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Recently, three-dimensional microstructures have .
been attracting much attention because of their po- Tl@z / ' Electron
tential application to electromagnetic devices operat- Conduction Bang UV Light
ing with specific frequencies such as THz wave. For .
suitability in such applications, the structures often Band Gay 0 Positive Hole
need to have complex three-dimensional shapes, be

smaller than or at least as small as the applied wave-
lengths, consist of metals or dielectric materials, and
have certain electromagnetic characteristics such as
high permittivity. Although there are several meth-
ods for fabricating micro-structures, few of them sat-
isfy all of these conditions. We propose a new fabri-
cation method for dielectric-metal three-dimensional
structures with sizes of a few tens of micrometers. The
main feature of our method is the extraction of metal
using photocatalyst nanoparticles. Silver ions in so-
lution are reduced to neutral silver by electrons from
the photocatalyst nanoparticles. Experimental results
show that our system can be used to fabricate three-
dimensional structures, and we propose a new method
for controlling the composition of the structures.
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1. Introduction

Electromagnetic waves of certain frequencies, such as
THz waves, have been shown to be especially valuable
in fields such as biomedical imaging [1-4]. Although
there are few devices that are suitable for controlling such
waves, it has been reported that some structures such as a
dielectric microcube with metal lines on its surface [5] or
arrays of double helix metal wires [6] can serve as useful
THz devices, sometimes in the forms of photonic crystals
or meta-materials [7,8]. For this purpose, the structure
often needs to satisfy several conditions: it should have
a three-dimensional shape, consist of metals or dielectric
materials, be as small as or smaller than the applied wave-
length, and have certain electromagnetic characteristics
such as high conductivity or high permittivity. Although
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Fig. 1. Schematic of photocatalyst reaction.
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Fig. 2. Concept image of fabrication.

there are several methods for microfabrication [9, 10], no
existing method meets all these requirements. For exam-
ple, micro stereolithography is able to rapidly fabricate
three dimensional structures [11, 12], but materials are ba-
sically limited to resins. Focused-Ion-Beam Chemical-
Vapor-Deposition (FIB-CVD) can be applied to various
materials [13], but the speed of fabrication is quite low
and it requires large-scale systems.

Therefore, we propose a new micro fabrication method
that meets all the aforementioned requirements. The key
feature of our method is the extraction of metal from so-
Iution with a photocatalytic reaction. A schematic image
of the photocatalytic reaction is shown in Fig. 1. Dur-
ing the photocatalytic reaction, TiO, absorbs UltraViolet
(UV) light, becomes excited, and emits an electron and a
hole [14].

The schematic of our method using this reaction is
shown in Fig. 2. First, we prepare a solution containing
silver ions and TiO, nanoparticles. Then, TiO, is excited
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Fig. 3. Schematic of fabrication system.

by a concentrated UV beam, emits an electron, and a sil-
ver ion gains the electron and is reduced into a neutral
silver atom. As this process occurs only in the vicinity
of the beam waist, we can fabricate a three-dimensional
structure by scanning the beam waist. As the UV pro-
cess occurs simultaneously with the condensation of TiO;
nanoparticles, the structure contains both silver and TiO5.
The two species spread randomly throughout the fabri-
cated structures. Since structure designs are dominated by
requirements for applications rather than for ease of fabri-
cation, a method to control the composition of fabricated
structure is needed.

In this paper, we report that after baking, silver was
melted, and a three-dimensional TiO; structure could be
fabricated. We also found that when we irradiated the
baked structure with a UV laser in a solution including
silver ions, the surface of the structure is covered with
silver. Both of these results are desirable for fabricating
structures and for developing new devices.

2. Fabrication System

We have been developing a microfabrication system
based on the principle described above. We have previ-
ously verified that the system is suitable for fabricating
complex three-dimensional complex structures [15], and
have developed an in-process observation system for fur-
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ther study [16]. Fig. 3 shows the schematic of the sys-
tem. We use a 1.4-mW, 405-nm laser as a light source.
The wavefront of the laser is conditioned using the spatial
filter. A 1.20-NA objective lens focuses the laser into a
cell which holds the fabrication solution; the cell is illu-
minated from the bottom. The illumination is collected
by the objective lens, passes through a 50/50 beam split-
ter, and makes an image at CCD camera using infinity-
corrected optical system, so we can achieve in process
monitoring. The long pass filter is set before the CCD
camera in order to reduce the intensity of the fabrication
beam and to help observation.

