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The fruits of many plant are carried and flowers are also swayed by the wind.
If the flow of air around plants can be visualized, the science behind it will be
interestingly illustrated. In this study, the gas flow around cherry blossom
fruits, clover flowers, maple seed propellers, and dandelion pappi as
spherical and propeller-shaped samples is demonstrated using a Schlieren
optical system and a high-refractive-index gas. The observed gas flow
corresponding to the sample shape was well characterized by fluid dynamics
features such as the Coanda effect. The results of experiments in which the
flow of gas around plants is visualized are useful as a scientific education

material for fluidics and optics.

Keywords: Schlieren, plant, gas flow, Coanda effect

1. Introduction

The Schlieren and shadowgraph methods are
commonly used for visualizing fluids [1, 2]. Both
methods clearly show changes in the refractive
index of the medium through which light passes.
Various fluids have been observed using these
methods. Their use in shock wave, sound wave,
and microfluid observations has been reported [3—
6]. The Schlieren and shadowgraph methods are
suitable as observation methods in science educa-
tion, and in some studies, they have been used as
teaching tools [7—11]. However, the observations

using the Schlieren method often use artificial
shape objects such as airplanes or only gas flow
as a sample, although there are also examples of
the application of these methods to the observa-
tion of living organisms. Liu et al reported the use
of Schlieren photography of a flying hawkmoth
[12]. In addition, Gates used the Schlieren method
to observe plants in research on heat transfer in
plants [13]. Cummins et al reported that a separ-
ated vortex ring underlies the flight of dandelion
pappi [14]. The author is interested in the naturally
generated flow of gas around objects of various

© 2024 IOP Publishing Ltd
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shapes exist close to us. The fruits of many plants
are carried and flowers are also swayed by the
wind. The author believes that if the flow of air
around plants can be visualized, it will be inter-
esting as a scientific demonstration method.

In this study, the gas flow around cherry
blossom fruits, clover flowers, maple seed pro-
pellers, annual flebane flowers, and dandelion
pappi used as spherical and propeller-shaped
samples is observed using a Schlieren optical sys-
tem and a high-refractive-index gas.

2. Experimental setup

For this experiment, a basic Schlieren optical sys-
tem consisting of a pinhole, two lenses, and a
knife edge was used as shown in figure 1. Figure 2
shows (a) an overview of the Schlieren optical
system used in this experiment, (b) the pinhole
and objective lens, (c) the knife edge, (d) the pos-
itional relationship between the sample and the
spray can, and (e) the observed jet ejected from
the spray can. A traditional incandescent bulb
was used as a light source. Two objective lenses
of the same astronomical telescope (Takahashi
Seisakusyo Ltd, FC60-C) facing each other were
used as the convex lenses of this Schlieren optical
system. The aperture of these lenses was 60 mm
and the focal length was 355 mm. The object-
ive aperture of a scanning electron microscope
made of molybdenum was used as a pinhole [15].
The pinhole diameter used in this experiment was
0.35 mm. The knife edge was a craft knife blade
(OLFA Co.), which was attached to the edge of
the drawtube of the telescope with a double-sided
tape. Therefore, the position of the knife edge in
the optical axis direction can be manipulated in the
same way as adjusting the focus of a telescope. All
samples were placed between the two lenses.
The Schlieren optical system can visualize
the refractive index gradient (dn/dy) of a gas such
as air heated by the temperature of palm of a
hand. The refractive index »n of air is approxim-
ately 1.000 27 at room temperature and 1 atm.
This refractive index changes by —1 ppm per
1 °C. Therefore, the refractive index change of
air heated by body temperature is approximately
—10 ppm. In this experiment, an easily avail-
able gas with a higher refractive index than air
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Figure 1. Schematic of Schlieren system used in this
experiment.

was used to facilitate observation. The stream
applied to the sample was gas from a commercial
spray used to blow away dust from a com-
puter’s keyboard. The gas in the spray can (Hozan
Tool Industrial Co., Ltd, Z-283 134a Duster)
was hydrofluorocarbon (HFC134a). The refract-
ive index of this gas is approximately 1.0067.
This gas, which has a higher refractive index than
air, makes it easier to observe gas flows around
samples. A sample was exposed to a gas flow from
adirection perpendicular to the optical axis. In this
experiment, plant fruits, flowers, seeds, and pappi
were used as samples. The gas flow rate was meas-
ured with an anemometer (Sanwa Supply Inc.,
CHE-WD1). This instrument is a propellar-type
anemometer and its minimum limit of flow rate
detection is 0.4 m s~'. In addition, figure 2(e)
shows the observed jet ejected from the spray can.
A thin tube (inner diameter, 1 mm) was connected
to the tip of the nozzle of a spray can to generate
a gas flow. As can be seen from this photograph,
it was confirmed that the jet from the spray can be
sufficiently clearly observed with this Schlieren
optical system. In most of the following experi-
ments, a gas was sprayed without the thin tube at
a flow rate of about 1.42ms~!.

3. Observation results of gas flow around
plants

3.1. Gas flow around spherical sample

First, let us observe the gas flow around a
spherical sample. Figure 3 shows the results
of an experiment using a spherical fruit as an
example of observing airflow around a spherical
sample. Figure 3(a) shows a photograph of the
Japanese Yoshino cherry blossom fruit used in this
experiment, the shape of which is approximately

Phys. Educ. 59 (2024) 045013
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Knife edge Y
. - Camera# »

Figure 2. (a) Overview of Schlieren optical system used in experiment, (b) pinhole and objective lens, (c) knife
edge, (d) positional relationship between sample and spray can, (e) observed jet ejected from spray can.

spherical. Figure 3(b1) shows the gas flow when
the sample is not hit by the gas ejected from the
nozzle, and figure 3(b2) is the same as figure 3(b1)
with the flow edges clarified by image processing.
In these figures, only the flow of the gas from
the nozzle was observed. Figure 3(c1) shows the
gas flow when the bottom surface of the sample
is hit by the gas ejected from the nozzle, and
figure 3(c2) is the same as figure 3(cl) with the
flow edges clarified by image processing. It can
be seen that the gas upon hitting the lower part of
the spherical sample flows along the surface of the
sample and travels towards the upper part of the
sample. This is a phenomenon called the Coanda
effect, in which the flow adheres to the wall. The
jet from the nozzle collides with the underside of
the sample and splits into upper and lower parts.
The lower flow travels along the surface of the
sample. The flow along the lower surface wraps
around the sample, separates at the rear of the
sample, and proceeds to the left side of the screen.
The flow on the upper side of the sample behaves
similarly. The upper flow separates at the rear of

July 2024

the sample and merges with the flow from the
lower side. Figure 3(d1) shows the flow of the
gas upon hitting the centre of the sample, and
figure 3(d2) is the same as figure 3(d1) with flow
edges clarified by image processing. This photo-
graph shows that the gas that hits the centre of the
spherical sample flows symmetrically around the
sample.

Next, gas flows were observed around a
nearly spherical flower. The flower used for this
observation was a red clover (Trifolium pratense).
Figure 4(a) shows a photograph of a red clover
flower. The flower has a dense inflorescence.
Figures 4(b) and (c) show the flow of gas ejec-
ted from the nozzle and applied from below
the flower. The gas that hits the bottom of the
nearly spherical flower flows symmetrically along
the periphery of the flower. This is also the
Coanda effect. Other symmetrical flows can also
be observed at the upper part of the flower. The
gas flow velocity shown in figure 4(c) was higher
than that in figure 4(b). From these observations,
taking into account gas viscosity, it can be inferred

Phys. Educ. 59 (2024) 045013
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Figure 3. Observation of airflow around spherical
plant fruit sample. Left: raw images and right: after
image processing. (a) Yoshino cherry blossom fruit
used in this experiment, (bl), (b2) gas flow when
sample is not hit by gas, (c1), (c2) gas flow hitting bot-
tom of sample, and (d1), (d2) gas flow hitting centre of
sample.

that the aggregate of inflorescence functions as a
larger structure.

3.2. Gas flow around propeller-shaped
structure

Next, the gas flow around a symmetrical propeller-
shaped structure was observed using a Japanese
maple (Acer palmatum) seed. Figure 5(a) shows a
photograph of the propeller of a Japanese maple

July 2024

Figure 4. Photographs of gas flow around red clover
flower: (a) close-up image of red clover flower, and
(b)—(c) Schlieren images of gas flow around red clover
flower.

seed. The seed has a pair of winged samaras,
each approximately 1.5 cm long, with seeds vis-
ible at their base. This photograph was taken in
May. When the seed ripens in autumn, it flies as
it rotates in the wind. Figures 5(b)—(d) show the
flow of gas ejected from the nozzle and applied
from below the seed. The gas that hits the lower
part of the samara flows symmetrically along the
outer circumference of the wings. This is also
the Coanda effect. In addition, symmetrical flow
patterns such as the ‘U’ shape appeared at the
upper part of the samaras as shown in figure 5(d).
Figure 5(e) shows the gas flow around a single
samara. It can be seen that even a single wing
is sufficient to affect the gas flow induced by the
Coanda effect.

3.3. Gas flow around narrow gap structure

The flow of gas around another type of flower the
was also observed. The flower of annual fleabane
(Erigeron annuus) was used for this observation.
Figure 6(a) shows a photograph of annual fleabane
flowers. The flower heads have many white ray
florets. Figures 6(b) and (d) show the flow of gas
ejected from the nozzle and applied from below
the sample. When the gas collides with the lower
part of the sample, it flows symmetrically along

Phys. Educ. 59 (2024) 045013
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Figure 5. Photographs of gas flow around winged

samaras of Japanese maple: (a) close-up image of

Japanese maple seed propellers, and (b)—(e) Schlieren
images of gas flow around samaras.

the outer circumference of the flower. This is
also the Coanda effect. It can also be seen that
there is a relationship between the gap structure
and the flow velocity such that the radial gas
flow through gaps of less than 1 mm between
ray florets can also be observed as shown in
figure 6(d).

3.4. Gas flow around aggregate of fine fluffs

Finally, gas flow around a pappus was also
observed. A pappus of the dandelion was used
for this observation. Figure 7(a) shows a photo-
graph of a pappus of the dandelion. Figure 7(b)
shows an optical microscopy image of the
dandelion pappus. It can be seen that among
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Figure 6. Photographs of gas flow around annual

fleabane flower [16]: (a) close-up image of
annual fleabane flower, and (b)-(d) Schlieren
images of gas flow around annual fleabane

flower. Reproduced from [16]. CC BY 4.0.

the approximately 100 main fluffs with a dia-
meter of approximately 20 pm, there are short
fluff-like branches. As shown in figures 7(c)—(g),
various pattern of gas flow around the pappus
can be observed. In this experiment, the gas was
sprayed at a flow rate of less than 0.4 m s~'. In
figures 7(c)—(e), symmetrical flows were observed
around the pappus. It can also be observed that the
gas flow was affected by the pappus even in distant

Phys. Educ. 59 (2024) 045013
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Figure 7. Photographs of dandelion pappus [17]: (a) close-up image of pappus, (b) optical microscopy image of
pappus, and (c¢)—(g) Schlieren images of gas flow around dandelion pappus. Reproduced from [17]. CC BY 4.0.

regions. Additionally, as shown in figures 7(f)
and (g), an asymmetrical vortex formation can
be observed when the gas was applied slightly
from the side. From these observations, taking
into account gas viscosity, it can be inferred that
the aggregate of fine fluffs functions as a larger
structure.

July 2024

4. Discussion

The above experimental results revealed that plant
fruits, flowers, and pappi have excellent properties
as samples for use in the observation of the flu-
idic dynamics of gas flows around them. Since the
above phenomenon is the behaviour of the flow
during its relative motion toward the object, let

Phys. Educ. 59 (2024) 045013
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us roughly estimate the Reynolds number. The
Reynolds number is used to characterize vari-
ous flows, such as laminar and turbulent flows.
Laminar flows, in which viscous forces domin-
ate, have low Reynolds numbers. On the other
hand, turbulent flows are dominated by inertial
forces and have high Reynolds numbers. Vortex
profiles are associated with Reynolds number. The
Reynolds number R, is expressed as follows.

R, = pvL/p, )]

where p is the density of the fluid, v is the speed
of the fluid, L is a characteristic length, and p is
the dynamic viscosity of the fluid. For HFC134a,
pis 30 kg m~3 and y is approximately 12 ;Pa-s
[18]. In the experiment shown in figure 3, when
v is approximately 2 m s~! and L is 2 cm, the
Reynolds number R, is estimated to be approxim-
ately on the order of 10°. In contrast, the example
shown in figure 7 shows vortices. Owing to the
reduced velocity (cm s~!) and L, the Reynolds
number is expected to be below 1000, i.e. it is
about a factor of 100 lower. When L is 1 cm, v
is estimated to be approximately on the order of
cm s~!. This flow rate is considered reasonable
considering that it could not be measured with an
anemometer. Gas flow is observed in this system
as a three-dimensional phenomenon. It was also
found that the microstructures of plants act as a
larger structure affecting gas flow, considering the
viscosity of gas. The fact that gas flows around an
object can be visualized even with such a simple
experimental setup indicates that various objects
can be used as observation targets. However,
any HFC used in this experiment has—compared
with chlorofluorocarbon (CFCs)—a small ozone-
affecting potential but a large greenhouse warm-
ing potential (GWP). The GWP of HFC-134a is
1300. Therefore, the use of other smaller GWP
gases may be possible, for example, gases with a
different refractive index such as Kr (n = 1.000 43
at 0 °C, 1 atm) and CO, (n = 1.000 45 at 0 °C,
1 atm) so this visualization experiment can be
easily used in classrooms. Schlieren observations
of plants of various shapes as described above
will be useful for intuitively understanding the
physical behaviour of gas flows around objects.
Therefore, this experimental method using plants
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seems to be very suitable for scientific, techno-
logical, and engineering teaching demonstrations
of, for example, optics and fluidics to stimulate the
interest of students in science.

