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Preface

The studies presented in this thesis were carried out under the guidance of Professor Dr.
Susumu Kuwabata at Department of Applied Chemistry, Graduate School of Engineering,

Osaka University during 2010-2015.

The purpose of this thesis is to establish a novel new direct writing technology for the field
of micro or nanofabrication, which uses liquids as reaction media. Micro/nanofabrication
using liquid media is the completely new concept in that region. The author hopes sincerely
that the findings obtained in this study would contribute to the progresses of science and

technology in the field of both ionic liquid and microfabrication.

Hiro Minamimoto
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General Introduction

Recently, direct writing microfabrication methods on semiconductor substrates have been
improved greatly and have become important techniques as the micro-electro mechanical
system (MEMS).[!8]  The fabrication of fine structures is mainly performed by focused
quantum beam irradiation to solid materials under a vacuum condition. The direct writing
micro/nano-fabrication methods are categorized into two methods. One is called a top down
approach, in which structures are prepared by reforming the surface properties of polymer
materials with quantum beam irradiation, and a maximum resolution of around 10 nm can be

9-14]

achieved.! The other technique is known as a bottom up method, which can build the

three dimensional (3D) structures of very complicated shapes that cannot be obtained by the

5.7 1n both cases,

top down method derived from precursors by quantum beam irradiation:
the quantum beam technique is an essential tool for obtaining very fine structures.

The quantum beams, such as an electron beam and an ion beam, is very useful tools because
they are easily controlled by either electric or magnetic fields. It is well known that when the
beam is irradiated into materials, some kinds of reactive species (i.e., radicals and solvated
electrons) are generated in a very small area called “spur”, and these species can easily trigger

20-22]

some chemical reactions.! In the case of direct writing on polymer surfaces, the bond

cleavage or crosslinking reactions occur in the polymer materials, resulting in formation of

23,24]

micro/nano-structures.! In addition to them, the reactions induced by the reactive species

are widely used in various fields,> ") and mechanisms for the formation of these species in

common solvents have been studied by many radiation chemists.!?33!]

Lately, the radiation
chemistry of room-temperature ionic liquids (RTILs) has been attracting much attention.

RTILs are very interesting materials and have many unique physicochemical properties, for

example high conductivity, high thermal stability, a wide electrochemical window, negligible



32-36]

vapor pressure and so on.! By using several analytical radiation methods like pulse

radiolysis, it has been revealed that the radiolytic yield of solvated electrons in the RTILs was

higher than that in typical organic solvents, and RTILs can be used as a good media for the

studies of radiolytic reactions such as electron-transfer reactions.[?”37-4

In more than two decade, RTILs have gained much attention from many researchers in the

various scientific and industrial fields because of their unique physicochemical properties.[*+

48] Among them, the very low vapor pressure is a quite notable characteristic. Because of

the nature of RTILs, they can be introduced into the machines that require vacuum condition

[49]

such as X-ray photoelectron spectroscopy. Furthermore, as a new analytical method,

Kuwabata, Torimoto, and their coworkers have developed a new electron microscope

observation technique using RTILs.[%2

This technology realized the in-situ scanning
electron microscope (SEM) observations of electrochemical reactions in RTILs, and also
succeeded in observing the formation of metal particles generated by electron beam irradiations

s.537361 " From the latter result, it can be considered that if the

to RTILs containing metal ion
radiation reactions could be controlled with nanometer resolution in RTILs by a quantum beam

writing system, fabrication of 3D micro/nanostructures could be expected.



The Present Work

The author studied the fabrication of 3D structures in a thin RTIL layer by a focused ion beam
(FIB) and electron beam (EB) equipment. The polymer structures fabricated by the
irradiation of FIB and EB were obtained and the formation mechanisms for each method were
also revealed by ingenuities of irradiation designs and theoretical calculations. In addition to
the polymers, the fine metal structures were obtained by EB irradiation to RTIL. All the
attempts performed in this study revealed the very unique and innovative points in the structure

formation mechanism.

This thesis consists of three chapters as follows:

Chapter 1 deals with the preparation of 3D polymer structures by FIB irradiation. In this
process, even intricate three-dimensional micro/nano-structures having overhang and hollow
parts can be constructed at the resolution of approximately 100 nm. To reveal the formation
mechanism of polymer structures in a polymerizable RTIL by FIB irradiation with raster
scanning mode, several approaches like theoretical calculation have been performed.

Chapter 2 introduces a method to fabricate 3D polymer structures by the EB irradiation
system. Interestingly, the overall shapes of the obtained structures are different from those
prepared by the FIB even if the samples are irradiated in the similar manner. Perceptions
obtained in this chapter provide the facile preparation procedures for the micro/nano structures.

In chapter 3, a new silver micro-patterning method by EB irradiation is described. Through
this technique, silver deposits are obtained as designed with high resolution and purity
compared to the existing direct writing method. The possibility of the method in optical

region have also been demonstrated.



Chapter 1

Preparation of 3D Polymer Structures by Focused

lon Beam Irradiation

1-1. Introduction
Focused-ion-beam (FIB) irradiation is a powerful tool for carving the surface of the materials
for drawing two-dimensional (2D) patterns by ion sputtering.®’ %2l Another fascinating
feature is the ability to make up micro- or nanometer size 3D structures by the combination of
FIB irradiation and chemical vapor deposition (CVD). This technique known as a FIB-
chemical vapor deposition (FIB-CVD) technique needs a reactive gas as a precursor to produce
3D structures. The gas directly introduced into a FIB vacuum chamber is converted into a
solid deposit on a substrate by a FIB irradiation.[*] By the approach with a common raster
scanning mode, simple standing wire and tube figures can be constructed. However, the
fabrication of intricate 3D figures, e.g., overhang and hollow parts, requires a specialized FIB-
CVD system, which enables FIB irradiation with a vector mode. Fundamental operating
principles of this technique have been developed by S. Matsui and his collaborators.[®>765]  The
system is designed for providing phenanthrene gas after searching an appropriate voxel, which
must be adjacent to a voxel already occupied by a deposit, to produce the 3D figures, because
the ion beam irradiation in midair cannot make any contribution to the production as a matter
of course. Unfortunately, at this moment, this is not a common technique to fabricate 3D
structures.
Liquids such as water and organic solvents are, in general, considered as inappropriate

substances for being handled under vacuum condition. Introduction of any type of liquids is,



therefore, strictly prohibited in all instruments, which require vacuum condition, including
sputtering equipment, X-ray photoelectron spectroscope, electron microscope, and FIB
irradiation instrument. However, the incompatibility between the liquid substances and such
instruments is now becoming a thing of the past with the advent of RTILs as described before.

In chapter 1, the new method that can three-dimensionally control the polymerization
reaction in a polymerizable 1-allyl-3-ethylimidazolium bis(trifluoromethanesulfonyl)amide
([AllylEtIm][TH:N]) RTIL thin layer on a Si wafer was established by using a common FIB
technique with a raster scan mode. The formation process of the 3D structures produced by

the RTIL-based FIB irradiation method was also examined.

1-2. Experimental section

1-2-1. Preparation of RTILs coated Si-substrate

1-Allyl-3-ethylimidazolium bis(trifluoromethanesulfonyl)amide ([AllylEtIm][Tf:N]) was
purchased from Kanto Chemical Co., Inc.  1-Vinyl-3-butylimidazolium bis(trifluoro-
methanesulfonyl)amide ([VinylBulm][Tf:N]) was synthesized by the previously reported
method.[®%71  The chemical structures of each polymerizable RTIL are shown in Fig. 1-1.
An n-Si wafer (100 Q cm2) purchased from Osaka Titanium Technologies Co., Ltd. was used
as a substrate, and the Si surface was modified with (3-aminopropyl)triethoxysilane for

[68] " The Siwafer was cut into 1 x 1 cm? pieces. The RTILs

improving its affinity to the RTILs.
diluted with ethanol to a concentration of ca. 5 vol% were spread onto the Si wafer to form a
very thin and uniform RTIL layer on the Si wafer. After an appropriate amount of the RTIL
solution was dropped onto the Si wafer, it was spread by rotation at 4,000 rpm for 5 min.  This

spin coating technique resulted in a RTIL layer having a thickness of ca. 1 um, which was

confirmed by a confocal laser microscope (VK-8550, Keyence).
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Figure 1-1. Chemical structures of polymerizable RTILs used in this chapter.