The cell is composed of two cover slips that are sep-
arated by a 100-um thick film. The film contains the
fabrication solution. The solution consists of AgNOs,
and NHs, — silver is actually forming the complex ion
Ag[NH3]4Jr in order to provide sliver ions — as well as
the dispersion of brookite TiO, nanoparticles (NTB-01,
Showa Titanium) which have 15 — 20 nm diameter. The
solution concentration of each component is as follows:
AgNO3 is 0.009N, NHj3 is 9 wt%, and TiO; nanoparticles
are 0.65 wt%. The cell is on the three-axis stage with 60-
nm moving step such that we are able to scan the beam
waist relatively. The picture of the actual system is shown
in Fig. 4.

Since the structures are fabricated in the liquid phase,
the surface tension of the solution will fracture the struc-
ture if simply dried out of solution. Thus, we apply a
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Fig. 5. Examples of fabricatie structures.

supercritical drying method [17] which brings the sur-
face tension to near zero degree. The supercritical dry-
ing method allows us to further analyze the structures in
vapor phase without damage during drying.

3. Characteristics of Fabricated Structure

Three-dimensional microstructures can be directly fab-
ricated with the system we developed. Two examples are
shown in Fig. 5. Fig. 5(A)(a) is the schematic of a coil-
shaped structure with 60-ym diameter. Fig. 5(A)(b) is
the optical-microscopic image of the coil structure that
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Fig. 6. SEM analysis of fabricated structures.

was actually fabricated. Fig. 5(B)(a) is the schematic of
a more complicated structure, a micro-rotator structure
with a cylinder and propellers. The diameter of the cylin-
der is 12 pum, the diameter of the bottom ring holding
propellers is 90 um, and the length of each propeller is
25 um. Fig. 5(B)(b) is the optical-microscopic image of
the rotator that was actually fabricated. The width of an
element in the structure depends on the scanning speed
of the beam waist. When scanned faster, the structure is
thinner; when scanned slower, the structure is thicker. In
this report, we scanned at 1 um/s and the width is ap-
proximately 3 um. As shown in these examples, this sys-
tem made it possible to fabricate three-dimensional micro
structures that are tens of micrometers in size.

Figure 6 is a typical example of a structure brought out
into vapor phase by the supercritical drying method. We
observed it with SEM and determined its composition us-
ing energy-dispersive spectroscopy, SEM-EDS. Fig. 6(a)
is the SEM image of the fabricated structure. Fig. 6(b)
is the spectral analysis of the structure using SEM-EDS.
The peak of Ag is detected at approximately 3.0 keV;
similarly, the peak of Ti is approximately 4.5 keV, so the
structure consists of both Ag and Ti.
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4. Composition Control by Baking

As described in section 3, the fabricated structure con-
tains both Ti and Ag. However, the fact that metal and di-
electric are spreading at random in the structure may make
it difficult to control the properties and design characteris-
tics of the structure. To solve this problem, we tried bak-
ing the structure. We found that we can separate Ag from
Ti by baking the structure at 900°C for 20 minutes [18].
We then examined the thermal conditions of this reaction.

The samples that we prepared for this experiment are
lines and spaces with a length of 200 wm and space width
of 25 — 100 um between each line. The substrate of these
samples is heat-resistant coverglass that can resist baking
at over 1000°C. Optical-microscopic images and SEM-
EDS analysis of the samples before and after baking are
shown in Fig. 7. Before baking, the lines look black,
white residue is sticking on the substrate. The residue

526

is mainly TiO; nanoparticles that were not used in the re-
action and had been floating in the solution. SEM-EDS
shows that the lines before baking contain both Ag and
Ti. After baking at lower temperature, 450°C, no change
was observed either by optical microscope or composition
analysis using SEM-EDS. After baking at higher temper-
ature, 700°C, a change is observed using both optical mi-
croscopy and SEM-EDS; the lines are relatively whiter
and no Ag was detected. The color of TiO» is white so the
change in composition is apparent as the change in color.