Next, let us discuss the optics. The optical
system for this experiment included two tele-
scopes, but magnifying glasses, camera lenses,
or close-up lenses could also be used instead of
two objective lenses. However, it is necessary to
use a lens with little chromatic aberration. Single
lenses have chromatic aberration. Therefore,
monochromatic images are often observed using
a bandpass filter when single lenses are used.
Therefore, spherical mirrors without cromatic
abberation are often used in Schlieren optical sys-
tems. These lenses of the astronomical telescope
used in this experiment were apochromatic lenses.
Therefore, chromatic and spherical aberrations
are well corrected such that the focal spot diameter
of the objective lens of this telescope is approx-
imately 30 pm for plane waves (collimated light).
Each colour of light from the C-line (656 nm) to
G-line (430 nm) of Fraunhofer lines is focused
within £0.1 mm [19]. Therefore, sharp Schlieren
images were obtained as shown in the above men-
tioned figures. In this experiment, a pinhole with
a diameter of 0.35 mm was used to ensure a suf-
ficient amount of light. By using a pinhole with a
diameter larger than the spot size, we can increase
the tolerance for the spatial adjustment of the knife
edge at the focal point by approximately 10 times,
which also helps improve the operability of the
optical system in experiments.

5. Conclusion

In this study, the gas flow around cherry blos-
som fruits, clover flowers, maple seed propellers,
annual fleabane flowers, and dandelion pappi
was demonstrated using a homemade Schlieren
optical system and a jet from a spray can. The
observed gas flow corresponding to the sample
shape was well characterized by fluid dynamics
features such as the Coanda effect. The author
believes that the experimental results of visual-
izing the flow of gas around plants have a sci-
entific impact and are useful as an educational
tool for the scientific demonstration of fluidics and
optics.
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We demonstrated KOH etching with an etching mask amorphized by ion irradiation.
Amorphized masks were prepared by irradiating ion species (Ar*, Kr', Xe*, N*, O%) at an ion
energy of 500 eV with an electron cyclotron resonance ion shower system. The parameters for
KOH etching were also studied. In addition, we fabricated structures with an aspect ratio of over
3000 and microfluidic devices using the proposed microfabrication technique. This technique is
expected to be useful for the microfabrication of Si structures.

1. Introduction

Etching techniques are essential for MEMS device manufacturing processes and are
categorized into two major types: wet etching and dry etching. These techniques are used
according to the shape, size, and application of the structure to be fabricated.(:? Wet etching is a
highly productive technique because it involves a chemical reaction, which causes less damage
to the etched surface than dry etching. Anisotropic chemical wet etching of Si with KOH
solution is widely used to fabricate microstructures such as V-shaped structures and bridges
using the principle that the etching rate depends on the crystal plane. Silicon oxide or silicon
nitride is often used as an etching mask. These masks need to be removed with, for example, HF
solution after etching.3-©)

To avoid the need for mask removal, a process that combines nanoscale fabrication with a
focused ion beam (FIB) and etching with an alkaline solution is used. This phenomenon is
known as ion-bombardment-retarded etching (IBRE).() Single-crystal silicon is irradiated with
Ga or Si at an ion energy of 10 to 60 keV using FIB equipment, and the irradiated area becomes
amorphous. The irradiated area can be used as a mask for alkali etching.®-4) This technique
improves productivity because there is no need to deposit a thin film before etching or to remove
the mask after etching. Furthermore, it has recently become possible to fabricate nanostructures
with complex 3-D structures, and their application to nanowires has been demonstrated.(!5-10)

*Corresponding author: e-mail: sato.m.ar@m.titech.ac.jp
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However, it has low throughput because a very small area on the order of 100 pum is used for
microstructure fabrication because of the use of an FIB.

Therefore, we have been focusing on the use of low-energy ion beams with an electron
cyclotron resonance (ECR) ion source. The beam diameter of the ECR ion source is 10 to 200
mm,171 which enables the amorphization of large areas. Furthermore, this approach is
advantageous for controlling the amorphized region, since the ion energy, ion species, and dose
can be controlled.

We previously demonstrated that Si amorphized masks fabricated by Ar* irradiation to Si are
resistant to KOH etching. In addition, we have discussed the dependence of the etching depth on
ion irradiation parameters such as incidence angle, dose, and ion energy. We were able to
fabricate structures of up to 3.7 mm depth. In addition, we reported that this technique can be
used to fabricate microfluidic devices and single-cell isolation plates.?? To fabricate more
deeply etched structures, it is necessary to increase the etching rate ratio of the amorphized Si
mask to the Si crystal.

In this study, to improve the etching rate ratio, we investigated the effect of the parameters of
KOH solution (KOH concentration and temperature) when etching with amorphized masks.
Furthermore, we applied N* and O, which have a larger ion range than Ar * and were expected
to increase the thickness of the amorphous layer, and Kr™ and Xe*, which have a large atomic
number and low ionization energy, to increase the defect density in the surface layer and improve
the etching resistance.2) Ion bombardment by Xe has the effect of increasing subsurface
defects.??

We also analyzed the amorphized mask layer by X-ray photoelectron spectroscopy (XPS) to
measure its composition and binding energy in relation to its KOH etching resistance. Finally,
we fabricated structures of Si(110) with a high aspect ratio and microfluidic devices bonded to
glass by anodic bonding without a mask removal process.

2. Experimental Setup
Figure 1 shows a schematic diagram of the ECR ion shower system (Elionix EIS-200ER)

used in this study. Gas introduced into the system ionizes in the plasma. The ions are accelerated
by two grids with many holes and irradiated to the sample. The ion energy and ion current

x lon Beam

/

L lon incident angle 77
AAAS Il
Microwave "
(—r Plasma LY Sample
| “Faraday cup
Gas Extraction electrodes

Magnet

Fig. . (Color online) Schematic diagram of ECR ion shower system used in this study.
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density can be independently controlled in this system. The ion current density is measured with
a Faraday cup. We used Ar, Kr, Xe, O,, and N, gas as plasma sources and Si(100) and Si(110)
substrates as samples. The size of the Si substrate was 10 x 10mm?. On the Si substrate, a mask
pattern was prepared with photoresist (AZ5214E). The resist patterns were 100 mm line and
space. Si was treated with buffered hydrogen fluoride (BHF) before mask pattern fabrication.
After ion irradiation, the photoresist was removed with acetone. Then, the samples were etched
with KOH aqueous solution. The height of the structures was measured with a stylus surface
profilometer (Veeco, Dektak 150). The cross section of the structure was observed by SEM
(Hitachi High-Tech, FlexSEM1000II). An area of ¢ 400 mm of the surface of the amorphized Si
mask was measured by XPS (Thermo Fisher Scientific, Nexsa) using an Al Ka X-ray source.
The Si2p spectra were measured at an energy resolution of 0.05 eV and a pass energy of 25 eV.
The background was removed using the Shirley method.

The amorphized mask formed by ion irradiation was expected to be very thin owing to the
short range of ion penetration in the Si . Therefore, we used /4, (saturated step height), as
schematically shown in Fig. 2, to evaluate the etching resistance. The Si substrate was etched by
KOH etchant as a mask using the region amorphized by ion irradiation. The height of the
structure increased with the etching time. After a particular etching time, the mask disappeared
and the Si structure height became saturated. We defined the height of this structure as 4, where
a large /, means that the KOH etching resistance of the ion-irradiated area is high. Table 1 shows
the irradiation parameters for each ion (Ar*, Kr*, Xe*, O, and N") in this experiment. The ion
energy and dose were set to fixed values. Although the sample is etched during ion irradiation,
the etching depth is less than 10 nm and does not influence the %, evaluation.

' f‘:;gﬁg';?gﬂs Saturated step height
KOH etchant, r
[t . h :
: Si
<pl.... 1 T S e

Emm

K.OH etching time

Fig. 2. (Color online) Schematic diagram of 4.

Table 1

Ion irradiation parameters.

Gas Ar Kr Xe O, N2
Ion energy (eV) 500

Dose (ions/cm?) 5x 107

Current density (mA/cmz) 0.85

Ion incidence angle (°) 7

Gas fow rate (sccm) 0.8 0.4 0.2 1.3 1.0

Microwave power (W) 60 75 100 80 70
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3. Experimental Results
3.1 KOH solution temperature dependence of /g

Figure 3 shows the relation between the KOH solution temperature and %, when the Si(100)
substrate was irradiated with each type of ion, the KOH concentration was 40 wt%, and the
temperature of the KOH solution was 20, 40, or 60 °C. SEM images of the cross sections of the
structures fabricated using the masks prepared by N* or Kr™ irradiation are shown in Fig. 3. A
decreased with increasing KOH temperature for all ion species. This result is similar to the
decrease in the etching rate ratio of Si to SiO, masks with increasing temperature when Si is
etched with KOH solution.? & depended on the ion species and decreased in the order N* >
Xe"> Ar> 0" >Kr"

3.2 KOH concentration dependence of 4

Figure 4 shows the relation between the KOH concentration and 4, when the Si(100) substrate
was irradiated with each ion, the temperature of the KOH solution was 20 °C, and the KOH
concentration was 20, 30, 40, or 50 wt%. A, for the N*-irradiated sample was largest for 40 wt%
KOH solution. This result shows that amorphized masks subjected to N* irradiation are highly
etching resistant and suitable for fabricating structures. Etching with the 40 wt% KOH solution
was found to be optimal. A, for the samples irradiated with Ar* or Xe* decreased slightly with
increasing KOH concentration. This result is similar to the decrease in the etching rate ratio of Si
to SiO, masks with increasing concentration of KOH.# A for the samples irradiated with O or
Kr* was small and did not depend on the KOH concentration.

3.3 Etching rate ratio

We calculated the depth range of each ion in Si using the Transport of Ions in Matter (TRIM)
simulation program to estimate the thickness of the amorphous layer formed by ion irradiation.2)

= [] N L . . ] mN
F n * Xe r | | OZe
-Ar
10000 £ % N :gf 10000 5
[ L o Kr
— t o Kr — L * *
g [ - c L T . .
— L A * = A A A =
" T s °
< 1000 | o i ? <" 1000 | ] . .
E / o E
Wi !
100 100
0 20 40 60 10 20 30 40 50
Temperature of KOH solution [°C] KOH Concentration [wt%]

Fig. 3. Relation between temperature of KOH  Fig. 4. Relation between KOH concentration and 4.
solution and 4.
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The damage event generated by each ion irradiated in Si was calculated. The maximum depth
was estimated as the maximum thickness of the amorphous layer.2527) The simulation
conditions were Si with an atomic weight of 28.08 amu, a displacement energy of 15 eV, a
surface binding energy of 2 €V, a lattice binding energy of 4.7 eV, and total number of ions of 1
10%. The ion incidence angle used in the calculations was 7°. Table 2 shows the calculated
thickness of the amorphous layer by simulation. In a previous report,2? we calculated the
thickness of the amorphous layer using the Stopping and Range of Ions in Matter (SRIM)
simulation program. We estimated the thickness as the sum of the depth range of ions and the
straggling depth. However, we considered that the straggling depth would be significantly
influenced by the type of ion used in this experiment. Therefore, the maximum thickness of the
amorphous layer was considered on the basis of the damage events induced by ion irradiation.
Figures 5 and 6 show the obtained KOH etching rate ratios calculated from the thickness of the
amorphous layer for each ion.

The etching rate ratio depended on the ion species and decreased in the order N* > Xe* > Ar™*
> O" > Kr". The etching rate ratio was the highest (over 3000) when the samples were irradiated
with N*. Therefore, to fabricate vertical shapes with a high aspect ratio, the structures were
fabricated by KOH etching using N*-irradiated masks in Si(110) substrates. Figure 7 shows a
SEM image of the fabricated structure. The dimensions of the mask pattern were 20 mm line
and space, and the etching conditions were KOH solution temperature of 20 °C and concentration
of 40 wt%. Etching was performed for 53 h. The structure became tapered due to undercut. In
this experiment, the etching rates with KOH solution were 15 nm/min for Si(100) and 30 nm/min
for Si(110), which was twice as fast. On the other hand, %, was 31 pm for Si(100) but 91 um for
Si(110), about three times higher. This means that the etching resistance was improved in Si(110)

Table.2
Thickness of amorphous layer determined by TRIM simulation.
Ar Kr Xe (6] N
Thickness of a-layer (nm) 7.5 6.4 5.4 9.1 9.9
™ n mN
—_ . " P u L] B exe
"z *Xe .(/_) N
. L [ ] —Ar 1 L —Ar
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Fig. 5. Relation between temperature of KOH  Fig. 6. Relation between KOH concentration and
solution and etching rate ratio (Si/a-Si). etching rate ratio (Si/a-Si).
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Fig. 7. Structure with high aspect ratio fabricated with Si (110).

despite the same ion irradiation parameters. It is considered that the amorphized mask fabricated
in Si(110) has a thicker layer than the one fabricated in Si(100) due to the channeling effect.(28-2%

3.4 XPS analysis of amorphized masks

We analyzed Si amorphized masks irradiated with ions by XPS to measure the composition
and binding energy of the mask. Figure 8 shows the widescan XPS spectra of samples irradiated
with each ion. Figure 9 shows the XPS spectra of Si2p. Two peaks around 100 eV were observed
in the spectra of Si2p without ion irradiation shown in Fig. 9. After ion irradiation, the spectra of
Si2p are broad peaks. This indicates that the Si surface is amorphous.?

The Si2p spectra have binding energy peaks around 103.4 eV for SiO,, 102.5 eV for SiN,0O,,
101.6 eV for Si;N,, and 100.8 eV for SiN,.®D Therefore, some of the Si in the region irradiated
with Ar, Kr, or Xe ions was bonded with nitrogen or oxygen. Also, Si in the O"-irradiated region
was mainly bonded to oxygen, and Si in the N* irradiated region was mainly bonded to nitrogen.

Table 3 shows the surface composition obtained by XPS analysis. The Si surface, which
functions as an etching mask and is implanted with Ar", Kr," or Xe*, contains about 1 at% of
each element.

