensity was calculated by dividing total EUV dose by
total irradiation time. We show dependence of carbon deposition rate on average EUV intensity in Fig. 1.
Injected decane pressures of Fig. 1(a) and Fig. 1(b) are ~1x10° Pa and ~2x107 Pa, respectively. Both results
show that the carbon deposition rate in BL9 is higher than that in SBL-2. Both carbon deposition rates are
saturating following average EUV intensity increasing. Comparing with both saturated carbon deposition rate,



carbon deposition rate in BL9 is 3 to 5 times higher than that in SBL-2. The minimum average EUV intensity
to saturate carbon deposition rate in BL9 is over 4 times higher than that in SBL-2. The results show that a
carbon deposition rate depends not only on average EUV intensity, but also on other characteristics of EUV
source that can be source frequency and pulse width of EUV light.

Several models of the photochemical reaction under EUV irradiation have been reported™. In this study
we used NIST (National Institute of Standards and Technology) simple thick-C-growth model'® shown in Fig.
2 and we have fitted our experimental data of carbon deposition rate using the model. Surface reaction in
EUV light unirradiated is as follows:

8.0 _, () S.0) 8.0
dt ’ S T

Max S

Photochemical reaction in EUV light irradiated is described as follows:
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Su(t) is coverage of adsorbed intact molecules [molecules *cm™]. Sy, is site-limited max coverage (=
~IML). Zp is impingement rate [molecules*cm™*s™']. 1 is surface-residence time [s]. Igyy is incident EUV
intensity [photons*cm™*s™']. o, is total cross section [cm?]. Carbon-growth rate, k [C atoms*cm™*s], is
described as follows:

k=wW_["T o S (t)dt

v is source frequency. t, is pulse width. I, is peak intensity when square wave pulse is assumed. N¢ is a
number of carbon atoms in a hydrocarbon molecule. Solving and using these equations, our experimental
data in SBL-2 were fitted with fitting parameters of surface-residence time and total cross section. We used
three experimental conditions at SBL-2. These partial pressures of decane are 1.2x10°, 7.3x10” and 2.3x107
Pa. The total cross section G, was 6x10° cm®. The obtained total cross section is large comparing with
photo-absorption cross section (3x10" cm*/atom) at EUV of “Si”. ASET has reported surface-residence time
of H20 on Si is two microseconds''. NIST has also reported surface-residence time of benzene on C/TiO2,
benzene on TiO2 and methyl methacrylate on TiO2, are 1x10°~1x107 sec., 1x10™~1x10? sec. and 10~1000
sec. 2, respectively. Our residence time (5x107'° sec.) is shorter than theirs. The parameters need to be
verified and modified. And calculation result does not correspond with our experimental result in higher
partial pressure 6x10” Pa. In EUVL symposium 2008, NIST has presented that a carbon growth has
logarithmic dependence over multiple decades of hydrocarbon pressure, which suggests adsorption model
similar to Temkin isotherm'2. So we can use the equation and parameters in the limited conditions between
1.2x10° and 2.3x107 Pa. Using above parameters and equations we calculated dependences of carbon
deposition rate on average EUV intensity. The results are shown in Fig. 1 that has the same experimental
conditions as the experiments. We can see that calculation results have the same behavior of the experimental
result. So this indicates the possibility that source frequency and pulse width affect the carbon deposition. We
estimate dependences of carbon deposition rate on several source parameters. We calculate with three
different pulse width, 2.6x10"", 1x10® and 1x10™ seconds, and also calculate with three different source
frequency, 5x10%, 5x10* and 150 Hz. We assume decane as an induced hydrocarbon molecule and partial
pressure 1x107 Pa. Average EUV intensity is 0. mW/mm®. The dependences of carbon deposition rate on
source frequency and pulse width are shown in Fig. 3(a) and Fig. 3(b), respectively. The dotted circle
indicates experimental conditions. Figure 3(a) shows that carbon deposition rate is proportional to source
frequency in low source frequency. The other hand, carbon deposition rate is saturated in high source
frequency. We have considered that carbon deposition rate is limited by hydrocarbon pressure in low source
frequency and by number of photons in high source frequency. Figure 3(b) shows that carbon deposition rate
is proportional to pulse width in short pulse width and is saturated in long pulse width. These phenomena are
caused by the same reason as the dependence on source frequency.

In conclusion, we made experiments using two different beamlines and figured out the scaling law for
two beamlines. The carbon deposition rate depends not only on average EUV intensity. We used NIST
simple thick-C-growth model and fitted our experimental data of carbon deposition rate. Using the model and
assuming parameters, we calculated dependences of carbon deposition rate on average EUV intensity. The
calculation results have the same behavior of the experimental data from 2.3x107 to 1.2x10 Pa of decane
partial pressure. As the calculation parameters are different from what we expected, the dependence of
carbon deposition rate on characteristics of EUV source is not completely understood. Therefore the reaction
model needs to be verified and modified. There are also a lot of other works to be figured out in the future,



which is dependence of carbon deposition rate on hydrocarbon partial pressure, on gas species and on
capping layer. Standing wave effect and quantitative data, total cross section and residence time in an each
gas species and capping layer material, also need to be figured out. Finally, It is important to make an
experiments using EUV source which has source frequency and pulse width like those for high volume
machine to figure out the scaling law.

A part of this work was performed as a research and development program of Ministry of Economy Trade
and Industry (METI) and New Energy and Industrial Technology Development Organization (NEDO) under
the management of Extreme Ultraviolet Lithography System Development Association (EUVA).

Table 1. Characteristics of the EUV beamlines.

Beamline | Maximum EUV intensity | Diameter of EUV Source frequency | Pulse width | Background pressure
(mW/mm?) irradiated area (mm) | (MHz) (psec.) (Pa)
SBL-2 12~24 2 125 78 <5x107
BL9 ~200 2 500 26 <5x107
Table 2. Experimental conditions.
Beamline Decane Water Total pressure Irradiation time
partial pressure (Pa) partial pressure (Pa) (Pa) (hrs)
6.0X10°5 2.1X10°6 6.5X10°5 4
1.2X10°6 4.6X1077 1.9X10°6 5
SBL-2 7.3X1077 3.6X1077 1.1X10°¢ 5
2.3X10°7 3.0X1077 5.8X1077 8
BLO 1.2X10°6 3.3X10°6 5.0X10°6 1.3
2.5X1077 3.5X1077 7.0X10°7 2.7
(a) (b)
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Figure 1. Dependence of carbon deposition rate on average EUV intensity
Experimental data and calculation results at both beamlines are shown in Fig. 1(a) and Fig. 1(b).
Decane pressures are 1.2 x 106 Pa in BL9 and 1.2 x 106 Pa in SBL-2 in Fig. 1(a). Decane
pressures are 2.5 x 107 Pa in BL9 and 2.3 x 107 Pa in SBL-2 in Fig. 1(b).