1-2-2. FIB Irradiation Experiment

The RTIL-coated Si wafer was introduced into FIB drawing instrument (SMI 2050, Seiko
Instruments). A gallium ion beam accelerated at 30 kV was used to irradiate the Si wafer
substrate. The ion beam currents and the beam size employed in this chapter were 210 pA
and 23 nm®, respectively. FIB drawing experiments were conducted by a common FIB
irradiation system using a bitmapped image prepared at a display frame of 800 x 800 pixels.
The drawing of the images was performed in the raster scanning mode at a 40 um % 40 pm
area. After the FIB irradiation experiment, the Si wafer substrate was repeatedly immersed
into acetonitrile bath to remove unreacted RTIL and was dried in air. The obtained structures
were observed by a scanning electron microscope (VE-9800, Keyence) operated at an

acceleration voltage of 20 kV with electron beam currents between 50 pA and 3.5 nA.

1-3. Results
1-3-1. Polymer Deposits Prepared by RTIL-Based FIB Irradiation Method

The first FIB drawing was characters of "Osaka" onto an [AllylEtIm][Tf:N] RTIL layer
spread on a Si substrate ([AllylEtIm][Tf:N]/Si). The resulting SEM image of the top view is
shown in Fig. 1-2a, indicating that the desired polymer pattern was successfully produced as a
result of the local polymerization reaction of the [AllylEtIm][Tf2N] triggered by the FIB

irradiation.  Surprisingly, the SEM image from different angles revealed that the characters



are 3D "Osaka" as shown in Fig. 1-2b and that the polymer is formed by a layer-by-layer

structure.

Figure 1-2. SEM images of three-dimensional polymer microstructures. The patterned

structures were deposited in a thin [AllylEtIm][Tf2N] layer on a Si substrate using FIB
irradiation with a raster scanning mode. (a) Polymers having "Osaka" characters with
a high resolution. (b) Oblique angle image of Fig. la shows that these polymer
patterns have 3D structures. This polymer patterns were obtained with the ion dose of
300 x 10" ions cm 2 and the number of scanning of 100 times.

To reveal how the polymer grew to the vertical direction, FIB drawings of square frame were
performed at different dosages. Figure 1-3a shows a SEM image of the structures obtained
on a Si substrate at different doses, D, of 100, 200, 300, 400, and 500 x 10'° jons cm 2. In
this investigation, the beam current, /g, and the dwell time, tqw, were 48 pA and 250 pusec,
respectively. The number of pixels, npix, was 4.0 x 10'° pixels cm?. The number of raster
scan, N, during the FIB drawing experiment is an important parameter for fabricating 3D

figures, and the N can be estimated by the following equation:
B D
(IB/e) X tdw X npix

where e is the elementary charge. Therefore, when the D is 100, 200, 300, 400, and 500 x 10

(1

ions cm 2, the Nis 33, 66, 100, 133, and 166 times, respectively. The increase in the N directly
7



related to the increasing height of the 3D figures, H. Figure 1-3b summarizes the relationship

between the H and the N values or the D values. The plotted H values were calculated by:

h
H= 2)

" sin75°

where 4 is the value of height obtained from SEM image shown in Fig. 1-2a and 75° is the tilt
angle for the SEM observation. The H was approximately proportional to the N values if it
was over 33 cycles; however, no figure was observed by SEM when the N was below 33 cycles.
The minimum height of the 3D structure was ca. 1.0 um. As described above, the RTIL was
spread onto a Si wafer by a spin coating method so as to obtain a uniform liquid layer with a
thickness of ca. 1.0 pum.  The maximum height could be expected to depend on the RTIL layer
thickness, but it was not. The height continued to increase with the increase in the N, and the
height apparently exceeded the RTIL layer thickness. For example, at the 166 times, the
height became almost 4.3 um. These results provided a clue to propose the mechanism of 3D

pattern formation with this RTIL-based FIB irradiation method, as will be described later.
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Figure 1-3. Three-dimensional square frame polymer structures prepared under
different ion dose conditions. (a) SEM image of square frame structures deposited in
a thin [AllylEtIm][ Tf2N] layer on a Si substrate prepared by RTIL-based FIB irradiation
method with a raster scanning mode. The image was taken at a tilt angle of 75°.  The
ion, D, doses were 100 x 10", 200 x 10", 300 x 10'3, 400 x 10", and 500 x 10'° ions
cm 2 from the left to right structure, and then the numbers of scanning estimated from
the ion doses, N, were 33, 66, 100, 133, and 166 times, respectively. The height of the
structures increased with the increase in the N, i.e., with the increase in the D. (b)
Relationship between the heights of the polymer structures and the N or the D. The
polymer structure could not be obtained with the N less than 33 times.

1-3-2. Chemical Reactions in [AllylEtim][Tf.N] under FIB Irradiation

The deposit obtained by the FIB irradiation onto the [AllylEtIm][Tf2N] was characterized
by a Raman microscope. Raman spectra of the [AllylEtIm][TfN] and the obtained deposit
contained some Raman bands in the wavenumber range between 2950 — 3150 cm™! because of
the existence of the imidazolium ring (Fig. 1-4a).[®”)  These results indicate that the
imidazolium cations are remained in the deposits produced after the FIB irradiation. In the
spectrum of the neat RTIL, the Raman band that is assigned to a stretching vibration of the

double bond of the allyl group appeared at 1645 cm™'; however, the band disappeared in the



spectrum of the deposit (Fig. 1-4b).  The absence of this band indicates that the
polymerization reaction on the allyl group proceeded during the FIB irradiation. In fact, allyl
group is known to be difficult to polymerize by a common radical polymerization method,
since the allyl radical has a stable resonant structure. Successive radical polymerization
reactions are not expected although oligomers are formed.’” The polymerization reactions
observed in this investigation may be peculiar to the [AllylEtIm][Tf2N] under the FIB

irradiation as described below in detail.

(a) (b)
; . Deposit
= =
:; Deposit | :
*‘g | ,I.,, PPN U ¥ | ST E
c ' J c
- b
£ £
RTIL
| | |
3200 3100 3000 2900 1670 1650 1630 1610
v/cmt v/cmt

Figure 1-4. Micro-Raman spectra of neat [AllylEtIm][Tf2N] RTIL and the resulting
polymer structure. The wavenumber regions were (a) between 2900 and 3200 cm™!
and (b) between 1610 and 1670 cm™'. The spectra obtained at higher wavenumber
suggest that imidazolium cation exists in both the neat RTIL and the polymer deposit.
The disappearance of the band at 1645 cm™! indicates that the allyl group on the

[AllylEtIm]" is involved in the polymerization reaction.

1-3-3. Resolution of Polymer Deposits

The resolution of the polymer structure produced by the RTIL-based FIB irradiation
method was examined through drawing a two-dimensional intricate picture. Figure 1-5a is a

photograph of a famous Japanese picture titled "Beauty Looking Back" ("Mikaeri-bijin" in

10



Japanese) used in this experiment. The original picture was drawn by one of a great Japanese
artist, Moronobu Hishikawa, during the Edo period (1603—1868 A.D.) and provided from the
Tokyo National Museum. A bitmap file for drawing the FIB irradiation pattern was created
by scanning a reproduction of the picture. The bitmap figure is depicted in Fig. 1-5b. As
shown in Fig. 1-5c, drawing a microscale "Beauty Looking Back" by using the present
approach was achieved. The deposited polymer structure accurately duplicates the bitmap
file design. The resolution was approximately 100 nm according to the magnified image of a
design on a Kimono, a Japanese traditional dress. This sub-nanometer resolution is one of a
great advantage for this RTIL-based FIB irradiation method because other microstructure
fabrication methods do not achieve such resolution scale. For example, the resolution of FIB-

CVD method is about 200 - 300 nm.[6371-72]

11
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Figure 1-5. Two-dimensional polymer structure prepared by RTIL-based FIB-
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irradiation method. (a) A famous Japanese picture titled, "Mikaeri-bijin."  This
picture was painted by a Japanese artist, Moronobu Hishikawa, in the Edo period. (b)
Bitmap image of "Mikaeri-bijin" created for the FIB drawing. (c) SEM image of a
2D polymer structure fabricated from the bitmap image. The enlarged view of the
flower painted on the "Kimono" is shown under each picture. The irradiation
conditions for fabrication of this structure were the ion dose of 100 x 10! ions cm 2
and the number of scanning of 33 times. The patterning “Beauty Looking back” is

reprinted with permission from the Tokyo National Museum.