4. Discussion

As described above, we etched Si with KOH solution using a mask amorphized by ion
irradiation. The N*-irradiated sample exhibited a maximum etching rate ratio of 3000 or more,
significantly higher than that of the other ion species. Typically, ion irradiation with an inert gas
causes Si—Si bonds to break and the material to become amorphous.®? Then, oxygen is adsorbed
on the broken dangling bonds, which are activated in the atmosphere.*® However, it is
considered that nitrogen is preferentially adsorbed on the dangling bonds by irradiation with
N*.G4 We anticipate that the amorphized mask in this experiment is not a pure SiN layer. We
also etched Si with KOH solution as a mask for a SiN thin film deposited by Low Pressure
Chemical Vapor Deposition (LP-CVD) under the same etchant conditions as before. The
obtained etching rate ratio was about 80000. Therefore, the N* irradiated region might be partly
bonded with nitrogen in addition to the amorphized Si surface. We were able to fabricate masks
that are resistant to KOH etching due to the synergistic effect of these factors.
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Table 3
Surface composition obtained from XPS spectra (in atomic percent).
Si N (0] Others
Ar (at%) 50 13 36 1 (Ar)
Kr (at%) 57 7 35 1 (Kr)
Xe (at%) 49 8 41 1 (Xe)
O (at%) 36 ND 64 ND
N (at%) 42 29 30 ND
Si-sub (at%) 76 ND 24 ND
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Next, the etching rate ratios of the samples irradiated with Ar", Xe™, and Kr" were compared.
The etching rate ratio of the ion-irradiated samples decreased in the order Xe* > Ar" > Kr*. We
consider that this is because the defect density is higher in the Xe*-irradiated sample than in the
Ar'*-irradiated sample. Although the thickness of the amorphous layer was estimated to be lower
in the Xe*-irradiated sample than in the Ar" irradiated sample, the XPS analysis results show
similar values in nitrogen and oxygen concentrations and spectra. Therefore, we consider that
the etching rate ratio increased because of the increase in the defect density and the large amount
of bonding of Si with O and N.

The intensity of the Si2p spectra of the Kr™-irradiated samples was greater than those of the
Xe*- and Ar'-irradiated samples, indicating that the amorphous layer was thinner in the Kr*-
irradiated samples. As described in Ref. 35, amorphization and etching occur simultaneously
during ion irradiation. The etching rate of Kr" irradiation is large. As a result, the amorphous
layer resulting from irradiation with Kr was thinner, and the KOH etching resistance was lower.

Amorphized masks irradiated with O had lower resistance to KOH etching than masks
irradiated with Ar*, Xe™ or N*. In addition, no nitrogen was observed in the mask layer. SiO, and
SiN are often used as etching mask materials in the etching of Si with KOH. In general, the
etching rate ratio of SiN is larger than that of SiO,. Therefore, in addition to amorphization, the
increased nitrogen content in the amorphized mask may contribute to the improved resistance to
KOH etching.

In addition, the difference in &, between the center and the edge of the sample (10 x 10 mm?)
was a maximum of 6% for N* irradiation and 3% for other ion irradiation, so the 4, accuracy is
estimated to be within 10% for an effective beam diameter of 20 mm. These values are similar to
those of widely used plasma systems. We believe that the proposed method can be scaled up to
large areas.

5. Application to Fabrication of Microchannel Using Anodic Bonding
We fabricated a microfluidic device using anodic bonding, which is a technique for bonding

borosilicate glass and Si. Figure 10(a) shows a schematic diagram of the anodic bonding setup in
this experiment. A DC voltage of 500 V was applied to the Si side, which acted as an anode

Top jigﬁ Time Flow Direction
Glass -

0.0s e
LS I ) B —
Bottom jig 05s e
A0, e
1.0s
Hot plate BA —
30 um
(@) (b)

Fig. 10. Microchannel fabricated by anodic bonding. (a) Schematic diagram of the anodic bonding setup used in
this experiment. (b) Image of IPA flowing through a microchannel.
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during heating to 400 °C for 40 min.36-3%) Positive ions such as Na* in the glass moved to the
cathode. A layer with a small number of positive ions was formed at the glass-side interface.
Positive charges appeared at the Si-side interface. Thus, they attracted each other by the
Coulomb force. Finally, bonding between the Si and the borosilicate glass occurred through the
reaction of oxygen supplied by the glass and elements on the Si side.

Microchannels were fabricated by KOH etching using the ion-irradiated amorphized Si
masks reported in this paper. The structures fabricated by this technique do not require the
removal of the mask, and it is possible to bond them to glass by anodic bonding. Trenches as
high as 3.3 mm were fabricated on Si(100) substrates by irradiating N at 500 ¢V and etching
with KOH solution (40 wt%, 20 °C, 230 min). The Si was bonded to borosilicate glass. Figure
10(b) shows images of a solution flowing through a microchannel. We demonstrated that
2-propanol was able to flow in the fabricated microchannel. The amorphized Si and glass were
well bonded, and no leakage was observed. Thus, we were able to fabricate a microchannel using
anodic bonding.

6. Conclusion

We employed KOH etching using an amorphized mask irradiated with Ar*, Kr*, Xe*, N*, and
O* to improve etching resistance. Xe'-irradiated masks had a higher defect density of the
amorphous layer and a higher etching rate ratio than Ar*-irradiated masks. N*-irradiated masks
significantly improved the etching resistance, which was due to the Si—N bonding, in addition to
increasing the thickness of the amorphous layer.

We also succeeded in the anodic bonding of amorphized Si surface and glass. Amorphous
layers formed by N* irradiation and glass could also be bonded. Since anodic bonding through
insulating films such as nitride films is not easy, anodic bonding using an amorphous layer that
functions as an etching mask is an excellent method for fabricating microfluidic devices. We
believe that KOH etching with a mask by N* ion irradiation can be applied to the fabrication of
high-aspect-ratio structures through anodic bonding, which does not require a mask removal
process after KOH etching.
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A sphere is a very basic shape in nature. A water droplet on a leaf with a water-repellent
structure is a good example. When sunlight hits the surface of this spherical water droplet, a
focal point is observed on its other side, so spherical objects in nature function as optical devices.
Spherical cells of biological origin are found in many microorganisms, and the yeast cell is a
single-celled eukaryotic model organism with a nearly spherical shape. When observing a yeast
cell under a microscope, we can see that its curved surface functions as a lens to converge light.
We can consider applying this phenomenon to optical teaching materials. However, there are
few examples of images obtained using spherical microbial cells with a diameter of less than 5
um as a lens, except for Chlamydomonas with a diameter of 10—20 um [1]. In this study, we
measured the focusing properties and refractive index of yeast cells as a microlens.

Figure 1 shows a schematic of this experimental method. A collimated laser light (A=670 nm)
is incident on a spherical sample. First, the position of the focal spot is measured by using an
optical microscope. Next, the position of the rear vertex of the curved surface of the sample is
measured under visible light with epi-illumination. The distance between these positions is
obtained as the back focal length (BFL). The diameter of the sample is measured under visible
light with an optical microscope. The refractive index is calculated geometrically from
information such as the radius of curvature of the sample surface. Figure 2 shows an optical
microscopy image of the sapphire ball lens and the focal spot image of the laser light measured
using the above method. The diameter and BFL of the sapphire ball lens were measured to be
550 um and 40 pum, respectively. The refractive index calculated from the equation based on
the geometric optics of the focal position, diameter, and refractive index of the ball lens was
1.75, which is equivalent to the physical property value. These results confirmed the
effectiveness of this method. Next, BFL was measured in the same way using commercially
available dry yeast cells. The cells were dispersed in water, dropped onto a slide glass, and dried
in air. The BFL of the yeast cells was measured using a 100x objective lens (NA 0.75). Since
actual yeast has a shape similar to a thick biconvex lens rather than a ball lens, the radius of
curvature of the biconvex surface was measured by fitting on the SEM image. Figures 3(a) and
3(b) respectively show the optical microscopy image and the laser light spot focused by the
yeast cells. The focal spot size of the yeast cells was small circle and indicate good focusing
properties. The BFL of the yeast cell was 3.7-3.8 um. Figure 3(c) shows an SEM image with
the fitted circle of the radius of curvature of the biconvex surface. The radius of curvature of
the biconvex surface of the observed yeast cell was about 3 um. The refractive index of this
yeast cell was estimated to be about 1.34—1.35 from this numerical information and the equation
for a thick biconvex lens. Figure 4 shows the imaging results for a lattice pattern projected by
yeast cells. The image of grating pattern projected using yeast cells has little distortion. From
the above results, it is found that yeast cell has good optical properties as a microlens.

In summary, we believe that yeast cells are expected to be used as not only optical teaching
materials but micro-optical elements.
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Electron beam projection lithography (EPL) technology is used to achieve high throughput while
retaining high resolution. In low energy EPL (LEEPL), a stencil mask is placed close to a wafer coated
with a resist and irradiated with electron beams. The stencil mask is made of polycrystalline diamond
thin film. It is used in specialized equipment and exposed to a 2 kV electron beam [1]. If EPL can be
performed with a tabletop Scanning Electron Microscope (SEM) system, it is expected to expand the
range of applications to the fabrication of biochips that contain submicrometer-sized patterns. In this
study, we demonstrate the use of EPL technology with a tabletop SEM system and Si stencil masks, and
we show the results of lithography of submicrometer sized-patterns with an incident electron energy of
10 kV, which is typically used for a tabletop SEM system.

Figure 1 shows a schematic diagram of this experiment. The Si stencil mask is placed directly on top
of the wafer coated with a resist and exposed using the observation mode of the tabletop SEM system.
The resist is exposed to or shielded from the electron beam using the stencil mask. The electron depth
range in Si is 1.5 um at an incident electron energy of 10 kV, calculated from the Kanaya/Okayama
equation shown in Fig. 2[2]. Therefore, the thickness of the stencil mask should be larger than 1.5 pm.
The Si stencil mask was fabricated in this experiment by wet etching, which enables the etching of both
side of the substrate simultaneously, thereby reducing the number of process steps compared with
fabrication by dry etching. Figure 3(a) shows the process of stencil mask fabrication. An amorphized
layer used as a mask for KOH etching is formed at the surface of the Si(110) substrate by ion irradiation
[3]. This amorphized layer has an etching rate ratio above 10000 with respect to Si. The amorphized
layer does not use SiO; or SiN films, therefore, charging does not occur in principle during electron
beam exposure. The amorphized layer with a thickness of 15 nm was formed at the Si substrate surface
by N* irradiation at 1 keV. In this experiment, the thicknesses of the Si (110) substrate and stencil mask
were approximately 300 um and 100 pm respectively. As shown in Figure 3(b), anisotropic etching
enables the fabrication of vertical profiles, and we applied it to the fabrication of stencil masks.

A tabletop SEM system (Hitachi High-Tech FlexSEM1000I) was used for EPL. AZS5214E
(MicroChemicals) with thickness of 150 nm was used as a negative resist prepared in reversal exposure.
Figure 4(a) shows an SEM image of the fabricated micrometer-sized stencil mask and the optical
microscopy image and cross-sectional profile of the pattern after development by exposure with the
tabletop SEM system. The cross-sectional profile was measured with a stylus surface profilometer
(Veeco Dektak 150). The magnification of the SEM image was 50x in EPL, and the exposure area was
2.5 mm X 2 mm. The dose was estimated to be 50 pc/cm?. The specimen was developed after reversal
bake and flood exposure. Tetramethyl ammonium hydroxide (TMAH) was used as the developer.

Figure 4(b) shows an SEM image of a submicrometer-sized stencil mask and an SEM image of the
resist pattern after exposure and development. EPL using a tabletop SEM system shows that resist
patterns of 10 micrometer and submicrometer sizes can be formed simultaneously. Although the width
of the pattern after development became slightly lager, it was demonstrated that submicrometer sized
patterns can be fabricated. This technique is expected to be applicable to forming even smaller patterns
by optimizing the exposure conditions and working distance.

In summary, we demonstrated that the EPL technique using the Si stencil mask and tabletop SEM
system is applicable to forming large patterns on the micrometer and submicrometer-sized patterns
simultaneously. The optimization of stencil mask shape, thickness, and exposure conditions is expected
to enable high- throughput submicrometer-sized pattern lithography using a tabletop SEM system.
Acknowledgement This work was supported by JSPS KAKENHI Grant Number JP24H02574.
References [1] H. Nozue, A. Endo, A. Higuchi, H. Kasahara and Nobuo Shimazu, Oyo Buturi 71,
421(2002). [2] K. Kanaya and S. Okayama, J. Phys. D. 5, 43(1972). [3] M. Sato, M. Tohnishi and A.
Matsutani, Sens, Mater. 34, 37 (2022).
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BEFHRVVIITA4I2BVT, BBREEZHBLE-FERRAIL—TY FOBRLEEHRT 510,
ATUVVNIRAGELDAPIINEESETREL, ATUVIIRY EEBLE-BEFRIC
& YEEFEINT B Electron- beam Projection Lithography (EPL)fiih’ & 5. T ETIZ, EIRILF
—DEF#H%E ALz Low Energy EPL (LEEPL)TlE, BEHMDEE LSRR FT M VYEY FEETHER
LI=RAT UYWAY EFIAL, 2kV DEFRT—REBRT 2HFESBESNTULSD, KM
BEBNAUNETHH1=[1]. EPL ANREDE L SEM TEIRFAGgETHNIE, T304 XD
INZ—UHEFENS Bio-chip DEMEICH ICRAEEDILAAEAFIND.

F|ETIE, EESEM ERXRTUVIILIRY TIDEPL MR L-REREHRET 2.