ZP \ 1/2,'S

Flrtedd sv0 g

Surface

IEUV

Figure 2. NIST simple thick-C-growth model.
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Figure 3. Dependence of carbon deposition rate on source frequency and on pulse width.
Dependence of carbon deposition rate on source frequency and on pulse width are shown in Fig. 3(a) and
Fig. 3(b), respectively. Dotted circle indicates experimental conditions.
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Improvement of EUV-mirror reflectance measurement
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EUV-mirror reflectance changes during EUV irradiation (13.5nm) have been measured as lifetime
tests of multilayer mirrors (MLMSs) on the beamline 9. To evaluate the mirror reflectance changes

due to EUV irradiation, the reflectance measurement error is required to be less than +/- 0.5%.

In Beamline 9 of NewSUBARU , we can measure two beam positions near a focus point of the
beam line and just in front of sample position, which were used for the beam position adjustment.
We can also measure the EUV beam intensity through a pinhole in a 100um diameter, which has

been used in a reflectance measurement.

Changes in beam intensity through a pinhole set just in front of sample position and beam

positions along horizontal and vertical axes at near a focus is shown in Fig. 1.

Comparing the beam position near the focus and the beam intensity, it was found that a part of
experimental errors were originated from both horizontal and vertical drift of beam positions during
the reflectance measurements of 5 or 6 min. It was also found that jumps of beam position, which
may be connected to COD correction. In addition to the beam drifts, the noise of the EUV detector
output in the reflectance measurement system (the ammeter read error ) affects to experimental error.
Each experimental error was estimated to be +/-0.2% for the horizontal drift, +/- 0.25% for the
vertical drift, +/- 0.35% for the beam jump, and +/- 0.2% for the read error of the ammeter. The total
experimental error, which was convoluted from each error, was about +/-0.5%. The experimental
error width was not small for mirror reflectance measurements. The system was improved as
follows:

1. The feedback system of the beam position was improved by changing amplifiers of the position

measurement to be faster, which makes the beam drift small.

2. The read error of the ammeter was improved to +/-0.1% by changing the integration time which

octuple from 166 ms to 1.33 s.

3. The measurement data at the beam jump are omitted using a revised measurement program



code easily. Using the revised code a reflectance measurement is able to be done within 1 min

from 5-6 min.

Each experimental error improves to +/-0.15% for the vertical drift, +/- 0.1% for the read error of

the ammeter, and the errors for the horizontal drift and for the beam jump can be negligible. The

total experimental error +/-0.2% was achieved.

This error can be small enough to measure the reflectance change in recent evaluated

samples.
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Fig. 1. Changes in beam intensity through a pinhole set just in front of sample position and beam

positions along horizontal and vertical axes at near a focus in Beamline 9.
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Abstract
Ultra fine grained (UFG) materials of SUS316L and W were fabricated by mechanical alloying
(MA) and hot isostatic pressing (HIP) treatments. It was found that addition of about 1 % TiC
powder was effective to reduce the grain size down to 100nm, and the materials exhibited superior
irradiation resistance and mechanical properties. The electronic states of the TiC in the UFG
materials were analyzed by XANES spectroscopy at NewSUBARU BL9.

Introduction

Life extension of nuclear power plants is one of
the major recent targets to be developed for
economical electric-power generation. The extension
means prolonged use of nuclear fuels and core
reactor materials in nuclear reactors. On the other
hand, in the J-PARC program, which is a large
accelerator development project in Japan to promote
use of secondary particles, such as neutron, pi- and
myu-particles, neutrino and so on, produced by high
energy proton beam bombardment. For the neutron
source in the J-PARC facility, liquid mercury target
enveloped with metallic container is planned to be
adopted.

The metallic materials are likely to deteriorate in
the nuclear water reactors due to radiation hardening,
embrittlement, and/or stress corrosion cracking. The
environment for the materials of the neutron source
in J-PARC is much severe. It is strongly expected
that the materials are developed so as to show tough
resistance for such phenomena.

We are developing ultra-fine grained materials of
austenitic stainless steel (316L) and W with addition
of small amount of TiC powder. In this work,
electronic state analysis of TiC in the W-TiC
materials was investigated by XANES spectroscopy
in order to elucidate the effect of TiC addition.

Experiments and Results

Fabrication of ultra-fine grained materials

Ultra-fine grained materials of austenitic stainless
steel (SUS316L) and W were fabricated by
mechanical-alloying (MA) and hot isostatic pressing
(HIP) treatments. Powder of SUS316L (an average
particle size: 44 — 105 m) or pure W (4.0 u m),
combined with TiC (0.57 and 40 . m, respectively),
were used as the starting materials.

The SUS316L-1.0wt.% TiC materials with the
average grain sizes of 100 nm were obtained by 80 %
cold roll and annealing at the temperature of 800°C,
after MA and HIP (800°C) treatment. The fabricated
materials have exhibited good resistance to neutron
irradiation examined in JIMTR up to 1.14 x 10%* n/m?

(Ex>0.1 MeV). The hardness increase of the materials
after the irradiation is only 6.0 %, though much
higher increase (73 %) is shown in the simultaneous
irradiation of the standard SUS316L specimens. The
lower void swelling of the ultra-fine grained
materials than standard 316L is also found in 1 MeV
electron irradiation, as shown in Fig. 1.[1,2]
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Fig.1 Void swelling of the UFG SUS316L-TiC
irradiated by 1 MeV electrons at 400°C

The ultra-fine grained (UFG) W-1.1wt% TiC
materials are obtained with the grain size of 50 — 100
nm, and have exhibited superior resistance to the
irradiation with neutrons and helium-ions.[3,4]

Electronic state analysis of TiC in UFG materials

In the fabrication of the UFG materials, small amount
(about 1 wt.%) of TiC addition is found extremely
effective to control the grain size in both materials of
SUS316L and pure W, as described above. Although
it is suggested that TiC nano particles act so as to pin
the grain boundary during the fabrication process,
what kind of interaction of TiC with matrix materials
is concerned, and by what mechanism the pinning is
governed are not clear.

We tried to measure the electronic states of Ti in the
W-1.1wt.% TiC consolidates, as a preliminary step to
elucidate the behavior of Ti or TiC in the fabrication
process. XANES spectroscopy was performed at the
end-station of the long undulator beamline BL9 in
the NewSUBARU SR facility using a high resolution



monochromator [5]. The data were collected by a
total electron yield (TEY) mode in which the sample
current was measured when the photoelectron
emitted by soft x-ray absorption. The values were
normalized with a simultaneously recorded
photoemission signal from a gold mesh, which
indicate the soft x-ray intensity incident into the
sample. The measurement system is shown in Fig. 2
schematically. At the present time, XANES spectra of
Ti-L and C-K absorption edge of TiC in the W-
1.1wt.% TiC consolidates were measured.

insulated holder
rear focusing mirror (M2) sample

f
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source ;(\Ti slit “ A
Z pico-am
plane VLS grating meter