1-3-4. Fabrication of Intricate Three-Dimensional Structures

As mentioned in introduction section, one of the fascinating features of FIB-CVD operated
in a vector mode is the ability to produce intricate 3D figures with overhang and hollow parts.
The proposed RTIL-based FIB irradiation method that is the combination of the polymerizable
RTIL and the common FIB technique with a conventional raster scanning mode can also

fabricate complicated 3D figures. These examples are shown in Fig. 1-6. A teacup-shape

12



was formed by overdrawing different size circles (Fig. 1-6a). A bridge structure, as shown in
Fig. 6b, was constructed by drawing two separate square frame patterns, followed by drawing
another square frame pattern so as to bridge the previously prepared 3D patterns. Even like a
jack-in-a-box structure shown in Fig. 1-6¢ could be fabricated. It was composed of five 3D
square frame patterns; firstly one 3D square pattern was deposited as a base, and after that four
slightly smaller 3D square frame patterns were separately drawn by the FIB in order to position
one side of each smaller square on one of the four sides on the top of the base square. The
structure with long hanging structures, which are technically impossible to prepare by a FIB
sputtering method, was eventually prepared. The four overlapped structures were equally
formed at four sides on the top of the base square, indicating that the formation of the hanging
structure occurs irrespective of the direction of the raster scanning. Formation of a photonic
crystal-like 3D network structure (woodpile structure) was also succeeded by the same
approach (Fig. 1-6d).

Another complex structure was designed to find a clue about the formation mechanism of
the 3D structures by the RTIL-based FIB irradiation method. This structure was prepared by
deposition of a rectangular frame base, followed by drawing of two square frame patterns; one
square frame was located adjacent to the base, and another was put its one side on one side of
top of the base rectangle structure (Fig. 1-7a). Apparently the former pattern was directly
deposited onto the Si wafer (Fig. 1-7b), whereas the latter was formed onto the base structure
(Fig. 1-7c). The formation of the hanging structure suggests that the polymerization reaction
occurs at the position higher than the previously prepared deposit because the latter frame
pattern did not deposit on the Si substrate although the FIB drawing was initiated from left

bottom as shown in Fig. 1-6a.

13
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Figure 1-6. Various three-dimensional polymer structures. (a) Teacup structure.
The structure was achieved by stacking circle patterns in layers. (b) Bridge structure.
The structure has a hollow construction. The two square frame structures were
prepared first, and another square frame structure was drawn at the center so as to
overlap the previously deposited two square figures. (c) A jack-in-a-box structure.
The four upper square frame structures protrude from the base one. This result shows
that overhang structures were formed without depending on the scanning directions.
(d) Woodpile structure. This structure is known as one of the 3D photonic crystals.
These structures were obtained by RTIL-based FIB irradiation method with a raster

scanning mode.

14
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Figure 1-7. Complicated three-dimensional polymer structures. (a) Drawing design
for fabrication of the polymer patterns shown in Fig. 1-6b and c. First, the large
rectangular frame structure (1) was drawn as a base. Second, the small square frame
structure (2), which did not overlap the base polymer, was drawn at the left side of the
base. Finally, another small square frame structure (3) was prepared on the base, but
only one side of the small square overlapped on part of the base. The FIB irradiation
with a raster scanning was initiated from the X. The direction was indicated by the
arrows. (b) SEM image of polymer structures prepared by the design depicted in Fig.
1-6a. (c) Oblique angle image of Fig. 1-6b. This SEM image indicates the small
square frame structure on the right side protrudes from the base, although another

small square on the left side is on the substrate.

1-4. Discussion
As is well known, ion beam irradiation to polymer materials including polyethylene and

polystyrene generates radicals that come from hydrocarbon backbones, and then cross-linkage

[73-76]

reaction among the backbones proceeds. It is highly likely that similar cross-linkage

reaction occurs among the [AllylEtIm]" oligomers yielded during the FIB irradiation. As a

15



result, rigid polymer derived from the [AllylEtIm][Tf2N] would be obtained. In order to
investigate other non-volatile polymerizable RTIL for the RTIL-based FIB irradiation method,
the same experiment was performed by wusing I-vinyl-3-butylimidazolium bis
(trifluoromethanesulfonyl)amide ([ VinylBulm][Tf;N]) that has an easily polymerizable vinyl
group. Because polymerization rate for linear polymers without crosslinks of vinyl groups is
much faster than the oligomerization of allyl groups, it was very difficult to control the
polymerization reaction induced by the FIB irradiation. It is then likely that the reaction
proceeded three-dimensionally beyond the irradiated position. The resulting polymer
structures on the [VinylBulm][Tf;N]/Si are shown in Fig. 1-8. Both SEM and optical
microscopic observation revealed that many irregular structures exist around the FIB-irradiated
positions. From these results, we concluded that [AllylEtIm][Tf2N] is much better than
[VinylBulm][Tf:2N] when 3D polymer structures are constructed by this approach that is called
RTIL-based FIB irradiation method. Therefore, it can be said that the RTIL with the allyl

group is the most suitable for the RTIL-based FIB irradiation method at this time.
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Figure 1-8. Polymer structures deposited with the RTIL-based FIB irradiation
method using [VinylBulm][Tf2N]. (a) Oblique angle SEM image of square frame
patterns. These deposits were very thin, and unexpected irregular deposits existed
around the FIB-irradiated positions. It is highly possible that the deposits are formed
by high polymerization reactivity of vinyl groups. (b) Optical microscope image of
the same sample. This polymer patterns were obtained with the ion dose of 100 x
10" ions cm 2 and the number of scanning of 33 times.

As described above, some 3D structures were produced over the RTIL film thickness (ca. 1
um). It can be explained by the surface tension of the RTIL itself.  Figure 1-8 indicates SEM
images of the prepared square frame patterns before and after rinsing the unreacted
[AllylEtIm][T2N] off using acetonitrile.  All the prepared patterns were designed to be about
2.0 um high. Before rinsing, the deposited patterns were completely covered with the RTIL,
due to the surface tension of the RTIL (Fig. 1-9a and 1-9b). But after removing RTILs, the
square frame patterns exceeding the original RTIL layer thickness of ca. 1.0 um appeared (Fig.

1-9¢).
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Figure 1-9. SEM images of three-dimensional square frame structures covered with

and without RTIL. (a) SEM image of several square structures before rinsing off the
[AllylEtIm][Tf:2N] RTIL. (b) Another SEM image taken from a different angle.
The meniscus derived from the surface tension was observed on the polymer patterns.
All the structures were covered with the RTIL layer. (c¢) SEM image of Fig. 1-8b
after rinsing the RTIL off using acetonitrile. The height of the structures exceeded
the RTIL layer thickness of ca. 1 um. The irradiation conditions for fabrication of this
structure were the ion dose of 300 x 10! jons cm 2 and the number of scanning of 100
times.

On the basis of several findings in this chapter, a plausible formation process for 3D polymer
structures by the RTIL-based FIB irradiation method was proposed. As depicted in Fig. 1-9,
at the initial stage, polymerization reaction of the [AllylEtIm][Tfz2N] proceeds by FIB
irradiation at the surface of the RTIL layer, and polymer layer is formed in accordance with the
design programmed in advance (Fig. 1-10). When the FIB drawings are repeated, the polymer
deposit grows downward until it reaches the Si wafer (Fig. 1-10b and 1-10c). If the bottom
of the polymer structure reaches the Si wafer, it physically adheres to the Si wafer. It is also
possible that some chemical bondings via Si-OH contribute the adhesion. Once the structure
is immobilized onto the Si wafer, subsequent FIB irradiation causes a further polymerization
on the immobilized structure (Fig. 1-10d-f). Because RTIL exists on the top of the polymer
structure owing to the meniscus derived from the surface tension of the RTIL as described in
the preceding paragraph, the height does not depend on the RTIL layer thickness. In some

cases those were over 4 um high. Therefore the RTIL-based FIB method make it possible to
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fabricate a wide variety of 3D micro- or nanostructures with hanging and bridging parts but not
produce the polymer structure that is less than ca. 1 pm high as shown in Fig. 1-3 because the
structure is not immobilized until it reaches the Si wafer. Monte Carlo simulation on the
gallium-ion travel distance through the RTIL strongly supports the idea that the polymerization
reaction occurs at the surface of RTIL.I””!  For understanding the formation mechanism of the
three-dimensional structure, we theoretically calculated the gallium-ion range in
[AllylEtIm][Tf:N]. The ion range is a linear distance from the surface of the target to the
position where incident ions loss their kinetic energy. In the classical method, the ion range
(R) can be estimated from the stopping power, (dE/dx), and the dE/dx is calculated using Bethe—

Bloch formulal. The formulas for calculating these factors are;

Eo
1
R_de/dxdE (3)
0

dE _ 47erze4N 71 2mgv?
dx ~ myvd 272 1 1(1-pB%)