For further analysis, we baked line samples at 650°C,
for different amounts of time. Fig. 8 shows the results of
baking the sample for 10 — 20 minutes. With 10 minutes
of baking, no change could be observed by optical micro-
scope imaging. We also observed with SEM-EDS, and
Ag is found in the lines. Through 20 minutes of baking,
the residue near the lines starts to look shiny, reflecting
the observation light from the optical microscope. The

Int. J. of Automation Technology Vol.8 No.4,2014
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Fig. 9. Covering TiO; structure with silver.

spatial range of this gloss is approximately 3 yum from the
line edge. By using SEM-EDS, we found that Ag is in this
region, and the peak of Ag in the lines is weaker than be-
fore baking. We also baked the sample for a longer time,
30 minutes. The resulting gloss is wider, approximately
10 um from the edge, the lines are whiter, and the SEM-
EDS peak of Ag in the lines is weaker than when baking
for 20 minutes.

These results indicate that silver had melted out of the
structure during baking. The critical temperature of this
reaction is estimated to be approximately 650°C. How-
ever, the melting point of bulk Ag is 962°C, so the Ag
had melted at a temperature much lower than the melt-
ing point. Generally speaking, the melting point of a
material reduces as its size gets smaller, especially at
nanoscale sizes. This phenomenon is called melting-point
depression. The Ag is expected to exist in the struc-
ture as nanoparticles or some other small form other than
bulk. According to a thermodynamic approach, the melt-
ing temperature Ty, of a spherical particle is calculated
from the following equation [19], which is known as the
Gibbs-Thomson equation,

40y
-
where Tp is the melting temperature of the bulk material,
Oy is the solid-liquid interface energy, Hy is the heat of
fusion, p is the density of material, and d is the diameter
of the particle. As Eq. (1) shows, the smaller particle, the
lower the melting temperature.

Assuming that Ag is forming nanoparticles that have a
smooth surface, the solid-liquid interface energy of Ag is
assumed to be 0.143 J/m?2, as determined in 1983 [20].
Substituting this value to Eq. (1), Ag particles with 1.8-
nm diameter would result in the observed melting at

€]
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650°C. This value and the applicability of the model to
fabricated structures could be verified with further analy-
sis.

5. Verifying Possibility of Further Control in
Composition

As described in section 4, with baking at greater than
approximately 700°C, silver is molten down and the
baked structure consists of only the TiO, photocatalyst.
This means that if we put the baked structure into the solu-
tion which contains silver ions and irradiate the structure
with UV light, we may be able to fabricate a structure that
has a dielectric core and silver surface, which is a desir-
able structure for optical or electromagnetic devices. In
order to examine the possibility of this process, we fab-
ricated the structure, removed it to vapor phase by super-
critical drying, baked it at 900°C for 20 minutes, put it
into AgNO3 (aq) solution, and irradiated it with a 325-nm
He-Cd laser.

Figure 9 shows the optical-microscope images and
spectral analysis of the structure in each step of the pro-
cess. We fabricated a triangular pyramid with each edge
60 um long. After drying, the structure consists of both
silver and TiO,. After baking it at 900°C for 20 minutes,
the spectral analysis shows that the silver melted out from
the structure. This result indicates that we can fabricate
three-dimensional micro structures with high permittivity,
which is applicable to some electromagnetic devices.

After the baking step, we put the baked structure into a
sample cell composed of two cover slips holding AgNO3
aq inside. We found that the baked structure has higher
durability than that of the structure before baking such
that this step does not break the structure. For quantitative
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evaluation, we measured the Young’s modulus through an
indentation test using a Vickers penetrator. The Young’s
modulus of the structure before baking was approximately
3.6 GPa — almost same value as that of polystyrene: 3 —
3.5 GPa — while the Young’s modulus of the baked struc-
ture was approximately 22 GPa — close to that of concrete:
20 — 30 GPa. This value is smaller than that of either bulk
Ag or TiO, — 83 GPa and 290 GPa, respectively — but it
is high enough to bear the surface tension of the solution
and maintain a three-dimensional shape.

Finally, we irradiated the sample with a 325-nm He-
Cd laser. The power of the laser was adjusted to 10 mW.
The irradiated structure seems to be covered with black
material in the optical-microscope image, and the peak of
Ag is detected through spectral analysis; we can conclude
that the irradiated structure is coated with Ag. This result
indicates the possibility that we can fabricate a structure
with a dielectric core and metal surface.