Fig.2. Schematic diagram of XANES measurement
in total electron yield mode

Fig. 3 shows Ti-L,3 absorption spectra for pure Ti
(99.99 %) metal and TiC powders measured for
reference before the XANES study for the fabricated
W-TIiC materials. A peak of Ti-L, (2py2) and Lj
(2p32) was observed at 465.9 eV and 461.4 eV,
respectively, in the Ti specimen. On the other hand,
each of L, and L; spectral line exhibits twin peak
structure with an additional line with a separation of
about 1.5 eV for the TiC powder specimen. The
spectral variation is reflected by electronic structure

due to different chemical state.
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Fig.3. Ti-L, 3 edge XANES spectra of Ti and TiC

Fig.4 shows XANES spectra of Ti-L,; for the UFG
W-1.1wt.% TiC specimens. Three kinds of materials,
which  fabricated by different environment
mechanical alloying in order to investigate the plastic
behavior, are examined. That is, #A,; treated at
1650°C in H, environment, #B; treated at 1650/
1850°C in H, environment, #G; treated at 1650°C in
argon environment. The materials treated in H, are
found to exhibit a large strain rate sensitivity of flow
stress, m, of 0.5 — 0.6, which is a feature of
superplastic materials, while the ones treated in argon
exhibit a smaller m value of approximately 0.2.[6]
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Fig.4. Ti-L,3 edge XANES spectra of UFG W-TiC
materials

The XANES spectra observed show characteristic
twin peak structures for both L, and Ls, which are in
general agreement with the spectra shown in TiC
powders. Somewhat deformed profiles of the twin
peaks in the W-TiC materials may be due to the
existence of partly decomposed Ti and/or other
chemicals such as oxides or nitrides. Although we
tried to measure Ti-L,; electrons for the W-TiC
specimens by the XPS previously, the electrons was
hardly observable, the present XANES studies were
successful as described above.
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Fig.5. C-K edge XANES spectra of TiC and UFG W-
TiC materials

The XANES spectra of C-K edges for W-1.1wt.%
TiC and powder TiC are compared in Fig. 5. The
reduction of = * peak at 285 eV and enhancement of
the peak at 288 eV is prominent for the W-1.1wt.%
TiC specimens. This change may give an important
electronic state transition information during the MA
and HIP process in the UFG material fabrication.
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Abstract
Soft X-ray Absorption Spectra (XAS) of Ti-L,3 and O-K edges were measured for the samples of
TiO, thin films prepared by magnetron sputtering technique. The samples were deposited by
reactive RF-magnetron sputtering system at incident angles of sputtered particles to substrate
normal of 0° (normal) and 80° (GLAD). The samples were also annealed at 300°C. The Ti-L,3
edge spectra indicates that the prepared samples contain almost the same amount of rutile and
anatase crystalline structures. It was also found from the O-K edge spectra that the absorption
intensity of the broad peak, 10 eV higher energy than the O-K edge, increased remarkably

compared to t,4 and eq peaks by the annealing.

Introduction

Titania (TiO,) is known as a material which
shows a strong oxidative power by UV irradiation
and is actively studied in the wide fields of photolysis
of water, sterilization and superhydrophilic treatment
of solid surfaces etc. It is desirable for titania thin
films used as photocatalyst that the specific surface
area of thin film is made as large as possible. We
have shown that oblique columnar structures evolved
in sputter deposited films when they were grown
under a highly oblique angle (e.g. 80°) between the
flux of sputtered particles and the substrate normal
[1]. This technique is called as glancing angle
deposition (GLAD) and has a potential to provide
materials with a large specific surface area. We
adopted this technique to prepare the TiO, thin film
and compared the normally (0°) deposited one.

Titania is known to take crystalline structures of
rutile and anatase, mainly. It is also said that the
photocatalytic activity of anatase structure is much
higher than that of rutile structure. However, in the
preparation of TiO, thin film, it is sometimes very
difficult to identify the structure of the thin film
because the intensity of X-ray diffraction is generally
very weak. In this study, we tried to identify the
structure of prepared TiO, thin film with the use of
soft X-ray absorption spectra (XAS). We also
investigated to compare the difference in
photocatalytic activities between as-deposited and
annealed samples as a difference of electronic
structures obtained by the XAS.

Experimentals

The TiO, thin film samples were prepared by RF-
magnetron sputtering technique. A reactive sputtering
deposition was carried out with a use of Ti metal
target and mixture gas of Ar and O,. The substrate
was a Si wafer and the sample holder was able to tilt
from the sputtered particle beam. The incident angles
of sputtered particles to substrate normal were chosen
0° (normal deposition) and 80° (GLAD). A part of
prepared samples were annealed at 300°C for 60 min
in an air environment.

The evaluation of photocatalytic activity was
conducted by measuring the absorbance change of
methylene blue solution, in which prepared TiO, film
was dipped and UV light was irradiated for 1 ~ 24
hrs with the use of a black light [2].

XAS of the samples were measured by the
spectrometer at the beamline 9 (BL9) in the
NewSUBARU SR facility. Total electron yield
(TEY) method with sample current mode was
employed for the XAS measurement. The
measurement was carried out at the absorption edges
of Ti-L,3 (~455 eV) and O-K (~530 eV). The
measurement was also carried out for TiO, powder
samples with rutile and anatase structures as
references.
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Fig. 1 XAS of rutile and anatase powder samples.



Results

Figure 1 shows the XAS near the (a): Ti-L,3 edge
and (b): O-K edge of rutile and anatase powder
samples. Both spectra are very similar to those
reported previously [3]. Ti-L; and L, resonance
absorption peaks in both powder samples are split
into two peaks, which is resulted from the energy
split of Ti3d and O2p hybridized orbits by oxygen
tetrahedral ligand field. The peaks in lower and
higher energy is called “t3” and “ey”, respectively.
The spectra of Ti-L,3 edges for rutile and anatase
powder samples are very similar in each other. The
most remarkable difference in both spectra is that the
peak of e, in L edge is leaned to higher energy for
rutile sample and to lower energy for anatase sample.

The lower energy peaks of O-K edge for both
samples are also split into two peaks, which are also
resulted from the same ligand mechanism. The peaks
are also called “t;” and “e;”. In the O-K absorption
spectrum, there is a broad peak at about 10 eV higher
than the absorption edge at 530 eV, which is
understood to be resulted from the O2p hybridized
orbits with Ti4s and Ti4p.

Figure 2 shows Ti-L,3 XAS of TiO, thin films
prepared by (a): normal deposition and (b): GLAD.
These spectra are very similar to those of reference
powder samples. As shown in Fig. 2, the g4 peak of
L3 edge split further into two peaks. These peaks are
corresponded to e, peaks of rutile and anatase
structures as mentioned in Fig. 1. The intensity of

as—deposied
-1 annealed
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0 . . .
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Photon energy [eV]
(a) Normal deposition

......... . annealed
ol —— as—deposited
t29 eg
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450 460 470 480

Photon energy [eV]

(b) GLAD

Fig. 2 Ti-L,3 XAS of TiO, thin films prepared by
normal deposition and GLAD.

both split peaks are almost the same. Therefore, we
can estimate that the prepared sample contained
almost the same amount of rutile and anatase
crystalline structures in both samples of normal and
GLAD.