- B 2] (4)

where Z1 and Z; are the atomic number of incident ion and effective atomic numbers of target
specimen, respectively, e is the electronic charge, my is the electron mass, v; is the velocity of
the charged particle, f is v;/c (c: light speed), Nuq is the atomic density of the target, and / is the
average ionization energy. However, this calculation does not consider the scattering
behavior caused by collisions between incident ions and atoms in the target specimen.
Therefore, to estimate the ion range more precisely, Monte Carlo simulation method, which
takes account of the scattering angle, is widely employed for such calculation now. Stopping
and Range of Tons in Matter (SRIM) is the most famous and powerful computer program series
for calculating ion ranges by Monte Carlo simulation method.””)  Detailed information on the

[77,78]

calculation is available elsewhere. Several parameters, such as ion type, ion energy and
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target density, must be inputted before running the program. In the present case, the target
density, i.e., the density of [AllylEtIm][Tf:N], was 1.46 g cm > at 298 K. The gallium-ion
range in the [AllylEtIm][Tf2N] calculated by SRIM 2013 was approximately 40 nm, which is
substantially smaller than the thickness of ca. 1 pum; that is, the polymerization reaction

theoretically proceed only at the vicinity of the RTIL surface.
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Figure 1-10. Schematic illustrations of a plausible three-dimensional polymer
structure formation process by RTIL-based FIB irradiation method. (a) At the initial
stage, polymerization reaction proceeds by FIB irradiation at the surface of the
polymerizable RTIL, [AllylEtIm][Tf2N], and a polymer layer is formed. (b) The
deposit grows downward until it reaches the Si substrate, when the FIB drawings are
repeated. (c) After the deposit reached the Si wafer, it physically adheres to the
substrate. (d - f) Once the structure is immobilized onto the Si wafer, subsequent FIB
irradiation causes further polymerization on the immobilized structure due to the
surface tension with meniscus of the RTIL. Finally, a three-dimensional polymer
structure is produced by RTIL-based FIB irradiation method with a raster scanning

mode.

1-5. Conclusions

In conclusion, the combination of the polymerizable [AllylEtIm][Tf;N] and the FIB
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irradiation with a raster scanning mode enabled the preparation of micro/nanoscale 3D polymer
structures. The interesting feature is that another polymer structure can be deposited on the
top of the premade polymer deposit with ease as the 3D printers, which are rapidly becoming
popular in several fields. Even the intricate polymer structure with hanging and bridging parts
was produced at the resolution of approximately 100 nm. Thus, the RTIL-based FIB
irradiation method reported in this article will make a large contribution to further development
of the MEMS/NEMS technology and make the 3D polymer micro/nanostructure fabrication

closer to many scientists and engineers.
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Chapter 2

Fabrication of 3D Polymer Structures by Electron

Beam Irradiation

1-1. Introduction

The electron beam (EB) irradiation technique is considered as a very important technique
because of its high resolution on the order of less than 5 nm. Nowadays, the electron beam
lithography process has been a key technology for fabricating nanoelectromechanical systems
and has achieved under 10 nm.”*** The EB has an advantage over the FIB in terms of higher
resolution, although its energy density is lower. So far, many resist materials have been

developed such as chemical amplified resists.l!+85-38]

In the investigations, however, the
concept of “using liquids for fabrication of micro structures” has never been proposed because
of their vapor pressure.

The aim of this chapter is, in order to extend the previous FIB method described in previous
chapter and to propose the present technique as a new direct writing method, to employ an EB
writing system for the micro/nano fabrication of polymer structures from an allyl-type
polymerizable RTIL ([Allyl[EtIm][Tf;N]). As a result, various 3D micro/nano polymer
structures having high aspect ratio up to 5 with a resolution of sub-100 nm were able to be
prepared and the structures obtained by this method have higher resolution compared to the

FIB method. To the best of my knowledge, this is the first achievement that can control the

polymerization of monomers in sub-100 nm scale.

2-2. Experimental section
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2-2-1. Preparation of the RTIL-coated Si Wafer

The sample preparation method was almost the same as the procedure described in chapter
1. [AllylEtIm][Tf:N] was also used in this chapter. Silicon atoms existing at a surface of
the Si wafer which was purchased from Osaka Titanium Technologies Co., Ltd. were
terminated with hydroxyl groups by a UV/ozone treatment. To improve the affinity to the
RTILs, Si wafer was modified with 3-aminopropyltriethoxysilane (APTES). APTES aqueous
solution (1 vol%) was placed on the substrate for 10 min,®*! followed by rinsing with ultrapure
water. The appropriate amount of the RTILs diluted with ethanol (5 vol%) was dropped on
the substrate and spun at 4000 rpm for 5 min. The thickness of the obtained liquid film was

estimated by the reflectance measurement to be approximately 1 pm.

2-2-2. EB Irradiation Experiment

The EB patterning was performed by a scanning electron microscope (JEOL-9100, JEOL
Ltd.) equipped with a pattern generator (SPG-924, Sanyu Electron Co., Ltd.). EB irradiation
was carried out in a vacuum chamber with its pressure kept under 9.6 x 107 Pa. The
acceleration voltage was 30 kV, and the beam current was adjusted from 1,000 to 5,000 pA.
The shapes of drawing patterns were prepared in bitmap format (5000 x 5000 pixels) and fit
into the irradiation area of 50 pm square. Accordingly, the scale for one pixel becomes 10
nm square. The EB was irradiated following the bitmap image in the raster scanning mode,
and the scan rate was adjusted to give a designated electron dose. No recognizable changes
of the pressure in the vacuum chamber were observed during the irradiation. After the EB
exposure, the substrate was rinsed with acetonitrile to remove the unreacted RTIL, and then
dried in air. The prepared polymer patterns were observed by the SEM with an acceleration
voltage between 5 and 20 kV without metal coating. An infrared spectrum was recorded by

an FT-IR spectrometer (FT/IR-6200, JASCO) and that for the microstructure was measured
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with an optional IR microscopy equipment (IRT-7200, JASCO). Raman spectra for both an
ionic liquid and a deposited polymer were measured by a Raman microscope (RAMAN-11,

Nanophoton).

2-2-3. Measurement of Young’s Modulus

The force curve measurements were performed with a scanning probe microscope
(NanoNaviReal, SII nanotechnology). A silicon cantilever (SI-DF20P) with a typical force
constant of 9 N/m was employed. Prior to the force curve measurements, topographic images
were recorded by the tapping mode. Five arbitrary points were chosen for each polymer
structure and the repulsive forces were recorded as a function of Z motion of sample stage.
The force curves were fitted with the equation®” by using an in-house procedure running on

Igor Pro 6.3 (Wavemetrics Inc.) and the Young’s modulus were estimated.

2-3. Results
2-3-1. Fabrication of 3D Structures by EB Irradiation onto the Allyl-type RTIL
The fabrications of 3D polymer structures from [AllylEtIm][Tf2N], which was the same as
the RTIL used in combination with FIB irradiation, were first demonstrated in the form of
drawing some images and characters. Figure 1-1 shows SEM images of the deposited
polymers resulted from irradiation of EB onto the [AllylEtIm][Tf:N] layer that was spun on
the APTES-modified Si wafer. The fine structures were obtained according to the irradiation
pattern with a uniform thickness as large as 800 nm. Additionally, the magnified image also
shows that this method achieves the resolution as small as around 200 nm. As judged from
the rigid nature of the structures that were retained on the substrate even after multiple rinsing,
some chemical bonds may be formed between the polymer and surface modifier during the

irradiation more than a simple physisorption. The irradiated dose per unit area was 30
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mC/cm? (900 J/cm?), which is much higher than that used for EB lithography with
commercially available resist like ca. 10 pC/cm? (300 mJ/cm?) in the case of negative type SU-
8.1 Besides the intrinsic reason that the polymerization of monomers needs higher electron
dose than cross-linking reactions, the need for such the large amounts of dose is due to the low
reactivity of allyl group leading to cross-linking chain transfer as well known. Incidentally,
we could not obtain any structures when the irradiation dose was less than 20 mC/cm?; there
was a definite threshold to obtain a solid deposition probably due to the requirement of

generating the insoluble oligomers and low-molecular-weight polymers.

Figure 2-1. SEM images of polymer structures prepared by EB irradiation
to [AllylEtIm][Tf2N]; (a) “OSAKA UNIV.” characters prepared in the area of
50 um square, (b) the magnified image of (a), (c) keyboard layout. All the

structures were prepared with 30 mC/cm? dose condition.