6. Conclusions

We developed a new method for fabricating three-
dimensional micro structures. The essential feature of our
method is the reduction of silver ions to silver using TiO;
nanoparticles. The size of the fabricated structures is of
the order of tens of micrometers, and they consist of silver
and TiO,. We proposed a novel method for controlling the
composition of the structure using baking and UV irradi-
ation. When baking at temperatures above approximately
700°C, silver is melted; consequently, the baked structure
contains only TiO,. By irradiating the baked structure
with a 325-nm laser in a silver-ion solution, the surface
of the structure becomes covered with silver. The results
obtained by baking and UV irradiation indicate that we
are able to control the composition of structures and fabri-
cate either three dimensional TiO; structures or structures
with a TiO; core and a silver surface. In the future, we
will verify the possibility of applying such structures to
THz wave devices by studying the details of other process
characteristics including accuracy and process resolution,
and other materials suitable for this method.

Acknowledgements

We thank Dr. Y. Kuroda of Showa Titanium Co. Ltd. for provid-
ing us TiO, nanoparticles. We thank K. Miyake of Rexxam Co.
for supercritical drying. This work has been supported by JSPS
under the Grant-in-Aid for Scientific Research (A).

References:

[1] A.Menikh, et al., “Terahertz Biosensing Technology: Frontiers and
Progress,” ChemPhysChem, Vol.3, Issue 8, pp. 655-658, 2002.

[2] S. P. Mickan, et al., “Label-free Bioaffnity Detection Using Tera-
hertz Technology,” Physics in Medicine and Biology, Vol.47, No.21,
pp. 3789-3795, 2002.

[3] B. Ferguson, et al., “Materials for Therahertz Science and Technol-
ogy,” Nature Materials, Vol.1, pp. 26-33, 2002.

[4] T. Nagatsuma, et al., “Photocnic Generation of Millimeter and Ter-
ahertz Waves and Its Applications,” Automatica, Vol.49, pp. 51-59,
2008.

528

[5] M. Paquay, et al., “Thin AMC Structure for Radar Cross-Section
Reduction,” IEEE Transactions on Antennas and Propagation,
Vol.55, No.12, 2007.

[6] O. Sakai, et al., “Negative Refractive Index Designed in a Periodic
Composite of Lossy Microplasmas and Microresonators,” Phys.
Plasmas, Vol.17, pp. 057102-1-9, 2010.

[7]1 S. A. Ramakrishna, “Physics of Negative Refractive Index Materi-
als,” Institute of Physics Publishing, Rep. Prog. Phys. 68, pp. 449-
521, 2005.

[8] T. K. Ostman, et al., “A Review on Terahertz Communications Re-
search,” J. of Infrared, Millimeter, and Terahertz Waves, Vol.32,
Issue 2, pp. 143-171, 2011.

[9] M. J. Madou, “Fundamentals of Microfabrication: The Science of
Minituarization, Second Edition,” CRC Press LLC, 2002.
[10] H. Misawa, et al., “3D Laser Microfabrication: Principles and Ap-
plications,” Wiley-VCH 2006.
[11] T. Hayashi, et al., “LCD Microstereolithography of Photosensitive
Resin with Functional Particles,” Int. J. of Automation Technology,
Vol.2, No.3, pp. 182-189, 2008.

[12] T. Nakagawa, “Technological Trends of Rapid Tooling by Layer
Laminate Manufacturing,” J. of Robotics and Mechatronics, Vol.9,
No.6, 1997.

[13] A. Tseng, “Recent developments in micromilling using focused ion
beam technology,” J. of Micromechanics and Microengineering,
Vol.14, R15-34, 2004

[14] A. Fujishima, et al., “Electrochemical Photolysis of Water at a
Semiconductor Electrode,” Nature, Vol.238, pp. 37-38, 1972.

[15] M. Okuno, et al., “A Novel Micrifabrication Technique for Three-
dimensional Metal Structures by Photocatalysis,” Proc. of the
21st American Society for Precision Engineering Annual Meeting,
pp- 301-304, 2006.