As shown in Fig. 2(b), anatase/rutile ratio of TiO,
thin film deposited by GLAD was not changed by
annealing with 300°C. On the other hand, as shown
in Fig. 2(a) for normal deposited sample, the amount
of rutile structure is a little greater than that of
anatase structure in the as-deposited sample.
However, anatase/rutile ratio increases slightly by
annealing with 300°C.

Figure 3 shows the O-K edge spectra of normal
deposited TiO, thin films. In the O-K edge spectral
profile, the shape of t,q and ey peaks is similar to
those of reference powder samples. However, the
profile of broad peak at higher energy is like an
intermediate shape of rutile and anatase structure.
The intensity of the broad peak at the higher energy
increased remarkably compared with those of tq and
ey peaks by annealing. This intensity increase by
annealing was also observed in the sample of GLAD.
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Fig. 3 O-K edge spectra of normal deposited TiO,
thin films.

According to the experiment of photocatalytic
activity evaluation, the photocatalytic activity of the
film annealed at 300°C was observed to increase.
Therefore, there is a good correlation between the
increase in photocatalytic activity and that in
absorption intensity of broad peak at higher energy of
O-K edge by the annealing. There might be some
relation between the local structural change by
annealing and change in O2p hybridized orbit with
Tids and Ti4p.
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Abstract
Soft X-ray emission spectrometer is currently under development to the beam line, BL9a.
Outlines of the emission spectrometer are given and the progress of the development is reported.

Introduction

Soft X-ray emission spectroscopy (soft XES)
provides a means of probing the partial occupied
density of electronic states of a material. When
energetic beams such as synchrotron radiation or ion
beams are irradiated to target materials, inner shell
electrons of the constitution elements of the target are
excited to unoccupied levels above the Fermi level.
Spectra obtained from the X-ray absorption
spectroscopy (XAS) reflect the electron density
distribution of unoccupied energy levels.

To the radiation-induced inner shell holes,
electrons of the occupied higher energy states transit
to the holes and X-rays with excess energy are
emitted subsequently. Spectra obtained from the XES
reflect the electron density distribution of the
occupied energy levels under the Fermi level. XES is
element- and site-specific, hence it is a powerful tool
for determining detailed electronic properties or
chemical structure of materials.

As the X-ray emission is a relaxation process
following primary X-ray absorption one, the intensity
of emitted X-ray is generally very weak. Accordingly,
the soft X-ray emission spectroscopy requires
intensive excitation source, in anyway we can use ion
beam or light source, so as to accomplish a high
precision experiment within a limited amount of time.
Hence light source with high luminosity from a
synchrotron radiation is advantageous.

The beam line, BL-9a, with the long undulator
emission provides energy-variable intensive light
source. To this beam line, a soft XAS system has
been applied and effectively utilized for investigation
of surface structure of solids. In addition to the soft
XAS system, it is desirable to equip a soft XES
system so as to improve detecting systems for the
phenomena related to soft X-rays. In the present
report, basic outline and progress situation of the soft
XES under development are reported.

Outline of the soft XES under development
The soft XES under development is a type of
the wavelength dispersive X-ray spectrometer
(WDS). It has been originally designed by the
group of one of the authors, K. Taniguchi, for
observation of photo-emission phenomena from
target materials irradiated by energetic-ions. In
the present development, the design of the

spectrometer is modified and improved to install
to BL-9a of the New SUBARU.

Fig.1, shows the partially build-up inner parts
of the spectrometer. In the figure, S, G and D are
the emitted X-ray entrance slit, the diffraction
grating and the CCD detector, respectively. The S
and G are attached to a support frame which is

emission

Fig.1 Inner view of the X-ray
spectrometer (XES). S: entrance slit, G: concave
diffraction grating, D: CCD detector. Fland F2 are
conflate flanges. They are connected by a welding
bellow.

fixed to the flange F1. The F1 is connected to a
port of the target chamber. The detector D is
mounted on a support frame which is fixed to the
flange F2. The F2 is independently shifted the
position in the horizontal (X-axis) and the vertical
('Y-axis) directions in order to lie the detector on a
circle called the Rowland circle.. The angle of D
(6-axis) can be adjusted so that the surface is
tangent to the Rowland circle. Each movement of
three axes is driven by a stepping motor. The F1
and F2 are connected by a welding bellows.

The stepping motors are Oriental motor
products. The ones for X and Y axes are equipped
with magnet brakes. All of the motors are driven
and controlled by a driver and controller unit,
Mark204-MS, which is a Sigma-koki product.
This unit is equipped by a GPIB terminal through
which the system is controlled by a personal
computer, using the software, LabVIEW.

The grating is a type of concave diffraction
grating with 3600 lines/mm. The CCD detector is
two dimensional type with the area of 10x28 mm?,
The center of the detector is set so as to be
tangent to the Rowland circle, hence peripheral



aberration is processed by an image-processing
method in order to maintain the good resolution.
The CCD detector is cooled through a cold finger
attached to the cylindrical Dewar vessel which
can be seen in the Fig.1.

We have also another detector, silicon drifted
detector (SDD). This is a type of energy
dispersive X-ray spectrometer (EDS). The WDS
detector has an advantage of good resolution and
a disadvantage of long measurement time. In
contrast, EDS detector has an advantage of short
measurement time and a disadvantage of low
resolution. According to experimental purposes,
EDS is more suitable than WDS. We have a plan
to attach the SDD to a port of the target chamber.
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Abstract
The demand of micro-fabrication such as microactuators, microcoils, smart sensors is increasing.
Actuators, which held big volume and weight with a part of a product, have been required to
reduce their size. However, the miniaturization of electromagnetic actuators has made little
progress since it requires three-dimensional micro-fabrication processing and new technologies.
Therefore, we have fabricated a spiral microcoil with narrow pitch and high aspect ratio coil line
structures using a deep X-ray lithography and metallization techniques. We have fabricated spiral
microcoils at a pitch of 20 um. Thus, an aspect ratio of coil lines was achieved about 5 as coil lines
of 10 um. In the case of 30 um line and space pattern, we obtained an aspect ratio of about 3. By
using these techniques, microcoils with narrow pitch and high aspect ratio can be achieved, which

are expected to yield high performance.

Introduction

Recently, the demand of micro-fabrications such
as microactuators, microcoils, sensors, etc is very
increasing. Actuators, which hold big volume and
weight with a part of a product, have been required to
reduce their size. However, the miniaturization of
actuators has made little progress since it requires
three-dimensional (3D) micro-fabrication processing
and new technologies. On the other hand, LIGA
(German acronym for Lithographite Galvanoformung
and Abformung) process [1] can be fabricated nano
and micro parts for devices. This technique is
possible to make high aspect ratio structure fixed the
narrow pitch of coil line and space. In addition, the
X-ray exposure stage was carried out with the
workpiece held in a specially manufactured nine
parts operation [2]. Thus, this stage makes it feasible
to do 3D deep X-ray lithography for microcoils.
Therefore, we have fabricated a spiral microcoil with
high aspect structure for electromagnetic type
microactuators using a 3D deep X-ray lithography
and metallization techniques.