25



Polymer line structures as illustrated in Fig. 2-2 were fabricated to demonstrate the resolution
of the resulting polymer pattern. Eleven lines with different line width were aligned parallel
to each other with two thick vertical lines that were formed prior to the formation of the
horizontal lines in order to maintain the uniformity of the RTIL thickness of this area. SEM
images for the thus formed polymer structures were shown in Fig. 2-2 with the dose per unit
area given to make each structures. The first thing we should mention is that not all the lines
were formed as irradiated. In the cases of 250 and 200 mC/cm?, the two narrowest horizontal
lines (10 and 20 nm) were not obtained, and when the dose was reduced to 150 mC/cm?, the
line of 30 nm width was also absent. As mentioned in the experimental section, the line of
10 nm width corresponds to that of one pixel width; in other words, the electron beam is
scanned one time in the raster scanning mode used in a series of experiments. These results
indicate that not only the dose per unit area but also the consecutive irradiation of EB to
adjacent positions have some influence on the formation of solid structures, which is quite
unexpected if the nature of liquids and the typical scan interval (about 0.3 sec) were considered.
It is also noteworthy that difference in the width between the irradiation pattern and the
obtained polymer pattern for the horizontal lines became large with an increase in dose, while

those for vertical lines became small.
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Figure 2-2. Line patterns prepared to check the resolution; (a) irradiation
design with the numbers indicating the width of each line: red for horizontal
lines and green for vertical lines. (b—d) SEM images of deposited structures
prepared with the dose conditions of (b) 250, (c) 200, and (d) 150 mC/cm?2.
The numbers in orange and green indicate the actual line widths of the
obtained structures for horizontal and vertical lines, respectively.

SEM images in Fig. 2-3 show cross-shaped patterns comprised of horizontal and vertical
lines. The irradiation design of each line has 60 nm and 80 nm width, respectively. It must be
noted that the horizontal lines were first drawn, followed by drawing the vertical lines; the
irradiation dose for the both lines were 200 mC/cm?, which is large enough to obtain polymers
from the perspective given above. SEM images from different angles were also shown in Fig.
2-3c and 2-3d. Even the both structures were fabricated with the same condition; there was a
distinct difference in height between them. The dose may not be an exclusive factor that

decides the thickness of the structure.
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Figure 2-3. Cross shaped structures prepared by two-step irradiation; (a)

irradiation design indicating the two-step irradiation, (b) top-view SEM
image of deposited structures, (c, d) side-view SEM images observed from
the direction represented in (b) by (c) black and (d) white arrows. Dose

condition was 200 mC/cm?.

In order to investigate the effect of two-step irradiation on the deposited shape and to
compare the present method to previous FIB method, EB was irradiated by following the
irradiation design that we have used in the previous FIB experiment. The structures in Fig.
2-4 were comprised of five square frames; a bigger center frame was first prepared, followed
by four smaller frames with one side of each frame being overlapped with the center frame.
Unlike the jack-in-a-box-like structures prepared by the FIB irradiation with raster scanning
(see Fig. 1-6¢ in chapter 1), all the frames were attached on the Si substrate independent of the
order of irradiation, as if they have grown from the substrate. It is one of the most important

differences that were seen between FIB and EB irradiations.
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Figure 2-4. SEM image of frame structure comprised of five squares; (a)

top view, (b) side view, and (c) magnified image of the square in (b). Dose

condition was 30 mC/cm?2.

2-3-2. Characterization of the Deposited Polymer Structures by FT-IR
Spectroscopy

To understand the chemical reactions, the structures in Fig. 2-1 were characterized by FT-IR
microscopic analysis. The beam size of the IR microscope was confined to ten micrometers
square by an aperture and a part of the structure was measured. The IR spectra for both the
[AllylEtIm][Tf2N] monomer and deposited structures were shown in Fig. 2-5a and 2-5b. In
the spectrum of the monomer, the multiple peaks around 3100 cm™! derive from C—H stretching
of the imidazolium cation. The absorption band around 1136 cm™' was assigned to the C-N
symmetric and asymmetric stretching of the imidazolium side chain, and the sharp peak at 1624
cm ' and multiple peaks around 1452 cm™! derive from the ring vibration of imidazolium.
The C=C stretching for allyl group arise as a small peak at 1649 cm™'. On the other hand,

vibrations for [Tf:N] anion are observed at 3636, 3552, 1356, 1190, and 1056 cm™!.  After the
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EB irradiation to [AllylEtIm][Tf:N], the IR spectrum changed drastically, ~The most
distinctive difference is the broad absorption between 2500 cm ' and 3500 cm! that is
attributable to the N—H stretching of amines (including some coupled, overtone vibrations) in
complicated chemical environment.!!  The small peak arising from allyl group disappeared,
while absorptions corresponding to [Tf2N] were almost unchanged. The disappearance of the
allyl group was also confirmed by the micro Raman spectra that was more sensitive to the C=C
double bond (Fig. 2-5¢). These results indicate that the majority of radiation-induced reaction

2] and to

occurs on the cation, leading to the cleavage of C—N bonds for side chains
oligomerazation of allyl group. Cross-linking reaction may also occur to form the deposits

during continuous irradiations of EB with relatively high dose.

—
2

=

7(b)mn

=

= 9%

=2

1
! i
14 Ring vibration ;
i of imidazolium .

Transmittance / %

4 e Fw
: 5
A C-N of the 1
50 ﬂT imidazolium I C-N stretching
1 : of amines
. C-H stretching !
» (F it - | | | | TTTT‘ . | L | | | |
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenum ber /cm™ Wavenumber/cm
(c) 18x10° T \ a0
16— — [AlyEdm][TE,nN
—— deposited polymer —{ 2400

Intensity / au
2
ne ; Apsusup

|
1610 1620 1630 1640 1650 1660 1670
Raman shift / om '

Figure 2-5. (a) FT'IR spectrum of [AllylEtIm][Tf2N], (b) FT-IR microscopic
measurement for the deposited polymer structures and (c) the micro Raman
spectra of deposited polymer structures (Ex. 532 nm). The red and blue
lines indicate the RTIL monomer and deposited polymer, respectively.
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2-3-3. Measurement of Young’s Modulus by AFM

The elastic properties of the deposited polymer were examined by AFM in the force curve
mode, which measures the repulsive force from the sample indented by a cantilever. The
displacement of the cantilever, z — zy, and sample distortion, d — dp, can be associated with the

following equation;°"!

k(d—d
Z—2Zy=d—dy+ 5 ( o) (D

(E) [E(1 —v?2)]tan(a)

where £ is the spring constant of the cantilever, £ is the Young’s modulus of the sample, a is
the half-opening angle of the cone (= 16°), and v is a Poisson ratio that is equal to 0.5. The
cantilever’s spring constant k was estimated by the equation 1 based on the force curve on a
Si-substrate having a known elasticity of £ = 185 GPa. Then, the Young’s modulus of the
samples were estimated by fitting the force curves to the equation. More detailed information
about this method has been reported by Radmacher.?!

The elasticity of the structures made with six different irradiation conditions are listed in
Table 1; five points were chosen at random for each structure. No discernible difference could
be identified from SEM observations between these points of measurement. At first glance,
the deposited polymers had the nonuniform structures with different Young’s modulus by
location. However, the elasticity of each polymer was still correlated with the dose amount
and beam current when they are compared as an average. Commercially available polymers,
such as polyethylene and polyethylene terephthalate, have the Young’s modulus around 10
GPa.”!  1In all current conditions between 1 to 5 nA, the amounts of dose seemed to have a
major effect on the elasticity of the samples. The structures prepared with 100 mC/cm? were
much harder than those deposited with 50 mC/cm?®. It can be easily expected that the chemical

structures of the polymer may be changed by long time EB irradiations. It is also notable that

the number of relatively hard points, for example, E > 50 GPa for 50 mC/cm? and E > 100 GPa
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for 100 mC/cm?, became large with the increase in the beam current, suggesting that not only

dose but also beam current have effects on the physical properties of polymer.

Table 2-1. The results of Young’s modulus measurements for each polymer structures

Polymer structures deposited by Polymer structures deposited by ~ Polymer structures deposited by

Measuring beam current of 1 nA beam current of 2.5 nA beam current of 5 nA
points E (Gpa) E (Gpa) E (Gpa) E (Gpa) E (Gpa) E (Gpa)
for 50 mC/cm? for 100 mC/cm? for 50 mC/cm? for 100 mC/cm? for 50 mC/cm? for 100 mC/cm?
1 6.0 80 0.2 12 2.3 70
2 1.4 40 50 180 0.3 100
3 0.5 80 25 50 15 3.5
4 <0.1® 1.0 <0.1® 150 30 100
5 <0.1® 40 180 30 40 60

(a)Fitting reliability is low for soft samples less than 0.1 GPa

2-4. Discussion
It is commonly known that the allyl groups are hardly polymerized because generated

(701 However, solid

radicals are too stable to keep successive radical polymerization reactions.
structures were obtained by the FIB irradiation to the allyl-functionalized RTIL, which was
reported recently with a possible mechanism of the chemical reactions. [AllylEtIm][Tf2N]

oligomers were considered to be first formed by the repeated ion beam irradiation, followed by

the cross-linking reaction between these oligomers. Thus, the rigid polymer structures have
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been obtained from the allyl-functionalized ionic liquid. The same reactions may also be
induced by the irradiation of EB. The results of FT-IR and Young’s modulus measurement,
which revealed that giving larger dose lead to the formation of stiff structures with complicated
chemical structure, show the occurrence of cross-linking reaction and support the prognosis.