Figl [CAFZDOBBEETRT. T+ FLPR M AZS2I4E #BMLIERLESI ITATUVILT
R EHREL, 2L SEM (FkexSEMI1000I, BII/NA TUMHE) OBRTWE— FTELLE-(NEE
£ 10kV, BHEEIL 2.5 mmx2 mm). LA RMESiRTFUVIILIRIICEY ERSINGEMN-ZE
FHRICK YEHL SN SH. Kanaya-Okayama DEFRMN S, Si PHORETIMEEE 10 kV T 1.5 pm T
HE3LE, RTUVILIRAIDESIE 15 um &Y EFAIE+2THB[2]

Fig. 2@)ICAERBRTHEALIZATUVILYRY D SEM BE & Fig. 2(b)ICE L SEM TEH LR
BEOLIRAMNE—VORFBEMIREEZRT. BBEDN\Z—VEZOEAOPOREL L
=B, RFETHITI VO A —F—DONF—ERLABETHIEEEILEL-. |BAFHOE
REUBOZRELICKY, SLICHHBAENI—DOERLAIBETHLIEEALONS.
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WCAGT LBl & 2 CRFPBMEEIC X Y Ny 7 7+ —h ZA0iEEE (BFL) ZHIE L, ko
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R (R) oFERL —F o RITZ N2 450 nm, 532 nm, 670 nm TH %, KD EmirElk

BROERALE X 0.8 um, G HRE REHRD FELAILEIL 045 pm DERD 5 2 L bbb o7z, H
E LR A L v XoRICRA L TR BEICH T 2 BT EZ ko 3 &, HE 450 nm TD
JEPTH1E 1.495, HE 532 nm TOREITHIL 1.389, #HE 670 nm TOJEITHIZ 1.347 & 7o 7-,
Fig.1 12, BEAHAMEIC X 2 RGB 0 &R coEfG L BAMEoEITE 2R3, BAHRICX 2
FODL—FHDRARY FIZNETNOEIRTY ¥ — T RfERTH 2 2 eDbr b, 72, K
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74 —77d d # (5687.56 nm), F %
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Fig. 1 Wavelength dependence of refractive index of
yeast cells and focused spots.
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3. BREBR

202, FEE 2.0 um BEUN1L.0 um @ SU-8 D 0.5 ym T A > T ¥ RAR—RZ % — > D SEM 4% 7~
T 21T & 91T, E 2.0 um @ SU-8 TIXWT 40D PEBIRE CTHUTHET 5 T A v 3% — U3 fES
LTWe, BIROL YA MPTIEEL OBFNBELT 22720, EHEENRKR EE 2 bhvd, Lieh
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5L TGRS AR E S E B2 IFE 1.0 um @ SU-8 Ti&, PEB IR 80°CT 0.5 um 714 > 7
RANR=2ZNRE = ORI+ BER G ER S o & E 2 b D,

L7z T2 OFERL D, P& 1.0 um, PEBIRE 80CHE &, &Y V7T 7 1 TSU-8D 0.5
um 7 A 7 2 RAR=ZANRY — U ERICE D Z L3 bho Tz,

PEB 57°C_1 min 63°C_1 min 69°C_1 min 80°C_1 min

thickness

T —
= = g -

2.0 um

1.0 um

2SU-8 DL YA MEX L PEB IRE DR

4. FEHESEDEE

Y 1.0 pm, PEB JEE 80C T, BRI Y /77 4 TSU8D 05 um 7 A > T 2 RAR—Z/H —
VEERT L ZENTERL, A%IZ 0.5 pm KV /S WHEO XY — U 2 {ERIT & S EER PEB RE
FEORMZ R T HTETH D,

BN
[1] 1. Vinje et al., J. Microelectromech. S., Vol. 29, No. 2, 160-169 (2020)
[2] M. Yasui et al., Jpn. J. Appl. Phys., 53, 11RF03 (2014)
[8] fexR3E, &EFi E. 1314, 1 7, pp. 2-7 (1996)
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B TRV AT EERT 2R ELZED TN B W E X HND. £/, FlexSEM10001E W 74T A M
L TOBI2D 7 4T A FOTEFBIRIESE I C L EEDMEITE(L T DI LU EE DL ETHD.

B R
(1] WBSEANA T 27 7 o—XR7 “ SEM X625 97 Hi(2012)
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$ikZERALV= Ge DUIYPIVF T DEER

(#%0 64 78 98 S 74 38 3EH/ED
=P XE

1. 1ICHIC
Ge DT v F U 7IZBWT, (DRD X 912 Ge £l D GeO, 23K & i L TEH Lo W IEEZFIH L,
BREMEEE L, KEZ Ty b L=y by F U T OFEZHNDZ ERBH D[],
GeO; + HO — HzGeO3(aq.) (l)
TR A B LEMKIZE D Ge DUy by F U T BT =D THRET D,

2. FEEAEEE

T b TS L2 Ge(111)ZEH 15X 7 mm? (2 AZ5214E VP A b 1.5 pm JEICEAT L, ~ A7 L A&
WEEEIZT 30 um O Ky MZ—2 %@L, B ZIT o7, £ D% Au =2 — % —|ZT 10nm J& THE
L. 7B RAAZTY 7 hAT7E2ITV, Au®D Ry b2XF =2 DO Ge Btz ikkl e L7z, Gemv T
T OIRSERFIEZ TR D 12012, #liKk%E 25C, 30C, 40COKRy hANRTINRE LN b v F o 7 %17
ST, BREOT v F o 7%, fiK20CTITo7, FEREOENREITBELR20CTH-T2, =T
V7RSI Dektak, FREBIZZIIOEFIMBL L SEM B L NAFM IZTYTo 72,

1(a)l2 40°C oMK T 330 min = v F > 7 LT Ge bk ED Au 8% — o O FBEMEE 5 B A2 =T,
1 (D)2 1(a) O SHE 2 BIE L5584 53, Dektak ICL D AF v 7T a7 74050, AuiyZ—y
FiExonvodbsrFmEv, Au & Ge OHERFTIZITN 10 pm EOENR TE TV 5D, Tt Au ¥
— VA TSN E N R B RELS y F U IR EATND EEZBND, K22y TF o i & Ge

(a)
,_,g\ 200
// \ 180 } o
\' 160 | 40C
__—________;___________—__‘_ _______________ T 140 |
i A G glzo 3 o
u/ = S | 30°C
b 30 um g 6o
a0 |
(um) o L /‘;5C
o . . ,
0 100 200 300 400
0 - _

j "'.ﬂ-"l l— = Etching Time (min)

-100 9 TyFL IR L
\l Ge O v F o FIEIDOEM%

-200

-400
0 20 40 60  (um)

1(a) 40°CT 330 min T v F L 7% D Ge i LD Au F v h3FZ — U W2 BEMEE S HE (Top View)
(b) Dektak (Z X DHED AT ¥ T 7 74 )b
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DTy F U TR OBFRERT, ORI ATy F U THRI L L
oo TyFUTRRIE EBICT y F U TIFHEAR, MUKOIRE D E

FEmyF U THEIIRELS RSB,
wAZ, K 3(a)& X 3(b)IZ 20C DMK T 72 Bl = F 2 7 %
Tole B R IO FHMBEEHEL SEM EHERT, Ty
Fr7INZEY, Ge i O EIE NG R TEHI0IThholz, Ry
fARF— TR A %R L, SEM TEBLETH. AR IRICTy
FUTENTRE THoT=, Ry hoXFZ—2 DIl TH A 1]
AR LN, #MiKIZEST Geld=yF 7 ENDH. Au Dfil
B RICEoToyFr7IRICRESh, ZAM#BRICTy B
FLTENDIERDND, K 412 Au Ry 8% —2 D 5X5 um
2RI O AFM & LW i 7 n 7 s AV E R T, OICR T8,
BEE—TLHN 150 nm O = AR O OERIIX 100 nm T
bole, F-QITrTIoI, —AHERRUINOEPT TH 5 nm
BEOMMYBH-T-, ODMENLHELER T5HL, Ge HFm L
TyF U TTELEZAMEOR B OAEITRBLE 54°TH
D, ZAHERIRIT Ge(100)H OFE M T AFEHLELOEE X K3 200 CT7T2h =y F L 7%D
Hivd, Ge FEf ED Au Ky ko — D
(NFHMIEEE, (b) SEM 55

200 400 600 200 1, 0on 1 3 200 1 400 L]
[hm]

600 800 1000 1
[l'l m]

4 20CT72h =y F U 7%D Ge F ED Au Ky hoXZ—2
AFM B L O0Wm 7> 7 7 14 v

4. FLb

Au ZREBELL7=MiKICED Ge DUy by F U T 24T o772, Ge (IHi/K T F o7&, Au &
Ge ORI, ORI AKDIEE NS WIZE T IR AL, F2, Au OfRBEZ) B I2KD Ge
FHIZ=AERRICoyTF oS, ffmm N H L,

P EBA N
[1] B @ERKIED: KFP CORGFEEEEZN L. Ge RIEDERET VAT T 7 OHMERE, KiEFFE 36,
No.7, 369-374 (2015)
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FS5XMELTI-SML1000L S AFDEEEAD=_X LIZDVVTHDEE

(FHMEETAIR, HFMTEIAIAHKET)

BEARE

1. 3ICDIZ

2023 F-DT 7 =F NV IR—HI1] T, lE T TA L T-SMLL U ARDOH SN RIT, X TORTFA—F D%
HLQWDERE LN, BBR T T ACIZLDHBEAN =X NIRMEH THD, RMETIL, 7 TA~OHEHIA T
DIRFEZOWTHRE T2, F-ArF I X2 L HSMLL 2 A RO H R D AT = X I DWTH R T 5,

2. ZEBRFIE

2.5X25 inch? OD~A7 757 A(Cr ) AT AT 194 —"T 15X15 mm? ([ZEIDH L GREFE L7z, LY ANT
SML1000 %\ 7=, L A% 500 rpm C 3 #2E], 4000 rpm T 60 RO AL z2—hkL . 180°CIZi% E L7z b7
L—h ET25M7 V=11,

K112, IR B G EOBIMS XA 7R, X 1 (@)D 715 TERELEEL , Bl 21T -7, 77X~
DD HEIEFFTHHEIER 1 (b), TUHNDIr% BT DHAIIX 1 (C)DH1E TRREZWH L, TTF7X~
SLBRREREIZV 40 10 FPRIE LT, .

(@) Wwith ion with hv with radical (b) o . _ (c)Without ion without hv with radical
Without ion with hv without radical
lasma
p plasma plasma
radical ®® ™ radical radical @ @ "

vy radical v adical radical
SML1000 %/ L1000, zz ) Glass ¥
sub.
Cr 4

Glass C
sub. r Quartz Cr sML1000 | g=0.3 mm
Glass sub. (t=3.0 mm) or 1.0 mm

1 77 X~ LR O X

&1 AR O S

% 1 OFIHCUIA ST, ETRITAAT o7z, STY [ JEAEE | 30KV
7713 500 X 500 um?, #4513 10000 X 10000 2 L7=, WD I3 | EjifE 100 pA
6.9 mm ([ZEXE LTz, B DL P AR 20°C0 ZED-N50 T | p— =& 10~150 pC/cm?
150 FPHHUEL ., IPA T 15 @F‘ﬁ) /xL rabTyF Tk [Tk ZED-N50(20°C), 150 s
17-72, Dektak [IZEDIRERIETIE, 50 pm D LIS /Z—> [ = IPA, 15 s

ZRIAL, 75 0 1 f;ésfﬂ%&b — X &% Do kLT, BURIK
IIEIEAE TR 2 — EICHERF L72, £72 SEM BIZ21213 1 um BE V0.5 pm D LIS _EZ—LZxt R L UT-,
77%75&@%@ SML1000 @ Do %, 136 uClem? 7= o7z, X 2 12, KRIEEROTE 1A OGR4 7~ 3,

30 kV ZED-N50
plasma (20°C, 150 s)
SML1000 h: ® = e (100 pA) =
— M d b
!

Glass Cr (t=100 nm)
2 ARFEBRDEE AR O AR X
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3. MEREELR
3.1. I TR AERIZ LD SML L AR HE

3@)IC. X1 (8)D 1L TT T AU ZFT - 72 SML1000 D=2 T AMNRRD 7T X~ B AFEKAEM AR,
3 (@) &V, B 7T X< MLEEL 7= SML1000 @ Dol 125 uClem?, Ar 77 X< 4LEEL 7= SML1000 ¢ Dy i 132
puClem? THY, WITNDO T TR~ TUELL CHEESNAZ LD DD o7z, X 3 (0)IZEESRE T T A~ BLW Ar 77
AT LD 10 BBV D Ty F L 7 RSEZ R T, X 3 (b)&V, IR 7 I A~ HIZ &> T SML1000 1349
170 nm, Ar 7*Z X< LBEZ K- THI 70 nm = F 2 7 ENDHZEDR DT, K 3 DFERID . Ar 7T A< LR
£V SML1000 DHERES FIRETE DN, FE SR 7T A~ ALBE D J7 3 LIRS D Z L isioiro Tz,

@ (b)
. 200
09 180 |-
08 8 % 160 1
207 | Flow rate: 25 sccm LR 140
4 RF power: 270 W LY B
506 ] & £120
z ¥ = \ E]
S o0s 3 N 100 |
2 ] : b s
g b s X
TEv 0.4 | —e—noirradiation ‘0 E Y £ g
£ 3 y £
So3 f LB 2 & Seot
@ 02 plasma 3 10, VAT
02 | blasm. 4 No 40
N gpasma plasma | diatior
01 F -6 Arplasma oy l w 0T
0 - gocse O > : :

o

10 100 120 130 140 AT
electron dose (uC/cm?) electron dose (uC/cm?) no irradiation 02 plasma Ar plasma

3 (a) SML1000 D = > k7 A~ B AFEE T, (0) 7T A~ 4 AR & ALBERER 10 P4 720 o= v F
TS

4|2, FIR< IR AAT - TRV SML1000 &, 7T X~ LB 41T -7- SML1000 |2 F-#fim L7~ 1 Bk
0.5 um DT AL T U RAN— R G — 2 Fe st 7T A~ D &lE 25 scem, J£ 7713 20 Pa, RF power | %270 W
LUTe, TR IIEDTA L 3 Z— o D SIR00AD L TNy G L7 T X~ BT L [FIER D TZARTE -
T2ZEMb, FIR IR L DT AL T L R A= 2 F — L DWT TR ~D B X7,

L/S Without plasma With oxygen plasma With Argon plasma

Tokyo Tech 15.0kV 16.3mm X10.0k SE

4 TIRZREHIHD SMLL000 DTFAL T LU RAR—Z % —1 ) R— R &l 180 pClem?, B2 k& £ 1%
15 kV

3.2. 7T RX=|2dD SML L U ARD B E[A] -

5(a)~5(d)iZ., X 1(a)~1(c)D I IETT T A~ AL 7= SML1000 D=2 M7 ARMBROD 7T X~ R Tk ke
ToF T RSERT, K5 (@QUIIRT NN, R T T OO H AR L2 SML1000 (K 1 (b)) D Dol
136 pClem? &, 7R RUFLL[F UAHETE o7, —BIIZE R L D ANTI A RS U CH UG EI T L2V [2]
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7o DB EBE LU THHE LN EE X HND, — HF THRFETVINOHERELTZ SML1000 (X 1 (c) ®
Do (% 131 uC/em? (g=1 mm) 3L O 132 pClem?(g=0.3 mm) 72 -7=, 72X 5(c) LY., X 1 (@)D 7L TRHFE T TR
~ALBLL 72 SML1000 DAN Ty F o 7 SIVTNTed | Ty F U VI3 IRFE T TA R OAL N RIKEFE 2 B
%o 5 (@FBLVE 5 (C)DFERMNG, ek 7 TA~ O EIIAA L EFEFET TNV BRREE 2 5D,