Design of electromagnetic actuator

As the structure of the magnetic circuit, we used
the type called open frame solenoid, which is open
on the sides [3]. The material of electromagnetic core
(fixed core and plunger) and shield parts (yoke) were
used Permalloy that is a nickel iron alloy, because it
has the largest permeability among soft magnetic
metals. When the electrical supply to the coil is
turned on, a magnetic flux forms in the gap,
deforming the magnetic field and producing suction
force on the plunger. If the aspect ratio is increased,
the cross section area of coil lines is also increased
allowing a greater current path. Then, the magneto
motive force is proportional to the squares of current
path in the microcoil in this model. This
microactuator having the high aspect ratio of coil line
is also expected a high performance in spite of
miniature size.

Fabrication process of microcoil

X-ray lithography was carried out for deep X-ray
lithography in New SUBARU synchrotron radiation
facility of our university at the operation energy of
1.5 GeV. The surface of acrylic pipe for a screw
thread structure, this is the coil part, has made using
LIGA process.

Figure 1 shows the fabrication process of
microcoil. First, a cylindrical structure was formed
on the surface of acrylic pipe by X-ray lithography.
Next, copper was thinly deposited on pipe surface by
sputtering in order to use as a seed layer in the
electroforming. And, copper was formed into narrow
pitch spiral structure by electroforming. Then, pipe
surface was completely covered with copper film.
Finally, forming Cu layer over the pipe surface was
etched until the isotropic portions of wiring were
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Fig. 1: Process flows of microcoil



exposed. We have fabricated a spiral microcoil at a
pitch of 20 um, as shown in Fig. 2. Thus, an aspect
ratio of coil lines was achieved about 5 as coil lines
of 10 um. In the case of 30 um line and space pattern,

Aspectratio 5 or more

Fig. 2: SEM image of coil lines with aspect ratio
of 5

we obtained the aspect ratio of 3. Following the seed
layer deposition, we formed uniform copper
electroplating for the current path of microcoils. In
this result, it was able to be confirmed that plating
developed to reach the bottom surface of the grooves,
as shown in Fig. 3. Finally, Isotropic copper etching
was performed until the insulated portions of the
wiring were exposed, as shown in Fig. 4.

Fig. 3: SEM image of coil lines after copper
electroforming
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Fig. 4: SEM image of coil lines by isotropic
copper etching

Measurement of suction force

We have also fabricated a measurement system to
measure the suction force of designed electro-
magnetic type actuators. This system is very simple
structure and easy to exchange the coil part. The gap

between plunger and fixed core was adjusted X-, Y-
stage. The theoretical values by simulation and actual
measurement results of suction force generated by
the microcoil were compared, as shown in Fig. 5.
These results are relatively in good agreement with
theoretical values.
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Fig. 5: Suction force comparison between
measurement values and simulation
results

Conclusions

We have fabricated microcoils with high aspect
ratio using a 3D deep X-ray lithography and
metallization technique in order to produce
electromagnetic microactuators. We succeeded in
producing a threaded structure with10 pum in coil
lines width and about 5 in the maximum aspect ratio.
On the other hand, we produced a measurement
system to measure a suction force. In this
measurement, theoretical values by simulation results
and actual measurement of suction force were
compared. By using these techniques, microcoils
with high aspect ratio can be achieved, which are
expected to yield high performance. It is anticipated
that high performance microcoils could also be
manufactured, in spite of their miniature size.
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Fabrication of X-ray Grating Using X-ray Lithography
Technique for X-ray Phase Imaging
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Abstract
X-ray radiographic imaging technique is very important in medical, biological, inspection,
material science, and so on. However, it is not enough to obtain clear X-ray images of samples
with low absorbance materials, such as biological soft tissues. Then, we have used an X-ray phase
imaging method of an X-ray Talbot interferometer. In this method, X-ray gratings were required to
have narrow pitch and high aspect ratio structure. Therefore, we have developed and fabricated
high aspect ratio X-ray gratings with a pitch of 5.3 um, a height of 30 um, and a large effective
area of 100 mm x 100 mm using X-ray lithography and narrow electroforming technique. In this
paper, we discuss the fabrication process of X-ray gratings and results of X-ray phase tomography

using an X-ray Talbot interferometer with these X-ray gratings.

Introduction

X-ray radiographic imaging technique is very
important in medical, biological, inspection, material
science, and so on. However, it is not enough to
obtain clear X-ray images of samples with low
absorbance materials, such as biological soft tissues.
On the other hand, several methods for generating
radiographic contrast from the information of X-ray
phase shift have been investigated. It is improvement
in the high sensitivity by about 1000 times higher
than by conventional absorption contrast.

Numerous researchers have studied a variety of
methods of phase imaging [1,2]. X-ray Talbot
interferometer (XTI) is one of the methods of X-ray
phase imaging [1]. It offers many advantages: a) it is
a very simple setup using two gratings; b) it does not
need a high mechanical stability; c) a widely area
imaging is possible; d) a detector for imaging does
not need a high resolution, and e) it functions with a
broader energy band width much than in the case of
using crystal optics. Therefore, these advantages have
made the XTI attractive for application in medical
diagnostics. In order to use 10-40 keV X-ray
irradiation, the Au thickness of absorptive material
must be over 20 um. But, it is not straightforward to
make this structure with high aspect ratio by
conventional techniques. Then, we have tried in
fabricating such X-ray gratings particularly with a
large area (100 x 100 mm?) using X-ray lithography
technique.

Fabrication of X-ray mask

First, we fabricated an X-ray mask for grating
patterns. For large effective area of X-ray grating, we
developed a large area X-ray mask structure. Figure 1
shows fabrication process of X-ray mask for X-ray
grating pattern with pitch of 5.3 um [3]. A titanium
film was formed on Si substrate by sputtering to
serve as electroforming of Au absorptive material.
Next, negative type photoresist of SU-8 was spin
coating and patterning by ultraviolet (UV)
lithography technique. In this research, a pitch of 5.3

um and a height of 4 um resist pattern were
fabricated. Au was formed into resist structure of
narrow lines by electroforming. And, we have used
SU-8 as membrane because of large effective area X-
ray mask. In this study, SU-8 was spin coated at 40
um thickness. We attached a SUS frame on
membrane in order to support X-ray mask. Finally, Si
substrate and Ti seed film were removed by wet
etching with potassium hydroxide (KOH) and
buffered hydrogen fluoride (BHF) solution,
respectively. We succeeded in making X-ray mask
with pitch pattern of 5.3 um and large effective area
of 100 x 100 mm?.
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Fig. 1: Fabrication process of X-ray mask

Fabrication of X-ray grating

The X-ray lithography using synchrotron
radiation has been utilized for 2.5-dimensional
applications on flat substrate. Therefore, we took
advantage of this technology to fabricate a high
aspect ratio structure required for X-ray gratings with
a pitch of several micrometers. For X-ray lithography,
we used NewSUBARU beamlines 2, which is the
synchrotron radiation facility owned by our



university [4]. The beamline 2 has a potential of large
area patterning across an A4-size area with a highly
uniform pattern thickness.