One of the important points for the present technique is that it is possible to make any shapes
of deposits precisely by a single raster writing of images. Even if the total area exceeds 50
um square, the obtained structure had a resolution of several tens of nanometers. The
resolution of polymers produced by EB irradiation was further examined by using the image
shown in Fig. 2-2a. The most notable thing is the absence of some lines. In the case of 250
and 200 mC/cm?, for example, at least three scans were required to obtain the polymer structure,
indicating the cumulative effect of three adjacent temporally-spaced shots. This in itself is
not such strange if it was considered that the spatial spread of electron range around several
tens of nanometers in radius, as will be mentioned later, increases the net dose of the overlapped
place. In such the case, however, the active species must stay at the same position and alive
during the scanning interval of typically 0.3 sec. Calculation from the diffusion coefficient
of RTILs, which is on the order of 1 x 107! m? s™!, predicts that the reactive species generated
in spurs can travel ca. 1 pm from the irradiated positions during that interval time.** In
addition, the lifetime of reactive species that is about several tens of microseconds is too short
to maintain its chemical reactivity over the repetitive scans.”! Therefore, it is the most
plausible that the oligomers having much lower diffusivity than monomers are formed during
the first and second scan, and then they are deposited to form the rigid structure by the third
scan.

Unignorable differences between irradiation line width and actual width of the
corresponding deposits should be considered. It is quite reasonable to consider the traveling

of electrons after they hit the material. The electron range, which means the distance from
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the surface of the target to the position where irradiated electrons completely lose their energy,
can be calculated by the following equation;
R=21x10"12x E—g (2)
p

where Ey (eV) is the energy of irradiated electrons and p (g/cm?) is the density of the target.
In the case of [AllylEtIm][Tf:N] with the density of p = 1.46 g/cm>, the electron range is
estimated to be approximately 13 wm, which is much larger than the RTIL layer thickness as
small as 1 um. Of course, a lateral displacement should also occur by the electron scattering
during the traveling within the RTIL layer. The Monte Carlo simulation was, therefore,
employed to draw trajectories of multiple sets of electrons by supposing two layer model
consisting of 1 pm RTIL and a Si-wafer (density; 2.3 g/cm ) as a bottom layer.”®!  As shown
in Fig. 2-6a, a large part of electrons penetrate the RTIL layer and reach the Si substrate with
the expansion of beam diameter in RTILs due to the elastic and inelastic scatterings. The
lateral spreading of electrons reaches up to several tens of nanometers, and it becomes obvious
at high dose amount. These perceptions coincided with the results shown in Fig. 2, where
high dose amount gave thick structures even if the same irradiation pattern was used. In other
words, a high resolution structure can be obtained by the appropriate choice of the dose amount.
In fact, the structures made for demonstration (Fig. 1) was prepared with much lower dose (30
mC/cm?) than that displayed in Fig. 2-2 and 2-3 comprised of narrower lines. Together with
the perceptions mentioned above, preparation of the bulky structure needs less dose because

the oligomers have many chances to be solidified by the EB irradiated in close proximity.
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Figure 2-6. The Monte Carlo simulation for (a) the electron range and (b)
the ion range. The images of (c) and (d) are the magnified graphs for the
RIIL layer of (a) and (b), respectively. The number of incident electrons and
1ions were 10,000. The displayed electron number is 200. The thickness of
an RTIL layer was 1 um and the density of [AllyEtIm][Tf:N] was 1.46 g cm™.
The black lines were the trajectory of incident particles. These simulations
were performed by CASINO and SRIM 2008, respectively.

The polymer structures shown in Fig. 2-3 provide another interesting point of view. The
tilt SEM images show that the line structures have a high aspect ratio up to around 5. Such a

high-aspect ratio can only be obtained by recently developed new resist materials such as an

[14,85,86]

epoxy chemistry-based EB resists and chemically amplified resists. The easiness of

the rinsing process that is intrinsic to the liquid matrix may contribute to the achievement
because, in the conventional lithographic processes, mechanical stress between the developed

structures and non-reacted polymer matrix often damage the spindly part of structures during

97]

the rinse process.! This stressless situation seemed to bring another advantage that is the
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smoothness of the sidewalls, roughness of which was hardly recognized in the SEM images
shown in Fig. 2-3. The difference in height between the horizontal and vertical lines should
also be discussed. Although the dose amount was the same for the both cases, the vertical
lines were higher than the horizontal ones. This may derive from the alteration of the RTIL
thickness that was pushed up by the pre-deposited horizontal structures, making the second
vertical structures grow higher than the horizontal ones. Such the phenomenon seems to be
unique to the liquid phase reaction and could not be observed for the case of the common resist
materials.  Furthermore, the horizontal structures were gently curving at around the
intersection with the vertical lines, as shown in Fig. 2-3d, probably because the growth around
the curving area was initiated from the top of the existing horizontal line during the preparation
of the vertical lines. This can be predicted from the result of the Monte Carlo simulation.
These behaviors are very different from not only the conventional lithography but also from
previous FIB-RTIL method, in which the two step exposure can realize complicated 3D
structures including a hollow and a reverse taper structures.

The structure shown in Fig. 1-4 is a typical example that expresses the differences between
the EB and FIB methods. Although, in the FIB method, the four smaller squares were
deposited on the center square so as to be completely lifted from the Si substrate (see Fig. 1-
5¢), all of the five frames were deposited on the substrate when the EB was used. For
understanding of these different phenomena, the Monte Carlo simulation was also performed
for the diffusion of Ga ion beam at 30 kV in the RTIL layer and was displayed in Fig. 2-6(b).!"”!
In the case of ion beam irradiations at accelerating voltage of 30 kV, the Ga ion range was
considerably smaller than the electron range because of its strong interaction with atoms in the
target RTIL. Therefore, as shown in Fig. 2-7, it can be concluded that the polymers prepared
by the FIB irradiation form at the interface of vacuum and RTIL, while in the case of the EB

irradiation, the large part of electrons penetrate the RTIL layer and the polymerization and
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cross-linking reaction occur at whole irradiated area of the RTIL at once. By considering all
results which were obtained in the present chapter, the difference between EB-RTIL and FIB-

RTIL method, and also found the utility of each quantum beam RTIL methods was clarified.

(a) FIB FIB
Rigid
RTIL Holymer RTIL RTIL
N / N N
- - —

R = . B .

(b) ED EB Rigid
RTIL RTIL RTIL Polymer
X \ \ 7
B I R

Figure 2-7. Illustrations of the polymer formation mechanism for (a) FIB-
RTIL method and (b) EB-RTIL method. In the case of FIB method, the
polymer structures deposited at the surface of RTIL. On the contrary, the
polymer patterns were formed between the substrate and RTIL by EB
irradiation.

2-5. Conclusion

The fine polymer structures with high aspect-ratio and high resolution over the area as large
as 50 um square were obtained by introducing the allyl-type polymerizable RTIL into the EB
drawing system. In addition, the effect of irradiation dose and beam current on the
physicochemical properties of the deposited polymers was investigated by measuring the FT-
IR spectra and Young’s modulus. Interestingly, the overall shapes of the obtained structures

were different from those prepared in previous chapter using a focused ion beam (FIB) even if
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the samples were irradiated in a similar manner. This may be due to the different transmission
between the two types of beams as discussed on the basis of the theoretical calculations of the
quantum beam trajectories. Perceptions obtained in this chapter provide the facile preparation
procedures for the micro/nano structures. From all results given in this chapter, the idea of a
completely new direct-writing technique have been proposed and this development would

become a viable technology for the fabrication of micromachines or microelectronic devices.
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Chapter 3

Preparation of Silver Structures by Electron Beam

Irradiation

3-1. Introduction
Fabrication of micro/nano metal structures on semiconductor substrates is an essential
technique for the development of the MEMS.®¥1%1  To date, there have been many

1 [101-106]

achievements for the patterning of metals, such as gold, silver and coppe Among

them, the direct writing techniques are considered as the most efficient method because of their

[107-110] or

simplicity of the process. They include direct drawing by the inkjet printing,
reactive deposition from precursors contained in liquids!'!'~!'* and those existing in the gas
phase by using lasers and a quantum beam!!”!">1"1 respectively. The last case using the
quantum beam achieved resolution as small as 100 nm. However, liquids are considered to
be advantageous because they can provide larger amount of metals in a short time compared
with the vapor phase deposition.