[16] K. Matsuda, et al., “Development of In-process Visualization Sys-
tem for Laser-assisted Three Dimensional Microfabrication Using
Photocatalyst Nanoparticles,” Int. J. of Precision Engineering and
Manufacturing, Vol.11, Issue 6, pp. 811-815, 2010.

[17] K. Miyake, “The Present Conditions of Rinse and Drying by Super-
critical CO; Fluid,” Micro Electronics Symp. 16, 2006.

[18] H. Yoshigoe, et al., “Experimental Analysis of Laser-Assisted Mi-
crofabrication Using TiO, Nanoparticles,” Proc. of the 13t euspen
Int. Conf., 2013.

[19] J. W. Gibbs, et al., “The Collected Works of J. Willard Gibbs,” Yale
University Press, 1957.

[20] N. Eustathopoulos, “Energetics of Solid/Liquid Interfaces of met-
als and alloys,” The Metals Society and the American Society for
Metals, Vol.28, pp. 189-210(22), 1983.

Name:
Hisamichi Yoshigoe

Affiliation:

Master’s Course Student, Department of Preci-
sion Engineering, Graduate School of Engineer-
ing, The University of Tokyo

Address:

Komaba 4-6-1, Meguro-ku, Tokyo 153-8904, Japan

Brief Biographical History:

2012- Master’s Course Student

Main Works:

o “Experimental Analysis of Laser-Assisted Microfabrication Using TiO,
Nanoparticles,” Proc. of the 13t euspen Int. Conf., 2013.

Membership in Academic Societies:

e Japan Society for Precision Engineering (JSPE)

Int. J. of Automation Technology Vol.§ No.4,2014



Fabrication and Composition Control of
Three-Dimensional Dielectric Metal Microstructure
Using Photocatalyst Nanoparticles

Name:
Shotaro Kadoya

Affiliation:

Master’s Course Student, Department of Preci-
sion Engineering, Graduate School of Engineer-
ing, The University of Tokyo

Address:

2-15-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
Brief Biographical History:

2014- Master’s Course Student

Membership in Academic Societies:

o Japan Society for Precision Engineering (JSPE)

Name:
Satoru Takahashi

Affiliation:
Professor, Dr. Eng., Research Center for Ad-
vanced Science and Technology

'

Address:

Komaba 4-6-1, Meguro-ku, Tokyo 153-8904, Japan

Brief Biographical History:

2002 Graduated from Osaka University, Doctor Course

2003- Associate Professor, The University of Tokyo

2014- Professor, Research Center for Advanced Science and Technology
Main Works:

o “Study on Residual Resist Layer Thickness Measurement for
Nanoimprint Lithography Based on Near-Field Optics,” Int. J. of Surface
Science and Engineering, Vol.3, No.3, pp. 178-194, 2009.

o “Super-Resolution Visual Inspection for Microstructures
Manufacturing,” The 3rd Int. Conf. on Digital Manufacturing &
Automation, Guilin, Chaina, 2012.

Membership in Academic Societies:

e American Society for Precision Engineering (ASPE)

e European Society for Precision Engineering and Nanotechnology
(euspen)

o Japan Society for Precision Engineering (JSPE)

Int. J. of Automation Technology Vol.8 No.4,2014

Name:
Kiyoshi Takamasu

Affiliation:

Professor, Dr. Eng., Department of Precision En-
gineering, Graduate School of Engineering, The
University of Tokyo

Address:

Hongo 7-3-1, Bunkyo-ku, Tokyo 113-8656, Japan

Brief Biographical History:

1982 Graduated from The University of Tokyo, Doctor Course

2001- Professor, The University of Tokyo

Main Works:

o “Processing Method for Geometrical Forms with Form Deviations in
Coordinate Metrology, Computer-Aided Tolerancing,” Chapman & Hall,
pp- 273-282, 1996.

o “Uncertainty Estimation for Coordinate Metrology With Effects of
Calibration and Form Deviation in Strategy of Measurement,” Meas. Sci.
Technol., Vol.19, No.8, 2008.

e “Uncertainty Estimation in Intelligent Coordinate and Profile
Measurement,” Key Engineering Materials, Vols.447-448, pp. 564-568,
2010.

Membership in Academic Societies:

o Asian Society for Precision Engineering and Nanotechnology (ASPEN)
e Robotics Society of Japan (RSJ)

 Japan Society for Precision Engineering (JSPE)

529