A target specification of the X-ray grating was 5.3
um pitch pattern and large effective area of 100 x
100 mm?. For the deep X-ray lithography, we used a
negative photo-resist SU-8. This SU-8 was originally
designed for UV lithography. However it could also
be used in deep X-ray lithography of high accuracy
and high aspect ratio pattern. The pattern quickly
collapses when the rinse solution is dried in the

development and washing process, as shown in Fig. 2.

In order to solve this problem, we used supercritical
washing and drying machine (product by RyuSyo
Industrial Co., Ltd.) using carbon dioxide (CO,) as
the supercritical fluid because it is safe and has a low
critical point lower than those of other fluids. Figure

Fig. 2: SEM image of narrow pitch structure

with sticking
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Fig. 3: SEM image of narrow pitch structure
without sticking

3 shows an image of high aspect ratio structure
without sticking. From this figure, processing depth
was obtained about 35 pum with narrow pitch of
5.3um. Thus, an aspect ratio was achieved of about
13.

Au absorbing part for the X-ray grating was
formed by electroforming. In electroforming,
chromium was used as seed film. A non-cyanic based
solution was used for Au electroforming. From these
results, the designed pitch of 5.3 um and height of
about 30 um of X-ray grating are realized [5], as

shown in Fig. 4. Next target of X-ray grating is
improvement of precision, smaller pitch and higher
aspect ratio structure.

Fig. 4: SEM image of X-ray grating in cross
section

Conclusions

We have fabricated X-ray gratings having a pitch
of 5.3 um and a large effective area of 100 x 100
mm? for X-ray Talbot interferometer of use in X-ray
phase imaging. To make a higher aspect ratio X-ray
grating, we developed the fabrication process
composed of X-ray lithography and micro
electroforming method. In X-ray lithography,
sticking was observed because of surface tension.
Therefore, we introduced a supercritical washing and
drying machine using CO, as the supercritical fluid.
In this result, the resist structure with high aspect
ratio and narrow pitch was obtained without surface
tension in large area, such as effective area of 100 x
100 mm? After Au electroforming, large area and
narrow pitch X-ray grating could be fabricated.

This result suggests that XTI is a novel and
simple method for phase sensitive X-ray radiography,
and promising method for many imaging applications.
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Molding
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Abstract
In various leading-edge technology industries, there is a growing need to reduce the weight and
increase the energy saving performance of various electronics products. Less costly production
technology is now under development to enable the production of less expensive MEMS devices.
In this situation, there is a pressing need to develop micromachining technology and a production
process suitable for mass produced MEMS. The LIGA process is a technology, which is
considered to be suited for mass production, enabling the creation of a microstructure by
transferring a pattern from this master mold to a resin. In this study, we fabricated a micro
capacitive inclination sensor by using combination of a resin forming method and a mold. If a
small inclination sensor, having a size of several millimeters, could be made using a resin forming
method, production costs could be substantially reduced compared to sensors made with the

conventional MEMS process.

Introduction

In various leading-edge technology industries,
there is a growing need to reduce the weight and
increase the energy saving performance of various
electronics products. Although MEMS (Micro
Electro Mechanical Systems) technology [1] is not
suited for mass-produced sensors since silicon is
brittle and expensive and its processing is
complicated, involving many processes. The LIGA
process is a technology, which is considered to be
suited for mass production, enabling the creation of a
microstructure by transferring a pattern from this
master mold to a resin.

In this research, we fabricated a micro capacitive
inclination sensor [2] by using combination of a resin
forming method and a mold. If a small inclination
sensor, having a size of several millimeters, can be
made using a resin forming method, production costs
can be substantially reduced compared to sensors
made with the conventional MEMS process. Since
the dimensions of its sensing region are 5 x 5 x 3
mm?, which are much smaller than the dimensions of
conventional sensors, this inclination sensor is
expected to be widely used in the field where
efficient and reliable attitude control is a primary
factor to be considered.

Micro capacitive inclination sensor

Figure 1 shows the working principle of a micro
capacitive inclination sensor fabricated in this study.
Two semicircular opposing electrodes are set above
one circular common electrode, as shown in Figs. 1la
and 1b, so that two capacitors are formed. The region
between the opposing electrodes and common
electrode is half filled with oil. The oil inside
maintains its level due to gravity when the sensor
inclines, so that the amount of oil changes in each
capacitor, as shown in Fig. 1c. As a result, the
capacitances change, and the angle of inclination of

the sensor can be detected, based on this change in
the capacitance values. Capacitance change of the
capacitor on the one side of the electrodes AC is
expressed the proportional inclination angle 6 [2].
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Fig. 1: Principle of micro capacitive inclination
sensor

Fabrication process of sensor

Figure 2 shows the fabrication process for the
micro capacitive inclination sensor. In the first step,
the spacer part of this mold was transferred to a resin
by hot embossing molding [3]. The common
electrode was formed on the molding prepared.
Specifically, an electrode film was formed, only at
the recesses on the slit-structured surface having
projections and recesses. A patterning method using a
mask would be a viable method for forming an
electrode at a specified position. Using this method,
however, it is very difficult to bring a mask into
proper alignment with a non-flat surface; this method
also has a drawback in respect of cost. In the case of
the process that is the subject of this paper, a
significant cost reduction is possible, since an
electrode film can be formed without using a mask.
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Formation of electrode on resin molding

The inclination sensor comprises two electrodes,
i.e.,, a common electrode and opposing electrode, to
form a capacitor. Figure 3 shows images of the cross
section of a molding on which resist had been coated,
using a spin/spray coating system. As shown in this
image, resist smoothly followed the projections and
recesses in the pattern. After resist coating, the

’ Electrode region. Junction region : .Elemmde region. Junction region X

~ Tooum | 100u

(a) after eist~coating A (b) resist had been planer

Fig. 3: SEM image of pattern in cross section

thickness of the resist film on the electrode region
was the same at that of the film on the junction
region. Therefore, if O,ashing were performed on a
molding having a uniform thickness of resist, resist
could not remain only in the recess in the electrode
region. Therefore, we placed a resist-coated sample
in a container filled with solvent vapor so that resist,
exposed to solvent vapor, would melt and be
planarized. As is evident from Fig. 3b, the resist
coating on the junction part was very thin, compared
with a sample, shown in Fig. 3a, which had not yet
been planar. Cu electrode was thus formed

successfully, only in the recess in the structure, using
the proposed new process.

We successfully fabricated a micro inclination
sensor as a molded product. In future, we will carry
out wiring to complete this inclination sensor, and
then conduct performance evaluations, as shown in
Fig. 4.