Recently, the group which the author belongs has reported the preparation of various kinds
of colloidal metal nanoparticles dispersed in RTILs by y-ray radiation irradiation.[*#!2°) By
this method, getting metal dispersed RTILs became quite easy. The similar reduction
reactions were observed during the electron microscopic observations (20-300 kV), where the
metal nanoparticles were formed on the surface of or inside the ionic liquids around the
observation area. These investigations gave the new idea of metal direct writing technology

to the author.

In the previous chapters, the fabrication of various three dimensional micro/nano polymer
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structures was demonstrated by introducing the thin layer of polymerizable RTIL into a
quantum beam writing system to trigger the polymerization reaction of RTIL monomers at nano
scale. In this chapter, a new direct writing technique that deposits metals at will on a substrate
by introducing RTILs containing silver salts was proposed instead of polymerizable ones.
The largest difference is the role of RTIL, which was a reactant previously, as a reaction media
for silver deposition. Therefore, how to provide an appropriate amount of silver ions, and
how to fix a metallic silver on a substrate that was floating on the RTIL with an uncontrolled
irradiation, can be issues to be solved. Micro-scale silver patterns are very promising in terms
of their catalytic activity!'>!l and a potential to the plasmonic applications like the surface-
enhanced Raman scattering (SERS).['?2]  The approach described in this chapter affords to
make fine silver patterns of high resolution and purity within a shorter period of time than the
deposition from the gas phase. Also, compared with template-based methods, possibility to

obtain an arbitrary shape will be beneficial to the plasmonic researches and applications.

3-2. Experimental section
3-2-1. Chemicals

The RTIL, N,N,N-trimethly-N-propylammonium bis(trifluoromethanesulfonyl)amide
([N1,1,13][TE2N]), was purchased from Kanto Chemical Co., Inc. It was washed with water
and chloroform, then dried under vacuum condition at 100 °C for 24 h prior to use. H[T:N]
(Morita Chemical Industries Co., Ltd.), AgO (>98%, Kishida Chemical Co., Ltd.), 3-
aminopropyltriethoxysilane (>98%, Sigma-Aldrich Co. LLC), and rhodamine 6G (>99%,
Sigma-Aldrich Co. LLC) were used without further purifications. The Ag[TfH:N] was
synthesized by mixing H[Tf:N] and Ag>O following the previously reported method.!'?*! ~ An
n-Si wafer (100 Q cm™?) purchased from Osaka Titanium Technologies Co., Ltd. was used as

a substrate. Water used in the present chapter was purified with Milli-Q Integral 3 (18.2 MQ
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cm).

3-2-2. Preparation of RTIL-Coated Si Wafer

The sample preparation procedure was almost the same as described in previous chapters.
The Si substrate was cleaned in SC1 solution (NHzaq : 30% H>O2 : HO=1:1:4)at 60 °C
for 20 min, followed by the termination with hydroxyl groups by UV/ozone treatment. For
improving the affinity of the substrate to both the RTIL and deposited Ag patterns, Si wafer
was modified with 3-aminopropyltriethoxysilane (APTES). For this purpose, the substrate
was immersed in an anhydrous toluene solution containing 1 vol% APTES for 12 h, followed
by rinsing with an ultrapure water. Ag[Tf2N] was dissolved in [N1,1,13][Tf=2N] in 390 mM, and
diluted with ethanol to be 5 vol%. An appropriate amount of the solution was dropped on the
substrate and spun at 4000 rpm for 5 min. The thickness of the obtained liquid film was

approximately 1 pm.

3-2-3. EB Irradiation Experiment

The EB irradiation was performed by a scanning electron microscope (SEM, JEOL-9100,
JEOL Ltd.) equipped with a pattern generator (SPG-924, Sanyu Electron Co., Ltd.). The
acceleration voltage and beam current was set to 30 kV and 2500 nA, respectively. The
vacuum condition was kept under 9.6 x 107 Pa during the whole irradiation processes.
Bitmap images consisting of 5000 x 5000 pixels were prepared and loaded on the pattern
generator. The EB was irradiated following the image with the raster scanning mode in the

area of 50 x 50 um.

3-2-4. Characterizations of Deposited Structures

After the EB irradiation, the RTIL was removed by rinsing with acetone. The deposited

41



structures were observed by an SEM (Keyence, VE-9800) equipped with energy dispersive X-
ray analysis (EDAX Genesis-XM2, EDAX). EDX line analyses for the Ag line patterns was
also performed as shown in Fig. 3-2. The Raman spectra were recorded by a Raman
microscope (RAMAN-11, Nanophoton) before and after the post-treatment with 1 M HNO3

aqueous solution.

3-3. Results and Discussion
3-3-1. Fabrication of Silver Structures and Discussion about the Structure
Formation Mechanism

Figure 3-1 shows Ag patterns deposited on a 3-aminopropyl trimethoxysilane (APTES)
modified Si substrate by irradiating 30 kV focused EB onto the RTIL thin layer of 1 um
thickness. The EB was raster scanned from left to right toward the bottom direction of the
images with the irradiating dose of 1200 J/cm?. The substrate was modified with APTES to
improve the affinity of both the RTILs and Ag patterns for the Si substrate.['>¥ The RTIL
used in the experiment was N,N,N-trimethyl-N-propylammonium  bis(trifluoro-
methanesulfonyl)amide ([N1,1,13][T=2N]) containing silver bis(trifluoro-
methanesulfonyl)amide (Ag[Tf:N]) in 390 mM, although details for experimental conditions
are provided in the experimental section. The SEM images were obtained after removing
RTILs by acetonitrile. Firstly, making line structures by the EB swept along the lines, i.e.,
from left to right in the image of Fig. 3-1a, was attempted. Judging from the SEM images,
Ag structures consisted of very small particles. These Ag structures stuck to the substrate
strongly enough to keep their shapes even after rinsing several times. The deposits were
partially deficient or the middle of the structures were open when the line width is substantially
large. Loss of the deposits at the end of each structure seen for the upper four thinner lines

was probably due to the lack of dose, which was exaggerated by the subsequent nucleation and
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growth processes where existing small particles facilitate the growth. These situations are
very similar to those observed for the polymer deposition from the allyl-functionalized ionic
liquid, where narrow lines were not likely to deposit. The specific outline structures seen for
the bottom two lines may be formed by the limited supply of silver ions. Compared with the
periphery of the structures that would potentially receive the ion supply from lateral directions,
the middle part can only use a small number of ions originally being there. Even the barely
existing ions were taken away by large grains formed at the periphery of the structures to
become inside open. Of course, these speculations are made on the assumption that the
nucleation and growth of the silver took longer time than the reactive species are generated by
the EB: at least they should have timescales longer than that needed for scanning several tens
of lines (~10 sec). These behaviors are unique to the liquid phase reactions and cannot be
observed in gas or solid phase. That is, a special care should be taken when the precursor
material is a part of liquid component, not the liquid itself; nevertheless the supply rate is much

faster than that from the gas phase.
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Figure 3-1. SEM image of silver structures prepared by EB irradiation to
[N11,13[TfoN] containing Ag[TfoN]: (a) line structures under the dose
condition of 1200 J/cm? and (b) the irradiation design.

Repeating EB irradiation for a long distance at a time could cause the aforementioned
problems. Therefore, the same line structures designed to become perpendicular to the

scanning direction to prevent the shortage of ions were made (Fig. 3-2b).
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Figure 3-2. (a) The irradiation design and (b) SEM image of silver
structures prepared by EB irradiation to [N11.1,3][TfaN] containing Ag[Tf2N].
The average line widths and standard deviations for each deposited line

estimated from randomly-selected ten points were given in (b).

The shapes of structures were greatly improved and no remarkable deficits were found. One
unfortunate issue is that there were non-negligible differences between the widths of the
drawing lines and deposited structures. The deviation is very similar to that observed for the
polymer structures in chapter 2, which was attributed to the lateral spreading of electrons by
scattering and diffusion of thus generated reactive species. Incidentally, when giving a lower
dose (600 J/cm?), structures except for the two thick lines on the right hand were absent (Fig.