5 ()R T 81T, K Ub)BL 1(c)D FHIETT FZAMEL 7= SML1000 @ Do iX\ 341 136 uClem? 72
STz, 25 (d)ED, K1 (@)D FHET Ar 7T X< LB 72 SML1000 D AN Ty F L 7 ENHIEN DT,
Ar [ IF T AI2D T, Ar 7T AN K DHERITAA L DR EE 2 HD, FATHIE[B] Tl PMMA ICiER T T X
<0 Ar TR EBETHIL T EES LN ECAZENMESN TS, Lo T 5 OfERIT, A4 0TY
FIWAZE T SML1000 (ZAEE A LA E T ZEMRIK &35 2 HiLd,

1
(@) ey Opp=—
9T % = — TR 09 Py 8 e
X8 g .. 2
08 IF:T essurte.. 22?3 Pa N + Pressure: 20 Pa "&..
" p rlow rate: 25 sccm SER) 08 I Flow rate: 25 sccm "
£97 ['RF power. 270 W “\§ 2 07 | RF power: 270 W R
506 | no irradiation ‘§ £ 06 | —6e—noirradiation
< F R o3 o 06 i)
80_5 F 8- plasma \‘ < L %)
& o L i T 05 f @ plasma &
©04 % N + i
13 L --%---hvonl £ = L
503 | Y o g 04 | --¢--—-hvonly
= ' S 03 H
0.2 b -+ -radical only (d=0.3 mm) sl )
Tl 02 | -~ - radical only (d=0.3 mm)
0.1 . L
—> -radical only (d=1 mm P
o L v : g 0.1 | --%--radical only (d=1 mm)
10 100 0
elect ose (uC/cm?) 10
0.1 " 0.1
Lo
Lo
1 1
[
X
g W 2
=t )
< ‘.A §
E \ L
] ;% <
g N =
= " =
£ % o
5 v radical £
c I o L
: Yoy MY e .
El radical only:: (0.3 mmjm(:> 'Nod' ) No
: 1 i ¢\ irradiation Wi
a:vplasma( mm) ‘.(‘;\ \ l ‘plasma irradiation|
0 é e E\}\\ : 0 r}ﬁ
120 130 140 120 130 140
electron dose (uC/cm?) electron dose (uC/cm?)
(c) (d)
200 80
180 20 L
160
- 60 L
140
120 | _so f
£ i £
< 100 £ a0 |
f <
2 80 =1
° 2 30
¥ 60 &
E = 20 -
o 40 ﬁ
h L
20 < 10
0 0
. n.o . plasma hv only rafical only rad_ical only no plasma hvonly  radical only radical only
irradiation (d=0.3mm)  (d=1mm) irradiation (d=0.3 mm) (d=1 mm)

5 (a)SML1000 ® = > k7 A N OFESE 7 T X~ OK 74k, (b) SML1000 = > kT & Ml Ar 7
5 Rv DR TFARFE, (€) MHE T T A~ h ORISR 10 BH7- 0 0= v F o 7S OB%, (d)Ar 75
A~ R ORLA &AL 10 B4 720 O v F o VIR S OBR
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S5DFERNSSMLL VARDE NI T T A< DAL U PRELFGFH L TWDEZZLNDT-O, A4 DR
NX—DRNREF D726 Ar 7T X~ D RF power {R1FHEEHEELT=, X 6 (a) -6 (d){Z. SML1000 D=2 M7 A
RO Ar 77 X< D RF power (K7 HEB LN 10 Y4720 D=y F U 7ES R 750 nm (2B 55 AT
VR L Do DRFRYEA R, Ar 77X~ D /1% 20 Pa, it % 25 scem [ZEXELT, X 6 (a)J:D RF power
73 100 W T Do 2303228 (135 uClem?) L, RF power 73 E3H-35 & Do 13/h&<725728 Ar 7T X~ 4LEE
IZL DT RF power {KfEMEDR B HZ L Dh o7, X6 (b)LY ., RF power 23 K& 72D L ALK ] 10 #4720
@i‘y?‘/ﬁ‘\‘@%é%)j(%ﬁoté?‘:&) ToF TS :?6 RF power {K1FMEN D LnvbonoTz, ZHUIEEHE T TR
< LRIBRDOM I THD[1], X 6 (€)LD, HE 750 nm IZHBITDF AT MLOIRE L, RF power 23 K&<7/pbE
Hhn9%—J7, Dol% RF power 2% 100 W uiwﬂwu‘_o X 6 D FLA5 SML1000 DIEEIZ Ar 7T R~ D
RF power NRELH G L TCNDIEND, 7 TAAELIZLD SML1000 DT T T A~ DA DRV
—NEFHELTQNDEEZLND,

(a) ! . (b) 80
0.9 70
0.8 r Pressure: 20 Pa 6o
207 | Flow rate: 25 sccm = ®
(9]
f= (=
06 = 50 ®
ﬁ Q
0.5 3 40
8 . L o0
= —O6—no irradiation £
© 0.4 = 30
g 350 W o s
0.3 Q
< --6---100 W 20
0.2 -4 - 150 W
- 10
01 X--200 W
o —%-270 W 0 b 0,
10 0 50 100 150 200 250 300
electron dose (UC/cm?)
0.1 T (©)
. 40000 137
\
R
A ' £ SESS o} 4 136
\ \
3 \ \ 30000 -
c
£ S ’f z 8, 115
k= \ ' g h E
- A \ 3 L £
g Lo = 20000 | Emission 113435
E \ \ 8 intensity Dg 2
. @ <
5 Voo £ I R PP °
< \ w
10000
a4 132
o 8,
13 0 131

130

L
270 W eljéctromose 0(9cm2) No
200W

'\
W, 50 W 140

irradiation

100 200
RF power (W)

X 6 (@)SML1000 =1 k7 A hHifRD Ar 77 X~ ® RF power K77, (b) RF power & ALEERRERT 10 #0247- 0
B DFENART MADIREF LU Do DB

DTy F 7RI OBM%, (c) RF power (2

4. FE®

BIF 2R 750 nm |

BRI SML1000 % Ar 7T A~ TR 52 L THUBEY BNV E UL, IR 7T A~ L5 L1
BN RN NS oh T, FT TR~ DAL DT RILF = SML LV ARDHEEIC KEL HEH L TWbHE
EZHND,

275 3CHR

[1] #EAZERE T27=H/LLR—k No. 275 (2023)

[2] B E fih

=571 28 % 3 5 181-186(1979)

[3] P. Groning et al., Appl. Surf. Sci., Volume 89, Issue 1, 83-91 (1995)
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BRARN\YEAEBICLSB{E/DLOKE

(HF6F11A5RH, FM6F11A6AHRET)
na %R

1. ELdic

AN =AraTax REOMGH ANy 2EEE (v a—FE 1, SC-7T0IMKID) ¥, BEZHER1IAt
GyTIRRET Cr 2T 2 L E(L 7 n A0SR E NG, L LAadD, HIRE Nzl 2 v L DR
DIBRRICONWTIZINTE TIKHEIEI N TV Aad o7z, ST, =V 7Y X—xEpNeEz T, f§
Gy ANy RIEECHE I N-BL 7 0 LD EICOWTHIE L -0 Cl&E T 5, 72, Cr D7~
% DAfE S — L DRHEICOWT O WG T 5,

2. BHANy ZEBETHCEZBL 0 0B KRE L) 7Y A =2 EHWZBITEROHE
flig A%y ZELBEICET 2 UATOT 7 = AL E
— FTlE, Cr KBIC BT 2 ED M7 ElddE S hC
W3, ZNick b e, FEES) 1.2X10-1Pa, vtk R
J£71 1 Pa ORI S L7z Cr BRI L — it 23
nm/min T& 3 [1, 2], SEOEEIL, AT DITETHT
S5, K1 d Lo, BBED EFIC 22X22 mm? D
NN=HF7 R SIRRERDPVEDETCEE, TIE
NoREIO FICRBERERD A 7~ v 7 —7D/hNr %
ﬁﬁ%ﬁ®f%ﬁﬁ@ﬁﬁm%o?52ﬁ%gﬁﬁﬁ%% B 1 M Ay S DB 1 BE L fe
ML, FHEFZEE 0.88 Pa, [l —YALTArZE  _ysayg K’f}i@ﬁﬂ%‘
ALT, EN15PaTEL, 7V Ry X259, K
PR X 5 70 & L 72, X 2 ISR D N — 7T A

Y, EETIIECEASR SN, AR LR
70 LIROBH % /R L7z, Dektak THE X 7= EE
ZHET S L 15nm TH o7z, T72bH, 3nm/min
DEEL — +FTH - 72,

R, SHR FICE S Wz lx =) 7Y X =2 T (2) b)
JEHTEREZRE L, MIEME IZGRohd e Lz, & 2 HAN—HIAFICHEL7-BEL 2 v A (a)
J£d=15 nm & L CIEHHE n LIWEREE L2 EMT 2 CHREL TR =772 (b)

&, JEPTE n=2.094, k=0.00 (@633 nm) TH > 7,

—77, k=0.00 & LT, EIEn LFEEd %5152 &, n=1.935, d=17.7nm & % > 7z, [FfkiC, k=0.1
LT, EITEn LFEd 25T % &, n=1571, d=19.9 nm &7V, WS 2 ICAREY R BE L 72 -
720 Cr203 DJEPTHK I 2.24-10.07 (@700nm) [3]& I NTW2 DT, KL 2D T rhEOBLEAD
Tz, Cr,03 XV IXEHRY v F O CEITRITN 2, HEBEIIN0LEZ LMD,

* https://www.hakumaku.com/jochaku.php

Cover glass

Kapton tape

Sample holder

3. )ﬂiﬁé hizB{t 7 o LEO S HERE
, R N2 7 v 2D HEBRZRE L 72, EEEOHEEIXRD X 51T o72, T3, Kk
= (Ocean Optics, USB4000-XR1) & &2 v 727 v ulr v 7 v 7 (Ocean Optics, LS-1-LL) % [
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PuEbET, ROBMELEHEICHTHEL, DHEDOAFOICHANN—H T ZAZIZITEEICHKE L TEE
AHE L7, RIS, L2 B MDDV k8= T 2R R L 2 v LKA RN 7 5 X 5 1l
BICHRE L BB A IE L, chbDF— X
o, BB e s o tEEEEEH L2, X ,
3 U L 72 BBML 7 0 AR OSEEEE &7, a: V
ST 34 300~1000 nm & L7, X v 7% i | -
Tvoar vy ZI3EEREATIRIEE A LR to1anm  Coverglass
M7z, 350nm LT o@EEEKILZ ) 4 Xick b

HERRE CEDA, 350~1000 nm O FEEK |3
HIEMCHERRELS R 035, T i
7V A — 2 CHIE L7 E 633 nm Ic 513 3 iEi N
KIZISURETH D Z Epbrotz, TY TR ) U] FTTTE FTUTE TOTT PITH

— 2 OHIE TR 7 SiEM F ol 7 v 4 200 400 600 800 1000 1200
Wavelength (nm)

FRED0 L REED bzn, T oEMNER 3 fii5 2,8y ZEBRCHKIEL -2 v LED
T LI5S HOFETH 5, st

1.2

06 f

Transmittance

\
Il

04 |

4. [ElER—Y DRR

At 7 v LEO LIRS O F v v N —NOTRH IR ICKER T %,
L7235 T, Ar ZHW/EfE N— 2 TF v v N—NO KR EE % (KR
TEHZEe0TES, M4iE, 6PatTAr ZEAL Chfin N—Y % 2 [0
Fhie L 72 RICHE L 72 Crfiicd 5, HZEPELRE 1.5 KffE, 1.0 Pa,
FHEIRERE 10 53 C 80~100 nm DEJED Cr 23 X 41, [AlE ¥ — 23

R 2 BFEIFXI T, 4 Ar i X g —T %
FEfE L 7212 IR L 72 Cr i)

5. £¢®
flig A%y ZBE TR S N2 v LA ORI ZRE L, JEITR & otE@ERIconTiliE L
72o F72, Ar ZHWZEHE NN — 0 Cr IR D 72D IR TH 5 2 &b v o 72,

(3%) Bt o LniconT

A 7REME T Cr 2 RE T 2HAIC, BEBICTF vy v R N—%2fF 3L 2 v 727 v A= bDLED Cr D
KA R > T BT ERH 5, ZOWE, Sk BB INTWARvD, RAOKREED Z OYE
BCr03 (7 v L) THD, T v v " —HOMERLEKIEL T CrOs BMERINT WS Z 21Tk %, Cr0s
DRl 2435 °C, Cr D51 1907°CTH %, Cr.0s 1ZfEHERLIC iofﬁ% RIS, R
TAAVICRETCHiZ v S 52 5, AT 2 L XOIZd 3208, Gl 2 LRERREICRE S, K
WD 5, —7F, CrO 3t bV v 2GRk R < [3]EAFTAG LI Tk s =
LD & 73,

& X
[1]VEfd, 72 =Ar L F— 1 No. 132 (2016).

[2]P6RE, 72 =H AL HFE—} No. 155 (2017).
[3]Egon Wiberg, Arnold Frederick Holleman (2001) Inorganic Chemistry, Elsevier ISBN 0123526515

=W
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FlexSEM1000 I Z AUV =SINAV T LU E T LT1=SEMEI

(HF6FE11 A58 FM7E2R278HKET)
&k =8

1. ZL®IZ

Scanning electron microscope (SEM)IIFBAMMEEL Y M5 R COBLEN AIRE TH L — 7, BILITITEZEDR
B CTHDHOMRFP OBIEENEHE L. 2070, K OSEMBIZRIE, —iXIl :jtquSEM%Dx‘/7“V/74/W~
EATHEADRHNOND[L]. F2T, KT 7=V LR—FTIL, SINAL T LA LIZSEMBIEE DS
DNWTAN )~ A7a 7 atAEDSEM (FlexSEM1000 11, H AT 7 #E) % W TEBR LI RE2H®ET5.