Fig. 4: Picture of completed sensor

Conclusions

Based on low cost molding techniques suited for
mass production, we have fabricated a micro
capacitive inclination sensor by using a resin molded
component. We prepared a mold by UV lithography
and Ni electroforming. In addition, using the hot
embossing molding technique, we fabricated a
structure in which our pre-designed projections and
recesses were realized. We proposed a new process
for forming electrodes, only in the recesses in a
fabricated resin molded component, without using a
mask, and successfully fabricated the common
electrode of an inclination sensor. The process
proposed and established in this study requires no
alignment and makes possible a substantial cost
reduction. Although we faced a difficult task of
planarizing resist in this process, we used solvent
vapor for planarization with satisfactory results. We
successfully fabricated a micro inclination sensor as a
molded product. In future, we will carry out wiring to
complete this inclination sensor, and then conduct
performance evaluations. The techniques using resin-
molded parts have the potential to be applied to the
production of, not only inclination sensors, such as
the one fabricated in this study, but also MEMS
devices. If the techniques using resin-molded parts
are introduced to the mass-production of MEMS
devices, including sensors, at low cost, the range of
their applications will further expand to new areas of
technology and industry.
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Abstract
The light guide plate, as part of the backlight unit in a cellular phone or liquid crystal display, has
evolved to meet market demands for low power consumption, high-luminance and high-quality
displays. Along with the advance of the light guide plate, LEDs have undergone development as
light source for light guide plates. Surpassing the limitations of LED emission in the visible light
range, LEDs that emit ultraviolet light have been developed. In recent years, the ultraviolet light
are used as a source of light of the air cleaner, and it is used as a source of light to activate the
titanium oxide which is photocatalyst. Common ultraviolet light sources are either line or point
light sources. There are no surface light sources capable of providing uniform lighting. We studies
surface illuminators that incorporate diffusers in the visible light range. Applying our existing
technology, we constructed an unprecedented ultraviolet surface illuminator and measured it using

a photocatalyst.

Introduction

In recent years, liquid crystal displays (LCDs)
have come to be widely used in cellular phones and
TV sets. This popularity has led to growing demand
for a higher performance light guide plate as an LCD
component. In the light guide plate, light is guided
from a light emitting diode (LED) or other point light
source to desired locations via total internal reflection
rendered by index of refraction differential between
air and 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 light guide plate, converts point light source to
surface illumination. Figure 1 shows a schematic
diagram of a light guide plate. One advantage of the
light guide plate is its efficient use of light through
the conversion of point light source to surface
illumination. Our laboratory conducts studies on the
design of a light guide plate that achieves a high
uniformity ratio [1]. To apply our technology to
surface illuminators using ultraviolet (UV) light,
which have begun to be used recently in home air
cleaners, we have embarked on fabricating a light
guide plate specifically designed for UV LEDs. For
light guide plate fabrication, we used UV-LIGA
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Fig. 1: Schematic diagram of light guide plate

process, which enables fine pattern processing
technologies [2]. And, we proposed to termed UV
diffraction exposure in order to form a fine, three-
dimensional bump shape [1].

In this study, optimal bump shape and allocation
were derived for UV surface illuminators. Indeed, a
light guide plate was fabricated using the molding
technology.

Design of light guide plate

In achieving uniform surface illumination with a
light guide plate alone, it is very important to form
the shape and allocation of reflective bumps.
Optimization of bump shape and allocation enables
the creation of a light guide plate for uniform
illumination. A ray-tracing simulator was used to
derive the optimal bump shape and allocation. First,
the optimal bump shape was obtained. The bump
shape was transformed from a cylindrical column to
a truncated cone, using fixed dimensions of 30 um
height and 52 um base diameter. Simulation results
revealed that strong light was emitted near 60 to 70
degrees taper angle, as in the visible light range. In
the next step, emission angle distribution was
obtained for 60 and 70 degrees taper angle truncated
cones. As suggested by the results, high output and
maximum perpendicular emissions from the surface
are achieved from a truncated cone with a 70 degrees
taper angle.

In the next step, optimal bump allocation was
derived for the 70 degrees taper angle. In this study,
the light guide plate we fabricated had bumps in a 48
by 88 mm area on a 52 by 96 mm board 2.6 mm
thickness. The optimal bump allocation was
determined by thinning filled bumps, on the basis of
simulation results. The bumps were selected
randomly. Therefore, the process was repeated to
derive the optimal bump allocation for uniform
illumination. Figure 2 shows simulated analysis
results. The fully uniform placement of bumps was



obtained. Before bump allocation optimization,
output characteristics were such that the maximum
value was 6.39W/m? and the minimum value was
1.15 W/m?. After optimization, the maximum value
was reduced to 3.23 W/m?, while the minimum value
was increased to 1.82 W/m2 The uniformity ratio,
which is an indicator of the degree of illumination
uniformity, improved from 35% to 91%.
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Fig. 2: Energy distribution of light guide plate

Fabrication of light guide plate

Since the shape was micro sized, the UV-LIGA
process was used to fabricate an ultraviolet light
guide plate, designed as above. As regards the master
pattern, a structure was created by lithography,
painting with resist that is photosensitive resin wafer.
Next, copper was sputtered onto the surfaces of the
created master pattern. A mold was then fabricated
through Ni electroforming. Since the light guide plate
was to be fabricated by injection molding, it was
necessary to set the size to accommodate a cavity for
injection molding. Consequently, the Ni thickness
was set at approximately 4 mm for electroforming.
Lastly, the light guide plate was produced through
injection molding using the mold as a cavity. Figure
3 shows the exterior and an SEM image of the
injection molded light guide plate. The achieved
bump shape was obtained at 10 um in top diameter,
52 um in base diameter, 70 degrees in taper angle
and 30 pum in height.

Fig. 3: Top view and SEM image of fabricated
light guide plate

Evaluation of light guide plate
Using a photodiode, the emission characteristics

of the fabricated light guide plate were measured to
verify that the light guide plate would provide
uniform illumination. Energy values were calculated
from the spectral response characteristics of the
photodiode and the wavelength of the light emitted
by the LED. The energy distribution was obtained as
closely simulation result, as shown in Fig. 4. In the
simulation, the maximum and minimum values were
3.23 W/m? and 1.82 W/m?, respectively, while the
molded light guide plate provided maximum and
minimum values of 4.25 W/m? and 3.10 W/m?
respectively. The maximum value increase from the
simulation results was probably due to some entry
angle deviation that occurred at LED mounting.
However, the higher minimum value suggests that
the fabricated light guide plate was better than the
simulated one used for analysis.
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Fig. 4: Energy distribution of light guide plate

Conclusions

We fabricated an unprecedented UV surface
illuminator and assessed its capacity as a light source
for reactivating photocatalysts. Bump shape and
allocation for uniform illumination of UV light were
derived through simulation, achieving uniformity
ratio improvement from 35% to 91%. The light guide
plate for ultraviolet light was fabricated through
application of visual-light diffuser fabrication
techniques, i.e., the UV-LIGA process and UV
diffraction exposure. The fabricated light guide plate
presented performance comparable to simulation
results, with a minimum value exceeding analysis
results, though the uniformity ratio did not reach the
simulation results.
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Abstract

The LIGA process consists of lithography, electroforming and molding has attracted attention in
microstructure fabrication techniques. At the molding process of LIGA process, it is difficult to
pull out from the mold that is assumed of especially high aspect ratio structure. However, release
from mold is improved by tapered structure. In this research, we proposed that the diffraction
exposure technique which makes use of diffraction phenomenon. Diffraction is caused by
providing a clearance between a resist structure and an X-ray mask. The fabricated structure was
the lines and intermediate space whose processed width was 200 um and designated the taper
angle 5 degrees as set point. The experiment parameters were done by distance of gap, dose of X-
ray and slit width. It is controlled that discovering the conditions for taper angle of 5 degrees and
inspecting the relationship between taper angle and mold releasability by electroforming and the
molding of the LIGA process. We have fabricated a mold with taper angle of 2.5 degrees by
electroforming. The Ni mold could partially copy the master pattern well.