3-3b).
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Figure 3-3. (a) The irradiation design and (b) Linear structures of silver

prepared with the raster scanning of the EB perpendicular to the lines
under 600 J/cm?2.
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This is because they need a certain amount of dose to grow to become insoluble and being fixed
on the substrate, like polymer structures needed crosslinking reaction to be solidified. = By
taking all of these factors into account, the Ag structures having desired shapes like Fig. 3-4a
and 3-4b were obtained. The structure in Fig. 2b could be produced with the diagonal scan

of EB against the readable direction.
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Figure 3-4. Micro-sized alphabets and (b) circular structure of 20 pm in
diameter. Dose for the irradiation was set to 1200 J/cm?2.

3-3-2. Characterization of the Deposits

Another important point can be seen in the result of the Energy dispersive X-ray spectra
(EDX) as shown in Fig. 3-5. The obtained deposits consisted mostly of silver with small
amount of carbon as impurity (< 20 at%) that is presumably a decomposed RTIL as indicated
by the Raman spectra of the deposits (see Fig. 3-6). EDX line analysis was also performed
and shown in Fig. Fig. 3-7. The deposited structures consisted of silver and small amount of
carbon, and no silver contamination was detected from unirradiated area. The distribution of
carbon was slightly different from that of silver; it was more located at the periphery of silver

and fewer existed on top of the silver, although it was detected only for the left hand of each
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silver line due to the angle to the detector. Although further improvements are needed to
obtain pure metals, 20 at% without a post treatment at this stage is a great progress to the fine
metal structures fabricated by the EB irradiation to organometallic gas precursors. Many of
them reportedly contain much amount of carbon (>50 at%) inside the structures, which cannot

(1251 In comparison to them, reducing the

be fully removed even by the post treatment.
impurities to the level that Raman signal is disappeared even on the angular silver structures

was achieved by a simple post treatment dipping the substrate ina 1 M HNOj3 aqueous solution.

3
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Figure 3-5. Fig. 2 EDX analyses of (a) the deposited silver patterns and (b)
an EB irradiated area of the substrate. The identification for each peak

was shown in the spectra.
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Figure 3-7. Raman spectra recorded for the Ag structures before and after

the cleaning with HNOs3 solutions.
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3-3-3. Discussion about the Chemical Reactions
As described above, the purity of the deposited was quite high compared to the common
method. Actually, the carbon content was strongly dependent on the choice of RTIL used as
a matrix. An ammonium-type RTIL, [Ny1,13][T2N], which is relatively stable against the
ionizing radiation according to the previous reports!*!#+126] wag selected for the experiments.
Still they are known to generate radiolysis products as follows:*!
[RyN][Tf,N] = egqy.~ , HY ,RyN*2* R*, Tf,N*, CF3 , CF3S05
In fact, when imidazolium-type ionic liquids having high radiation susceptibility were used
instead, the obtained structures consisted mostly of carbon (results are not shown).
Alternatively, a high beam current (2.5 nA) to the [N1,1,13][Tf2N] were applied to generate a
certain amount of reactive species (radicals; Re and solvated electrons; ez ) that serve as a
reductant for the silver ion as follows:
Ag'+ e g4, ~ or Re— Agf

Ag monomers (Ag’) thus generated would grow through some of the following
equations; 1271281

Ag® + Ag' — Ag,”

Agm + Ag' > Agmit”

Agm+1I + €sow” ™ A8m+1

Agm + Ag’ = Agmis
where Agm corresponds to the metal nanocrystals consisting of tens to hundreds of atoms. The
carbon remained in the structures may originate from the annihilation of radicals Re, like R-R.
However, fortunately, they seemed to be in large part soluble to the ionic liquid so that they
were washed away during the deposition of silver. These situations possibly resulted in the

formation of silvers of pure, large-grain (~100 nm), and angular crystals.
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3-3-4. Fabrication of the Surface-Enhanced Raman Scattering Substrate

For demonstrating the usability of thus formed silver nanostructures, SERS activity was
measured. The Raman signal is known to be enhanced in a small gap between the two metal
nanostructures of gold and silver.[!?212971321  Triangular silver structures was designed as
inspired by the previous work, where a nano sized metal array having localized surface plasmon
(LSPR) absorption in visible region was fabricated by using a template of spherical

nanoparticles.!!3?!

Figure 3-8a shows an SEM image of triangular silver structures, in which
the gap between each component is controlled to be around 100 nm. As mentioned before,
after several rinsing with organic solvents, very few amounts of the RTIL or carbon were
remained in the silver structures and they are detected at Raman measurements. For removing
them completely, the substrate was washed with 1 mM HNOs; aqueous solutions as a
pretreatment. By doing it, all peaks for them were disappeared as shown in Fig. 3-7. To
measure the SERS activity of the structure, rhodamine 6G (R6G) was adsorbed on the substrate
by immersing in the 10 uM aqueous solution.!"?>!33]  Figure 3-8b shows SERS spectra of R6G
obtained from the triangular silver structures. The sharp peaks at 1646, 1507, 1357 cm™'
derives from the C—C stretching of xanthene ring. A peak at 1571 cm ™' was assigned to C=0
stretching, and a peak at 1181 cm™! was assigned to the C—H and N-H bending vibrations of

1331 While detailed evidence on how much the structure contributes to the

xanthene ring.|
SERS intensity at this stage was not cleared enough, the effects of the size, shape, and gap of

the structures on the enhancement of the Raman signal would be investigated in near future.
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Figure 3-7. (a) SEM image of the star structure for SERS. The 23 star
structures were deposited on the area of 50 pm square regularly. (b) SERS
spectrum of R6G adsorbed on the structures. The red line and blue line

were an Ag structure and a Si surface, respectively.

3-4. Conclusions

The new fabrication method of silver nanostructures by using the RTILs thinly coated on the
Sisubstrate was established. The methods produced fine silver structures with high resolution
around 200 nm, which is close to other direct writing techniques using the deposition from the
gas phase. Although the resolution itself still has room to be improved, the purity of the silver
was much higher than those previous reports because of the high solubility of the radiochemical
byproducts into the ionic liquids. The silver nanostructures were found to possess SERS
activity. In terms of Raman enhancement, the present method is much more advantageous
compared to template methods because it is easy to fabricate arbitrary shapes at desired

positions.
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Summary

In this dissertation, preparation methods to fabricate various 3D polymer or metal structures
have been investigated. The effect of quantum beam, such as electron beam and ion beam, to
the deposited structures was also discussed. The main results and conclusions obtained in this

study are summarized as follows:

In chapter 1, fabrication of three-dimensional (3D) micro/nano-polymer structures by FIB
with the conventional raster scanning mode was demonstrated. It can be realized by a simple
innovative approach that is an introduction of a non-volatile polymerizable room-temperature
ionic liquid (RTIL) to a focused ion beam (FIB) technique that requires ultrahigh-vacuum
condition. That is, various 3D micro/nano-polymer structures, even intricately-designed ones,
which have never been possible to prepare by the conventional FIB method with a raster
scanning mode, but can now be readily produced by this approach. Systematic fabrication of
several intricate figures has revealed that the 3D structures are constructed by the manner
adopted in the 3D printer. It means that just putting the polymerizable RTIL in a FIB enables

the cutting-edge 3D printing technology to be built in the FIB instrument.

In chapter 2, the novel technique for fabricating three-dimensional (3D) micro/nano-polymer
structures was proposed by patterning irradiation of electron beam (EB). The combination of
a non-volatile polymerizable room-temperature ionic liquid (RTIL) and an EB technique enable
to fabricate fine structures in liquids. By this approach, the preparation of various 3D
micro/nano-polymer structures with a high resolution of sub-100 nm were achived. Further
than this, the deposited structures had a high aspect ratio around 5 without any difficulties.

Systematic fabrication of several structures and a theoretical calculation have revealed the 3D
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structure formation mechanism. By this, the difference between the present EB and FIB

method was revealed and the availability for each microfabrication method was also proposed.

In chapter 3, a novel technique for the fabrication of fine silver structures by conducting the
patterning irradiation of an electron beam (EB) onto room temperature ionic liquid containing
a silver salt was proposed. A simple but innovative approach that uses a RTIL enables the
liquid phase reaction in an EB apparatus because of its nonvolatile property. The reduction
of silver ions occurs according to the irradiating pattern to produce micro and nano silver
patterns at high resolution down to around two hundreds nanometers. By doing several
approaches, the important perceptions for obtaining fine structures were revealed as described
in the chapter. Besides, the resulting structures contained much less amount of carbon
impurities compared with those obtained from gas precursors, which is advantageous for

photonic applications.
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