1. SEBREAF:

BIICAREEBRTHEHLIZSINA T Lo T4 B —((BR) TIAT 2 ZNAF T A7 LA HE: TEM Windows Grids,
TL—AJE 200 pm)Z7RY. SiHARO F RIS SIN AT L 28(0.5X0.5 mm?, JEE 500 nm)A3iD. X 2 (A
TR EORIE 27~ Si 2K B Cr 2 3x%—2 (1§ 10 pm, L&S, =100 nm) ZA{ERL7=%-7 v B2, SiN
ATV HBEISIN AV T VU RRE T O/RZ—2 O SEM B84 F LT,

IGHETZ 5, 10, 15, 20 KV LZ{LS 8 TRIELZEE— R T SEM B2 LT, Ay MR 50 £721%
100 LU CIRE 7B &R L. SEM BOMLERa M ANT A BIRE L. HERELIE(AT v AL —
REBLOBFELB)IEFRCSRILLT.

[EDX 53#7] SEM 8122140 1 CReb LI D B VBIE S CEDX DT D~ o B 7 % E i LTz, [ 7 e e
1% C &%, Si,N, Cr 2F LT,

PR EIE] RUBFE I IAE B IS QWA 5 B B E S AT MMZIVRIELT-. SIN A7
A EERRRICEEURE omﬁfz«ﬁl ELTe. AT L N STICE A I E Fa R L7z Rl
FFE A A L E LT

Window
0.5 mm x 0.5 mm €
@ [y
T B | SiN TEMZ'U v K
0 N |5 7

Crig—>

1 SIN AT LT g — 2 ASEBROBEMS (Wi X))

3 1 SEM Bz

(CHKBIER ST SEM B %7~ le]L BT 5 kV CBIELIRHIT v— U7 v I I0BIE T 7elo
7‘_. 10 kV TlE, ARy RREZE 100 EL7-GE TN Cr 2 —U PR TE =, ZOZEND, NEETE
10kVuTﬂit“—AéJﬁ%fﬂ%azmkéﬁ%Lt Fﬁ#ﬁﬂédgoﬂ\é_&rﬁ b, SINEHDOF ¥ —T v 7 D%
BT TVWEE T HNA.

B, IEEEZ 15kV 75 20 kV 12 BT 88030 v — 712720, ARy MERE DS KEL2D] i}:“z‘/ﬁx
F3EL 2otz PLEORERLY, A /)~ A 707 at 220 SEM Th AL T Lo T 4 V2 —% A UT-BLEL AT
HDHZENDoT, TR UAREE T IEE O, AT R L35, B RO _J:éﬂﬂéﬁﬂém@[%
IEEE L CORIHANAIHETHHEEZ ZHND.

SEEEE 20 kV, xf/%ﬁﬁf 100 TEIZELT-FED EDX Zo#r it %X 4 12”3, SEM &2 m® Si, N, Cr D
JFAEEER AR 1IRT. Cr/Si D= P BVOD Si L Cr OSANHER TET-. £7= SIN A7 1L iZH
KT DN LRIFEEITHML TS, BLEXY, KFEIX EDX SATIZ6E H ATRE CThHZ EnvbioTz.



SITHETEJED 5 kV & 20 kV ORFO ARy MEE LSRR RO BIREZ A T L 7 42 —1EDOH I THIE
L7 a2 md. IEEE 5 kV IZBW AV T L T NA— 2T D2 CERMEME F Lz, Zhi, #E
DEIBELE Z BND. —J7, MEEE 20 kV IZBWTIA T Lo OF HECREHE IR 2% 5 2 fedsoT=. A
LTI TRELETRL QWD EE 2D,

TR

10 kV 15 kV 20 kV
ARy NREE

50

Si

Tokyo Tech 20.0kV.8.3mm X500 SE

Tokyo Tech 10.0kV 8.5mm X500 SE T " Tokyo Tech 15.0kV 8,5mm X500 SE

100 | = ) Ve
| Si 1 31311
Tokyo Tech 15.0kV 85mm X500 SE im TokyaTech % OKVIB. 5m‘x5(¥E
3 ATV TANE—%S LIz SEM Bl R
Si Kal Cr Kal N Katl_2

Cr SEM {44 T N Fi
r S0pm 1 f 50pm

4 EDX Hrickrn#F~or s

10000

A20kV
A20kV_SiNmem
i% 1 SEM {%éﬁo)ﬁ%ﬁ%‘;’%g 1000 ;zl]ixisiNmem (0]
SEH JE TS [at %] .
N 41 @ ©
Si 56 B oo °
Cr 3

1
0 20 40 60 80 100 120

2Ry hRRE
5 wEFE I E
3. FEH-SHBOEE
TEM BEH D SiN A 7L 7 4V 2 —% iz SEM BRI HOWTRA L. A/ ~A/n7 o A=
IZBWTAS T L T g A —m N U BERITINEEIE 15 kV DL ETRARETH 7208, IRIEBIZIIRT L1 5.
HHBREO =D TP BEII A THS. L, KRFEIIHEORES IEAELTHERATHIEE LS.
SiN AT LY DEID/NELRDIEEE FHROBELS I Z SN, TG OBIZENARETHD. 5%, [KE

25— ORI FG COMBATRED AT 5 7 T,
2E (1] FEB A AR E V- B BIZIE OB J. Japan Soc. Prec. Eng. 88(2022) 5
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EFREEL OXRELTHW 4RV LD R AZ5214E DIREE

(&% 65 118 5B <% 754 38 3BHED)
=g XE

1. 1ICHIC

74 ML U A N AZS214E (FAR VB L O R CEbiL, BAARICHIEEZ RO, ZOL TR MIA
BT OEOBAHRL YA THDA TS SMLI1000 LV 2 TH Y . 450 nm FEEE OREE/ERLAS AJHE
[THHZ D ADTROLHOEFHL AN LTEATLIZENEENR TS, Z 2Tl
AZ5214E #E LU A R E L THWABEOSEH LA B & L ERERIZOWTHET 5,

2. FEBREE
T BT LT SR 15X 15 mm? 25kl ULCHV 2, AZS214E LA M, RUBRITIE T A
F¥T 2 7 aR)— AT 7 — MICTHER 111 THIRL THY, 2 TR CIEARETICHW -, SEM
/EB HiHE[%EE  (JSN-IT200/SPG-724) [ ZNNEEE 30kV, EHE 100pA, F—RX & (1-250 uc/em?) D5
P CHEB 24T o 72, BREJEIE Dektak XT IZTHIE L, Blfgigo L X FOJEIRIE SEM (Hitachi High-tech
FlexSEM1000 11 )i~ T2 L 7=,

3. EBEKLHE

3.1 RUVBITHW=5E
ROV VA RERIE L THWTELEZITo 72, #£1 A E L THWGEOERSM

F 1ICERSEMEA 7T, AZ5214E LY 2 M52 BFF (A E

> = — 1 500 rpm 5 s—4000 rppm 60s) L, 100CO KoM
b7 L— MZT60s~<—2 17> 7=, Bt TMAH 2.3% (I 232 nm)
VAR CEUE (BRI 40 s) . fikizTY v % (60s) | VXA DA | 500 rpm 5 s—4000 rpm 60 s
Eiot, M1 Iay hI A M =7 %53, 30 -100 | 7 I X7 100°C, 60's
pe/em? THERE 0 & 720 130 pe/em? LAk TR A3y | HHIE M AESE 30 kV
MUz, F=XEBZOL VYR MG £ HITHEN A 100 pA
B8 = DI TORRIEL, <5 —fmydry | B 40s
ZatRAL LTKIGE LR R A[2] 720 Thb, ZORY oz 60 s

1.2

1 _ AZ5214E

o
00
Py

|- OFPR-800LB

/ ,' Si/l/°)ZI-

Normalized Thickness
o
[=2]

(%)
0.4
02 | (J 1 um 3 .' ; 0.5 pm
0 & — A ' )
1 10 100 1000
Electron Dose (pc/cm2) 2 10 uc/crn2 D }\_7\%(%%\
R f 2 ° N \/,ﬁé” . ”ﬁ:'—‘g
1 ﬁ_st\/\gg & LT%L \f:%é\o) ﬁ{%/fﬁo)‘ L&S /\& /t%iﬁ\1¥ﬁfﬂ%‘/\
(Top View)

ALY NTFANI—T
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RCHRZIADHELIIPMMA LY A M THEZ S LGS TWS[2]28, K1 d5%E |25~ ¢ OFPRSO0LB
VYR MIBWCH, R—XEMNBENZ722 5 & RN 5 ERE OB 238 572, X212 10 pe/cm? 0
F—XETEN, BBEHBO L&S ¥ — U M EE %~ d, 10 pc/cm? D R—XEDFENIZ L - T

1 pym @ L&S NERFATRETH D Z L3 bhoTe,

3.2 FARICHW=HA

WL VAN AR E L CTHWCENEZIToT,
7% 2 \CEBRSME R T, AZS214E LU ANE AR
(AE">=2—h 500 rpm 5 s—4000 rpm 60 s) L, 100°C
DRI T —HMIT 60 s N—27Z4To7-, TE%Y
NP _R—7% 120°C 90 s {To7=tk. ~AIT 7
AFICTHEEREEZ UV #¢ (FEHERE 50 s) L,
TMAH 2.3%A R CHUG (BL&IRH] 80 s) | flikIZ
TUA(60 8) &1 To72, K 3 IZa XV NANI—T %
R, 80 pc/em? LA EDOR—XE TR E5H-
\Z72o7e, ¥ 4 O SEM BEIRT IO, F—R &
200 pe/ecm? T, 1 um O L&S /37— DFRNAA
—ADL VAN, B CRAILEMI N7
7o MEIZREICITBG AR LD, M 5 1% 80
pc/em? DR —ZXETEN, VA —P L _X—=T B LD
Bg#% D SEM BE THD, 1 um O L&S 21552
ENTEz, 2L, FHREL THWAEA T,
80 pe/em? DR —AETOFTIIZI>T 1 um O
— @D L&S PMERAIEETHLHZE D ool

£2 FAWE LCTHOESE O LR

AT

()= 1640 nm)
LU A NEAR 500 rpm 5 s—4000 rpm 60 s
7 RX—7 100°C, 60s
] ImEEE 30 kV

FEiLAE 100 pA
U R JL_— 120°C. 90s
B 80s
YRS 60 s

1.2

1 F

0.8

0.6 |

80 pc/cm?

04 f

Normalized thickness

0.2

O 1 1
1 10 100 1000

200 pc/cm?

1 um 0.5 pm

5 80pc/em2 D K —RXETEN,
1% L&S /<% — > SEM 511

Electron dose (uc/cm?2)

(45°tilted)

- X 4 R—RXEDR 5
3 AHBELTHWESRED | ym o L&S /% —2

AV NTANH—T SEM G& (87°tilted)

4. £

RUTIRARIE LTl FTREZR 7 A B U AN AZS214E A - BN DL VAR L T, RUTITIER—X
2 10 pe/em? FEEE | RATITIE 80 uc/em? (IZHBWT, 1 um @ L&S MERIRTRE CTHAHZEN DT,

235 3CHk

[1] R. Andok, et. al.: The AZ5214E resist in EBDW lithography and its use as a RIE etch-mask in etching thin Ag
layers in nz plasma, Journal of Electrical Engineering 64, No.6, 371-375 (2013)

[2] Nanobridges formed through electron beam image reversal lithography for plasmonic mid-infrared resonators
with high aspect ratio nanogaps, Landobasa Y. M. Tobing, et. al.: Nanotechnology 30 425302 (2019)



RRMPRE RIMEE CFCY1/070vREM, Ah/349/0T0€RE FH=HILLR—kN0.283 (2024)

SU-8~ADEFBIVVIST4~DIGRIZE T DREHR— (PEB) R
B89 %RER

(HF6FE11H58, SF7TEIAIHHRET)

AR

1. 1ICHIC
TIRF MR TR SIS R AT 4 N U ARSU-8% VT, BB HR-IENC L 0ARIERI0.5 umD T A A& D
VERLRTRETHH[L], SU-8ITHERDFE TR VAR IR L CTEIRE[L1 TH D, —F | BT IROIT N 0B E
AT _—7 (PEB) IR JE IS L > Tl 232 — U M A TAZ LN E S T B[2),
AREBRTIIAN )~ A0t 2EDO LB ALY AR L TSU-8%1E T 570 | B #H-4H OPEBIREE
DEMERR LT,

2. EBRIE

112, ASEBROTE 1R A OIS % 7597, Si (100)% 10X 10 mm?2 ([ZEERHL TRkl e L7z, L AR T SU-8
2002 & e, I LT DR IEL U ARE PGMEA (A FE T 4:1 12725 J51R-A L7z, 500 rpm T 10 FHf#], 2000
rpm T 30 AL —hL, Ay b7 L —h ECTUR—I[1][2]LT=, AL TV VRl SU-8 2022 DR IEHY) 2
um, PGMEA TR L 7= SU-8 2002 DFRIEIEKI 1 um 7257,

# LITARIFZBRO B HH 8 O S5 7R # 1 AR O 5
7, =Y 7 1% 500 X500 pum?, figf SU-8 2002 SU-8/PGMEA (v/v) 4:1
1% 10000 X 10000 &L 7z, WD (X 8.1 mm {2 | 7U~_—~ | 65C, 60 s—95°C, 120s | 110°C, 60
X E LTS, %O HM ARy N U—R || ndETE 30 kv
T PEB[2]&4TV >, SU-8 developer TEL# | &l 10 pA
#%. IPA TE AR O SU-8 WERT | n—x & 1 puClem?
HETY AL, EEIT DekTak CHIEL | PEB 57.63. 69, 80°C, 60 5
720 1 um BETN0.5 pm D LIS F— % e SU-8 developer, 60 s
SEM B, Tt 5T 2= D [y % IPA