Introduction

Today, People are surrounded by abundant
cellular phones and other information processing
equipment, including computers, liquid crystal
televisions, portable music players, automobiles, and
so on. With these products, it is understandable that
the market demands higher performance. In order to
meet such demands, the development of parts with
reduced size and increased performance is under way.
For size reduction and performance improvement,
micro-structures and micro-systems are attracting
engineers’ attention. The fabrication of micro-
structures has progressed technical improvements in
the fields of machining and Micro Electro
Mechanical Systems (MEMS) technology.

Sensors are fabricated through established
semiconductor processing technology, which uses a
planar processing technique. But, actuators of
complex shape require the use of micro 3D structure
processing technique. At present, the most promising
fabrication technology for micro 3D structures is the
LIGA process [1]. This process is a combination of
technologies such as a metal mold master making the
deep X-ray lithography with the sub-micrometers
pattern formation, electroforming of nickel mold, and
precise molding that use the metal mold that
comparatively have generality.

Removing a cast from mold in molding of LIGA
process, especially in the case of high aspect ratio
structures, requires an elaborate design. Otherwise, it
is impossible to remove the cast without breaking the
structure. The mold releasing property of a structure
improves if structure is tapered. In this paper, we
have proposed a method of achieving a tapered shape,
by means of a gap provided for X-ray diffraction
between X-ray mask and resist structure for mold
master. The structures reported in this paper feature
lines and intermediate spaces. Target values were 200

pum in processing width, 5 degrees in taper angle, and
large effective area of over 40 x 45 mm?®.

Experimental method

To fabricate for high aspect ratio 3D structures,
we have used the NewSUBARU synchrotron
radiation facility of University of Hyogo. For X-ray
lithography, beamline 2 (BL-2) has a potential of
large area patterning across up to full-A4-size area
with a highly uniform pattern thickness. Due to its
high directivity, synchrotron radiation light is
commonly used to create 2.5-dimensional structures.
However, it is possible to cause X-ray diffraction by
providing a large gap between X-ray mask and resist
structure. Exposure using of the diffraction enables
the fabrication of a tapered 3D structure [2].

In this research, for the purpose of substrate
preparation, a polymethylmethacrylate (PMMA)
sheet with 200 um in thickness, which is a positive
type photoresist, was affixed to a silicon substrate by
the bonding method, a method of forming a
photoresist. In this method, a PMMA solution, which
serves as adhesive, is fed between a PMMA sheet of
desired thickness and a silicon wafer, or substrate;
pressure is then applied to the PMMA sheet with a
machine press to spread the PMMA solution to a
uniform thickness, and the PMMA sheet is bonded to
the silicon substrate by polymerization of the solution
to form a resist. Figure 1 shows an outline of the X-
ray diffraction method used for creating lines and
intermediate spaces. For the diffraction of X-ray
exposure, two types of simple jig were made and
used to enable gap adjustment by replacing the spacer.
The two jigs differed in spacer thickness for gap
adjustment. One was capable of adjusting the gap
between 40 and 80 mm, while the other was enabled
adjustment from 120 to 150 mm gap.

In this paper, parameters for diffraction were used
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Fig. 1: Image diagram of tapered structure and
outline of X-ray diffraction

slit width, dose of X-ray and gap between X-ray
mask and resist structure, which were varied. These
quantities were selected as parameters, since it was
believed that slit width and gap would affect
diffraction and the dose of X-ray would exert an
effect on processing width as well as on diffraction.
The cross section of the structure was observed with
a scanning electron microscopy (SEM) for evaluation
of processing width. The top and bottom widths of
the tapered groove were measured by SEM, and the
taper angle was determined by calculation.

Results and discussions

The processing width and taper angle of the
tapered groove were observed with different values
of the three parameters [3]. Figure 2 shows results of
upside and downside widths and taper angle obtained
at varying gaps as a graph. Both processing width
and taper angle increased with increasing gap. A
possible reason for the increased processing width is
that the increased gap caused greater diffraction,
resulting in X-ray exposure of some areas of the
resist structure, which were not otherwise X-ray
exposed when the gap was small. If the gap is further
increased, diffracted synchrotron radiation light
beams may interfere with one another after passage
through slits. The reason for the increases in taper
angle may also be that the increased gap contributed
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Fig. 2: Dependence of gap on processing widths
and taper angle

to greater diffraction. These results ascertain that the
gap has an influence on diffraction. Next, upside and
downside widths and taper angle of the tapered
groove at varying dose of X-ray was changed under
the conditions of 7 pum slit width and 40 mm gap.
Finally, slit widths was changed. These results
suggest that varying the gap between X-ray mask and
resist structure and slit width has a substantial effect
on controlling taper angle.

We fabricated Ni mold with taper angle of about
2.5 degrees using electroforming. We used a nickel
sulfamate plating bath to transfer the master mold
shape by Ni electroforming because of high speed
electroforming with lower electro-deposition stress
generation. The fabricated Ni mold was about 1 mm
in thickness and 40 mm x 45 mm size. Therefore, we
could obtain Ni mold of partially copy the master
pattern.

Conclusions

Removing a cast from a mold in molding of the
LIGA process, especially in the case of a high aspect
ratio microstructure, requires an elaborate design.
Otherwise, it is impossible to remove the cast without
breaking the micro structure. The mold releasing
property of a structure improves if the micro
structure has tapered. In this study, high aspect ratio
tapered micro structures were fabricated using the
NewSUBARU BL2 owned by our University for X-
ray lithography involving diffraction.

Changes in top and bottom widths and taper angle
of tapered grooves were measured at varying gaps,
slit widths and dose of X-ray. At an increased dose of
X-ray, processing width increased, while no
significant changes were observed in taper angle.
Furthermore, it was possible to achieve a taper angle
of 3.7 degrees under the conditions of 150 mm gap
between X-ray mask and resist structure, 15,000
mA-s/mm dose of X-ray and 7 um slit width.

With the taper angle of 2.5 degrees, we have
fabricated a Ni mold by electroforming. In future, we
intend to discover necessary conditions for achieving
the target taper angle of 5 degrees, and to study
relationships between tapered shapes and mold
release property through electroforming and molding
by the LIGA process.
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