BRENOAEEZHERL, N F = DfE
FER SRR Oty gWIRVAAE S L - STtA SU S Byl
30 kv

e (10 pA, 1 pC/ecm?) Exposed area

V l SU-8 developer
N (60 s)
| —— = =
. R
SuU-8 Si (t=0.3 mm) PEB (post-exposure bake)
(t=1.0 or 2.0 pm) (60 s)

1 AFZBRO FE - O [

3. MEREELR

212, B 2 pm @D SU-8 DT AL T U RAR—ZD SEM #4777, [¥ 2 (R X512, PEB DIEEN 57°C
T 1 um A RE—ATENT | T 537 = O IN RO >T2, — 7T PEB iR 63°CLL T
X T AT A0 32— A LT, PEB IREEER — X BOMA GO L T 234 — U &
T 5[2]7=% . R 2 pm @ SU-8 TIIARERREIRE (79 63°C) L0H K\ PEB IRE NS 2 HD, L LARR
SWTHOD PEB IR Th, ITHET 5 0.5 pm T2 35— DRE A RSz, BIRAS 2 um 728 | ST
WRKEE 2 BD, K 2 OFERENS, FEE 2 pm D SU-8 ~DE - HHlE CIERI T DT/ T U RAN— 2%
=A% L um B/ NCThHDHI LN b -oT,
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L/S 57°C_1 min 63°C_1 min 69°C_1 min 80°C_1 min

T T a— |
— = - - o O

0.5 pm

|

2 JEE 2 um @ SU-8 DT AL T LU RANR— A4 —2 (D SEM 14

312, PGMEA TARLZIEE 1 um 0 SU-8 DT AL T L RAR—AD SEM #4277~ T, X3 Lb, W o
PEB {BJE CHiTH:d D/ 37— DFERIII2 -T2 EME, LI I BN RO BN/ NS poTe e B2 D
N5, £72 PEB{RJE 80°C T, 7A 2 /3 F—2D~F1ED CAD DR FHEEIFIZFEC THY,, ¥ —2 Ml 2h o7z,
FATHISE CH 7 BB AR I RE — SHEEREHEICT N EL, RE—0NELIENHIEHEIN TV
5[2], X 3 OfEF LD, B 1 pm, PEB {EE 80°C T 0.5 pm DT AL T U RANR—ARH— U AR CE HZ L0
oYINY

L/S 57°C_1 min 63°C_1 min 69°C_1 min 80°C_1 min

0.5 um

1pum

3 HE 1 um @ SU-8 DT AL T U RAR—AD SEM 14

3. FLOLEBOREE
BB VAR LT SU-8 ZiE 45125720, JEE 1 pm, PEB LE 80°C T 0.5 pm DT AL 7 L R AAR— 2
H— BARRICE T, A3 0.5 um UL F O RZ— a2 K02 ERNCTE R T& D SU-8 DR LS 2 MFiEd 5,

LGN
[1] A. K. Nallani et al., Proc. SPIE, Vol. 5116, 414 (2003)
[2] M. Yasui et al., Jpn. J. Appl. Phys., 53 11RF03(2014)
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AZ5214ED T )R—HBBIEEES LU BT EICRY T 558

(%F742A258, HH742A26B%ED)
na %R

1. IC®IC

ANI)=A70 72 RETIE, 7 )V 7774 THWALY R & LTRIAICIE AZS5214E %
HHAL AP ELTREL T b, 754 ZBUWRICHBER N X — 20 U T I E 2Bt - BURSAE
TN TWE R, HEER% L, B#ET 2 vy —F —F 2 3FHAREENTHLE 5T
WA NS\, LY A DN - fﬁb{%f%%i UV Ko7 —8RE @I, @z — vk, <
— 7R, BGW, BREERE, HERREREDL L DT A2 ICHREINTVDE, TRETDOTI7=7
VLR —=FT, BWOPDANTA=RICOWTRIEREZFRL T2, HERO7+ IV 7774 T
BWELZL Y R b3 g — v oI 1% 100~200 nm O E ER N FITHE N 2 I 0 JEEEEA K & h
%, RO N2 — v LRI EZRD, dy P 7L — b 2HO/ZBIBIC XD LY A b XX —
VIEEOBEEMEN G o ZE E KL T B LB I N TW IS B 5 [1],

Slaix, RYBT7 4 P LY A AZS214E © 7Y _— 7 K L RS, EITRE L CAHGN T CEEL -
BICTMAH ICX > THBREINZL YR FDE T DI IC O TOHEER L2 MET 2,

2. EBA®
SRl OEBRIZLLT DS iETITo 72, 3EHTIZ 18X 18
mm? @ Si(100) I %2 FH 72, Si A 2 7+ + v it HEE}‘E‘JEIFHE%%%F)?
e, WRIHTE 2 DK % 2> U L -CHEM L 72, W 2 & — R
) . Dektak ZE}YIE / |
HUD H LT 30 3% AZ5214E % SidfRiICA vy a2 — \/\
FL7zo Ay a— b o5, IHARERE 200 rpm 2> O
b 10D 2w — 74000 rpm I [AHRE % 3E 2 L T 60 D :

|
|
|
l
WRIERER I L7, 7Y _—23hy b 7L — b Y5 i
;
|
|

|
i
i
i
i
i
i
18 mm

TITV, HREEIE 100°C, ~— 2 IR % 30 7, 60 £, 120 AE
,300 #,600 & L7, MI1IRT LI, 40EIL N
7o & E R IRPRANEICE Y 2y P TR T, T 18mm

Dektak TOBZMEMOEMEL Lice =9 77 GBI b e e s & 08 & 7SR o0 52 (177
Yo, WE 633 nm) % v 7 R4 o W AT I

Dektak I3 7T D365 0 T# €A 2 b & 72 W T &

L, Dektak THIE L 72HE & 042 R/NRE L7z,

v

3. EBER
3.1 AZ5214E @ 7)) R— 7 K] & EE 0 B
X 212, AZ5214E @ 7Y X— 7 K] & R DB 2R3, 7 ) _— 223 30 B & 60 BoREICiT
AZ5214E OJE X 13 1.824—1.825pm TIZIEE LEX TH o7z, L LAD S, 7V X— 7K 120 7
T3 Z DJE X 13 1.746 pm, 300 £ 1.737 ym, 600 BT 1.715 um & 72 0, 7V ~— 7 o8 & &
b 1T AZ5214E DFRIE b iR 2 1P 3 2 AR A bz, COFREORA L, Fy b 7L — 1+ EFHWE
BIC X D LY R b N & — VERESDOBEEDR L o722 E# KR L T3 & 32 2E 3k 1 ofdid &
BET Lo ICEDNS,
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3.2 AZ5214E @ 7’V _— 7 E5[E] & BT D B%
31, AZ5214E @ 7 ) < — 7 I & R

DEEE TE., 7 — 2B 30 e 60 o 19

IKFIC 1% AZ5214E DJEHTH X 1.628—1.627 pm T 185 |
IR CTH o7z, L LD, 7Y < — 2 i el
25 120 BClixZ iz 1.634 &ML, 300 2
E 600 Fcit, JEHEIE 1.630, 1.609 & 7Y ;j v v 3
% L]

AP T 2HADBHDLNTz, T DOJEITRDOI 17 }
i, Ay P L= ERHOZBEIC L) LY
AR = VIR OBEERE L o2l L EK

165 |

H%LVCI()%) & —j_%éé/%i%j(rﬁﬁl O)gai/;hk oi%é\bt e 0 100 200 300 400 500 600 700
wWXdicEbng, FUR—2 B (5)
2 AZ5214E © 7Y ~— 2 B & R o B %

3.3 AZS2UED 7YV R— BRI HEXT K [EH7ER
JEHIE & JRITRAIE L 7240 TMAH ic X 3 HEMHE 166
EDBE{%

X 412, AZ5214E © 7)) ~— 7 Kl & HEE T T 1.64
JEJEHE & R THME L 720 TMAH : K (1:10) T .. ) ?

| B E DB BEOBIRE R T, S (AZ5214E) i %
BHEETFICE b InTORBMEE L2 1 B 8 1
TH o7, TMAH OBURIT=ER T 1 7/ e L7z,
7Y R— 7 30 Ty F v S A EE 1.58
12 1.29 pm, 60 P OKFIC 1Z 1.1 um, 120 # Tl 1.067
pm Tdh o 7o, HEOETEOE X N7z IKRED AZ5214E b 0 100 200 300 400 500 600 700
DIy FvIEER, T)R—I7HEBREWE FiC ZUR=7FE )
ERRNX BT BT, 3 AZ5214E © 7'Y X — Z il & JE TR 0 B %
4. ¥®

PEOKERIC LY, 7Y <~ OW2S AZG2I4E .
DOIEE, JEITR, TMAH o k 2Bgsseztae  § Y .
BEME 5 CLpbhor, CRICKD, AZS2ZI4E B 1 :
ERGZY Y 7774 TR, 7Y R= 2R EEE 5 os
ST R—RTHY, WE, EE, RgaEotme L,
TR BAREMAD B 2 L ARBE Nz, §U4

" 0.2

SE 0

[ 1 AR, I EESE ETREAEME (AFM) | R ke
B L A b oz — /W@E*ﬁgﬁ*ﬁ@ﬁ**ﬁ” M4 AZ5214E © 7Y ~— 2 B & F1 T RS

EIZIK?%E?%?E, 43 (2007) pp. 140-143. LIBITERIER O TMAH © 1 28R X 1 2 BE O BI%
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FlexSEM1000 Il [C kAN A AV ikEEZANE=Fr—F7vTBR
Fikn#kat

(HF7FE28258 SM71E2H8278HET)
fEiE =8

1. (ILOIT

Scanning electron microscope (SEM)I It FEAMEE LD Sif5 R COBIENFIRE CTh D — )7, EZETE AR
S 57D IEEBEMEREIOBIEEGICT v — 7Ty T BELD. 2070, IFEFEMEFEEZSEMBIEZ T DRI, A
N/~ Ara7 e AR TIEREIR I 2 AuT — M 52 TRIZEL T D, 2, Au— M3 N EHISEM D
REZEE—RNTHIEL TS, LL, IEFAZ U IRIEOBATIC LD E - BMEHBEEN R EIN TEY, Auz
—hDO MBI ATRETHD[1]. 2T, KTV =NV R —NCIIAD )~ A /a7 a A% DSEM
(FlexSEM1000 1T, H AT Z7MENZIIT DA F AR IREBAT I L DBIERIZ DWW TER UG R 2 E 15,

2. EBR G €
Ry K\/

B4 1 IZARFEBR T FH L7 A A & (K (onic liquid, IL)D1-7 F/L-3-AF tﬁ . O\\s N Y

NAIZ VT LDE A (N 7 VA a AR e ZLR= V) A IR ([BMI*][TFSA )P X N, \K
fE AR T[2]. 49 72 UE CH3C3H3NLC4Ho[(CF3S02),N] ChhD. IL (14 ol I
FEMEDRD TIRNWZ L, BERMETH DL, A HBHEZAL TWDHIE o o
NEFETHD. B 1 AA RO S

BEYy I
BRIV V%K 2 1R, 2 FHOMEZR MR TH 5.
(a) RUTLHBEHHE(T VT 7 AT 47 Texwipe FLHY)
(b) V7 74T (ALO3)FEM LD SiO, IR (t = 130 nm)ZHHFL
(50umx50um DIEHTE) ZRiF| LIz a

(@) RV L& A (b)Si02/Al,05
B 5 4 2 By

AREBRTHEALLZ IL 1ITFMOOHMENT, =4 /)—)LT 1 wt%IlCHRLZ IL 2 HL Q=2 enb RIS
FHEELU T, IL OBAT FIEIL, RUT L Z AR TR IE R RS, Si0, /7 — (3R a2 —4—(500
rpm 5 sec—3000rpm 60sec)|Z LV A % FlSH 7.

SEM B &5

SEM O EZEE—RT, OIL Za—hL7236, @Au =—F100A)L7-30k, @EEMa—MEDREID 3
FEEA#I%%, EDX e EfiLz. £-, KEZEE—F TCOEEMa—MEDORE 28122 7-. mH 22 SEM #l
BEMIILLTOERBYTHS.

SEM:INEFEIE SkV, AR MREE 30, Mg SE, #RESM Slow(40)

EDX: L 10kV, ARy MRE 80
KREZE SEM Bl SLIFIILL T OB THS.

SEM: £ 77 40 Pa, NIEETEJT SkV, ARvNEE 80, %% BSE, #RE41: Slow(40)

3.1 SEM iz
F 1 IBIEEID SEM #5279, RUDL A ARKETIE, IL ° Au 22 —T 4L 7 LG AR TFv— T v
AR &Iz, — 05, a—MELTEEZ SEM BRI, Tv—Y7 v/ Lis. FRIBEPIZ TR~ DR



PBIENNEECH-T-. REZE T THTv— U7y 7 TIBIE L i L T2 /A XN LAE O H AL
STWD. V7 7AT M ED Si0 /37— 2OV THIEILL, ILR Auda—T 4 7 LT SiiTFv—o7 v
AR CETZ. LL, IL 22— U7 aURHTIE IL O AR EIZ OV TEY, B80T o7, a—MEL
TEEZE SEM BIZLIGE, Try— Y7y 7 L (REZE T CIETF v —y 7y 7 Il 2 L C&7203/
ARXINEGLBOHEMN B Lo T.

#1 £V 70 SEM #

@ Au, mEZE

Tokyo Tech 5/00kV 8.0mm X300 SE

‘Tokyo Tech 5.00kV 7.0mm x300 BSE-COMP 40Pa

FhE N AN U FBRE Y TN

‘Tokyo Tech 5.00kV 9.2mm X1.00k SE [ Tokyo Tech 5.00kV 8.7mm X1.00k SE

3.2 EDX 43#7
EHEZETTY 7747 R LD SiO) e S——— Auial

D EDX o#radihEl7-. @=—MED :

AEFCIE, Si, 0, Al C ZRHiL, IL IZH

T8 S, FBLO) AuldmH L0 o7-.
X 32 IL & Au Ca—hLziElo &=

BRI HREDO~V TR ERT . IL Ba—

I\utuftﬂ»f I% SEM {%03{1&{% iﬂﬁ\ut - ( )IL:‘ . PP

3 0, a — u —_—

SALTED, Au lat%) i ESnr-.

4, FLH-AH%OELE

AN )= AT AR T IL IZLAE - BBIBIEE~ DS I DWW TERE{T 572, IL 2—MZL5
F o — 7y KO A AVEZ TR TET-. LsL, IL OHREA Y 7 VR ENCHEAEL TWAHIEIC LY, FKiE6l
BEOWT LB e BDT-0, S %APIRE LT — T 1ERE DR EFHRFTT 20 ERHS.

AT, BERICEEEOT— M RENATRECTHLAOMMES DR E Ta— N A HECTH LA THRICA
HATHD. KFEBRE, IL a—kLizY T abm s ) — )L TG LI AR ETHIENTED, Au 2—hL7z
P T Au DFREDREETH o7, RFELGIEHEMETT5FHITNA T, KEDFEIAT L —ThiH =
L AT — R RO RGO LV HERH DD T, 5% THRETT 5 T7E THA[3].

BE R

(1] e, “AA R IARE V= T B SEBI 2L ORI R ). Vac. Soc. Jpn. 56 (2013) 83.

[2] BERALZRR &4t https://cica—web.kanto.co.jp/CicaWeb/servlet/wsj.front.LogonSvlt?Reqltem=05063-33
[3] 12 #E etal“z=L A —R®% M- faigER Bl SEM-EDX 43#7”BUNSEKI KAGAKU 62(2013)155.
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NAT ARG LB ED PDMS ~NDEE

< 78 28 258 0 7% 38 11BHKED
=g XE

1. 1IC®IZ

HZEZHACADDIREERY — FOERICOWT 2023 FITERE NS HRE N D - 72[1], X 112K R
= MDA CIAD B FIZ OV T, 2UCER G EE R T, MR — A F B — AL
NaOH KERIZE DV =y by FoTICL o TER LT A7 Mb 4 DL E ORI & % Fr
ORIERRESEM L L, U a—UBBICEE LM E D Y o —F A VBHRIRICT L L CE
W5, ERLUZIEEREY — ME 99.98% DKW REZ >, AT o= TIE, ~"AT AT b
O MAEEOERIIT, Sy v R_R—v g vk fh~A27a~vAZ E L., CsFs & SFe/Or DA A v
Fr 7 7at A%z Deep-RIEIZED T 7 v 7 GefElIC K-> THREGITERTES2], 2
TR, EHEOSRBMEEEZ L ST T v 7 Ge 2 PDMS G0 L L CTHEARTRETH D
DEBREIT>T-OTHET D,

-LB8 O &S . ® B4R
A=
2 P P d‘mna;m m
+ IR RN
-7 ¥ YYYY YV YYYY ¥YY .
2 CR-39 14{fE84R D1~ A4 IR
2
L 5 2 3 g 3
L @ IyF>Jeg @ REE ® MR
ARIEDE
A eI MWW

W N7 N,
:%Sgi%%ﬁf 2 R — hofERA O]
2. 7Tv7 Ge B~ 5

U HIZ, B 30mm, t=1mm O Ge FER % 1/4
(2% b L. Deep-RIE (2 T#HRBHIFE & 0 K H (2
MTLTT 7 =/ LiR— |k No. 274 OZMF[2]1%
FAWTT T v 7 Ge Z{ERLL 7=,

3@QIIMER L7 T v 7 Ge TH D, X 3(b)D
SEM BEEIZ/RT LI, 77 v 7 Ge DFEiFEIL, EH
P22 um 5 & 40 pm FEEE T OedE 23 BHIR 0 B o %
MREIEIC > TV D, I, 7T v 7 Ge s
BER L9 < 95721z, CCP %lﬁff)ﬂb\f7§ (b) FHE D SEM 52 (45° Tilted)
v 7 Gell7v#FEa— L7 (CHFs AL kBT
7 A JLER, 25 Pa, 30 scem, 50 W. I min). PDMS [ZAE5 & @{Ls & [l 1114
10:1 OHETERARICHEAL, 7yHFa— LTI v 7 Ge iz g ]
EHCHE D AT 722 v — LICHRICEE, BT L72%, 90C D& > b
T — b ETRRMEGE L L CERE MO FHIBEL 7, 41T T v 7 Ge

cepp e
P DERF % D PDMS BEZ/RT, ¥y — LIZi L7272 o FHE 2R il
PDMS & Wi d 5 & #5% L7z PDMS IZEBHTRANH Y, FICE o
WEEROBTOAEY ERD LR TE AN, X4 777 Ge i
7 DRG0 PDMS

(Top View)
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50277 v 7 Ge M6 ERE
#% > PDMS DX FHMEIFH % R~
T, L)ook T, Fm Lz
72 Ge DR E NBlE T
% ., i AT O PDMS O % JE 13 1 g/cm?
ThdH-H, EX2mm TH D &
B2 {RKIZ 350 mg D EDB NN D,
Ge #I BB DT> TWNDH Z &
75 PDMS % 858123 LA Te BRI
TnbotExonsd, £7-. K
HOEE XD, PDMS M I A DA
A7210-20um O Ge &b H D 2 &N
otz Tk, s8I 6 O B
D B H A TS PDMSM&:%%«J
bortEZOND, 2L ORKE
Mo, BHE5E%OBRLIT, PDMS I
FH LI Ge #HIRMEE CH T 77 v 7 Ge
eEZBHNS, M6 PDMS 25 5 . | A6 2 |8l HERE O
GHDT T v/ GefEM D SEMEE K 6 %E%®%®%mﬁ PDMS (Top View)
BoRd, AN T 10-30 pm »  TMET T v 7 Ge $FELD
Ge BFIRBAMIHEE R FE » T W 5, Aifi> SEM 5.5

WIT K 6 et S nihe ge (457 Titled)

#HA A2 T PDMS 825 21T - 7=,
K721 EHOBHETHNLZT T v
7 Ge $5 & H 72 2 [ HER G % D
PDMS O FHMEEE %R~ , ¥
r— LWL T2 —ro
72\ PDMS &+ 5 &, 2FEAIC
5. L7 PDMS I3 FEBH TH D2 1
FIHEEGIZE ORI R, X 8IC
W=7 7 v 7 Ge# i bz 5 1%
® PDMS O N FBHMEI 5 H & =7,
Emnoofwgc, m bz
Ge DFHREAMBE IXBE TE 22 h
S, EEMHEOGEE NS, PDMS
WAV IAATS Ge $HIRBUMAE S L 1Z
EAEHER IS T,

K5 77 v/ Ge#iHsbEEGH D PDMS 0
BT 2

lmmml ff

Top View Cross Section

8 7T vV Ge NG 2 HERE% D PDMS @
e BT 2

3. £L®

77 v Ge g% L L CHV. PDMS %{*Lflﬂzéﬁfil B L 7= MOl & 2 & > PDMS
HEWREER L=, 77 v 7 Ge WHERE L7- PDMS (21X Ge $t DR AN H - 72728, 2 [ H Dz
BTl Ge 8t =882 X - T, Ge DR AN WG E O PDMS F i & 72 -
oo NAT AT MO R TIL, PDMS O LA &K & F R ICHEENBBE T 280085 5
T NAT AN NAEEOSHR Z VDB, W LiIAA & FBEO FiEEZ BT 2 0N
H 5,

EEBAN
[1] FEXMF 2023 FEAFZEALR https:/www.aist.go.jp/aist_j/press_release/pr2023/pr20230118/pr20230118.html
[2] = PH 355 : Deep-RIE (2557 T2 Ge DEUE, 77 =71V L 7R—k No.274
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TRV ABREBIZLBCrLIZHIFBAZ5214E/ 48— DA BTN
DEH

(HF7FE28258, SF7TEIAIBAHKED)

AR

1. 1ZLdHIC

7+ U ANAZB21AEIT, BRI — I EATHZE T, HEA b
A UT- @@ DI ZEG RS S STtk . Wz HIC LV ARE
HE S NBURIR I RIS 72 DT A L E U TR C& 5 [1], 2022
FEDOTI=J1V L AR—RTIE, SiF_EDAZS214E%E R TR T~ AT
VAT DR ONTHE L T [2]03, & @z il L7 HA
BN SIPRAE S U ET T Thry QYA vIESeY /el

AREFRTIE, CrlE EIZUITRTE umT7 A2 7 R AR —R%HFD
R 2 — 2 BEUS umT A T RAR—ADL VAR RS — %
7271/;( ﬁJt%T 7[EL CADO)PXD+4J‘{£ 0| _/\57‘—/31:/52
TEDRMERDT=,

(@ 100 pm (b)

150 pm

E%s um

25 um

X1 AKEBRTEN LI Z—, ()il
2. EBRIGE WY =y 0)T A>T v RAR—R K
Si (Fida FNAR) = A 20X20 mm2 \CE ALY —2 [ — Y
WAy RUTRBHEL | fl§ B ARy B 745 E %

TSI FIZ Cra L=, ZORIETIE, YA S 2| R1 v A7 VABIDORM

\Z Ar H ZAD AR/ S— V% 2 [T o7, Tk EH 11 | TIN—7 100°C, 120 s

Pa C, 10 4y ML 7=, pRIEESAL7- Cr D I3HK) 180 | B2 LRFfH 1.0 s/shot

nm toto T A —NAF 7k | 2.0 um
WCARFERRTIToTo v ATV AFBE N O % | fifin<—2 120°C, 60 s

= 1 _vxmxx 2N DA R, AZ5214E % 500 | Lt 200 mJ/cm?

rpm T 5 FfH, 4000 rpm T 60 AL a—k L, &y | Big 1:10 (v/v) TMAH/water, 50 s

L —h ETHUNR—T1UT, AZ5214E DEEIL 15 | Yo = Water, 60 s

um 72572,  AZL A NIEE T LED /N —Z 4 2 7
MO, £ 1 IR T L9, WFho LED /XU —ThHEEEIL 1.0 #/shot, 7+ —H A4 7 v N
20 um L7z, %ISRy L —h BT, 1200CT 60 MR —2 %7\, ~ A7 T T4 F % T 200
milem? (2725 L) M R A AT o7, R T 1:10 (2725 50IR A L2 TMAH L7k DIR-AHEC 50 RO EEA L .
/KT 60 FPRIYALTZ,

TERILTZL DAY — U B TSR TR L . NI — VR O~ HEEZ L — W —BEE CRIEL -,

LED (365 nm) Reversal bake uv (200 mJ/icm?) 1:10 (v/v) TMAH/water

e L L o o

AZ5214E
(t=1.5 um) Si (t=0.3 mm) Exposed area
Cr (t=180 nm)

1 REBRORICOWIX

3. MERELELR

4 312, Cr RITAFB LT RIL AR R Z — % md, [ 3 (@)I2R T K91Z, LED /XY —10%DE X, 5 um D
R iﬁ/ﬁkéﬂf£7b>o7‘_o VAZV AT E L DMD ([ZEE LMD T 5720 RE— A HEORTE
SRSy MEINCEE SN T2 T — 2T ﬁf*/\émm_&b}:%xr‘oné

3 (IR TEINT, LED 73T —6%DEX DRI DL AR R4 — OFRIEIE 6.0 um, X 3 IR T I
LED /X7 —55%TC 5.8 um, [X| 3 (d)iZ/~R T LHIZ LED /N7 —5%T 5.4 um, [X] 3 (e)iZ~9°&HIZ LED /37 —4%
T 5.1 um 72572, K 3 (b)) 5(d)DfE A5, LED 23U — Dl EFAET DI E 0N -T2,
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Cr Cr
(a) (b) (©) (d) (e)

3CrIE Lo LY A h & —2, (a) LED 7$7—10%, (b) LED /<7 —6%. (c) LED /<7 —5.5%, (d) LED
28T —5%, (e) LED /S —4%, SRR 1.0 Blshot, 74+ —H A4 7+& v ki 2.0 um

412, Cr BIT/ERILT= 5 pm FAL T U RANR—=ADL VAT — 2wk d, X 4@)I2RT X912 LED /XU
—7 5%“(74’//\&7~/0)ﬁf|1m £5.9 um, X 4(b)IZ/R T EHIZ LED /3T —73 45% Tl 5.9 um, X 4 (c)iZ~
FOIZ LED /RU—718 4% TlE, 5.6 um 7257, [ 3 OFEFREHZL T, M\ Z— 254 T VR AR—A Tl
WFE7R LED RU—IZZENRH DN DT, £z Cr LT AZB214E % 3 A RIS T H DI E e LED /XU —
1%, Si & 1 (8%) [2] KW BV ME THHZLnsbh o7,

X 4 Cr i o> 5 um FA 2T U RANR—2/Z—2 (a) LED /~V—5%, (b) LED /X7 —4.5%, (C) LED /XU —4%, #%
JEREIE 1.0 Bishot, 7 4+ — W AA7E v ME 2.0 um

512, X 3 BLOK 4 THOLILZ LED /XU —EL VAR
/f&—‘/ODﬁFIlm@E«EH—? ZaT . 5 DOFERNG, FRIES um D
INB— B RGHITIE, RS () TR 4%, AT R
ANR—ZNE— T ARIDHAK LED /Y — 8L BLEE %
Hid,

(<]
T

3. FLOLEHBDOREE
Cr i T AZ5214E xR CREET 5854, Si Bl
KV LED /RNU—TEHTDHDVERH LD -7, S %I1E

Line width (um)

w

AREBRTHONIZT —F %I, CAD OFFFIELFET | —®—comb structure
*{f@yyzl\/\&*‘/%%ﬁfgé ui‘f‘ﬂﬁﬁ*ﬁ:%*ﬁ EE —#-—Line and space
2o 4 .
3 4 5 6 7
LED power (%)
5 ik ST DR} DB
5 AT L7V P A RANS — 2 Dl
[1] Technical data sheet AZ5214E Photoresist (Merck . LEZ'S ,E@ ,_Ef;;ggﬁo B ERERIIE 1.0 @lshfi?m
Performance Materials GmbH) T F—HAFTE Y 2.0 um

[2] iEPESEHE, " AV L ABE NI EZ WX TRV K
5/ P — U DBIGAOMT, 77 =7/ LA —k No. 244 (2022)
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