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Abstract

®

CrossMark

Measurements using an optical microscope, red, green, and blue laser
pointers, a diagonal prism mount and a sapphire ball, as well as calculations
using the equation for a thick lens, were conducted to investigate the
wavelength dependence of the refractive index of micrometre-sized yeast
cells. In addition, projection experiments using a lattice pattern and an
optical microscope demonstrated that yeast cells can function as lenses. This
research method, which uses familiar materials and instruments, such as
yeast cells and optical microscopes, is suitable as a teaching method for
optical experiments for not only physics students but also biology students to
learn the principles of optical microscopes and lenses.

Keywords: yeast cell, refractive index, lens, microscope, laser pointer

1. Introduction

A sphere is a very basic shape in nature. A good
example is a water droplet on a water-repellent
leaf. Figure 1 shows a photograph of a water
droplet on a rose leaf after rain. It can be seen
that the water droplet on the surface of the water-
repellent leaf becomes spherical. When sunlight is
incident on this water droplet, it is concentrated at
the focal point. In other words, the water droplet
functions as a ball lens. Despite its simple struc-
ture, the ball lens as well as a cylindrical lens are
suitable as teaching resources in optics, and good
experimental results and discussion have been

reported [1, 2]. Spherical objects in nature also
include microbial cells. Yeasts are a single-celled
model microorganism that can be approximated as
roughly spherical cells with a diameter of 3-5 ym.
When observing such spherical yeast cells under
a microscope, it can be seen that the cells can
function as lenses that converge light during focus
adjustment. We believe that if this phenomenon is
applied to optical teaching materials, it will help in
learning how to use an optical microscope and the
basics of lens optics. However, although there are
examples of imaging using Chlamydomonas cells
with a diameter of 10-20 pm as lenses [3], there

© 2025 IOP Publishing Ltd. All rights, including for
text and data mining, Al training, and similar
technologies, are reserved.
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Figure 1. Water droplet on rose leaf and focused
sunlight.

are only a few examples of obtaining images using
spherical cells with a diameter of 5 pm or less as
lenses.

In this study, we conducted an experimental
trial on using cells as optical teaching resources by
treating yeast cells as microlenses. We measured
their light-focusing characteristics and refractive
index under an optical microscope using laser
light, and we obtained images of lattice patterns.

2. Experimental setup

To perform optical experiments using yeast cells
as microlenses, we first establish an experimental
method using a ball lens. Figure 2 shows a con-
ceptual diagram of this experimental method.
Collimated light is incident on the ball lens, and
the focal position of the transmitted light is meas-
ured under an optical microscope. Then, the posi-
tion of the apex at the top of the curved surface of
the ball lens is measured under epi-illumination.
The distance between the focal and apical posi-
tions is the back focal length (BFL).

As shown in figure 3, the refractive index n of
a ball lens can be calculated geometrically using
equations (1) and (2), which are related to the lens
diameter D, effective focal length (EFL), and BFL
[1,4,5].

nD

D
BFL = EFL — 5 2)

Since the ball lens is a single lens, it has chro-
matic aberration. Therefore, it is desirable to use
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Figure 2. Schematic of this experimental method. Fan
indicates the focal position of the ball lens, and S;
indicates the position of the surface of the ball lens when
using epi-illumination. A condenser lens, which is used
in biological microscopes, was not used when meas-
uring the focal length, as shown in the left-hand-side
figure. In the right-hand-side figure, a halogen lamp is
used as the light source for epi-illumination, and the
illumination light passes through the half-mirror from
the middle of the tube (between the objective lens and
the eyepiece lens) and the objective lens to illuminate
the sample. This illumination method is used in gen-
eral metallurgical microscopes. To measure BFL, first
measure the position of Fyyl of the ball lens as shown
in the left-hand-side figure. Next, measure Sepi using
epi-illumination, as shown in the right-hand-side figure.
The scale engraved on the fine adjustment knob of the
microscope was used to measure these positions. BFL
can be measured by reading the difference between the
scales on the fine adjustment knob corresponding to
Fpan and Sep;. The left-hand-side figure shows a case of
trans-illumination.

monochromatic light in this focusing experiment.
Red (R), green (G), and blue (B) laser pointers,
which are easily available, were used as light
sources. As is well known, the spread angle of
the spot of a laser pointer is small, and the spot
size does not become very large even at a long
distance.

Figure 4 shows the photographs of a G laser
spot irradiated at distances of 1 m and 3 m from
the laser pointer’s emission port. As can be seen
from this figure, the sizes of the spot irradiated
at distances of 1 m and 3 m from the emission
port are almost the same. Therefore, the light of
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Figure 3. Relationship between the refractive index n
of ball lens and the focal point of collimated light.

a laser pointer can be used as collimated light in
this experiment. In this experiment, R (670 nm),
G (532 nm), and B (450 nm) laser pointers were
used as collimated light sources.

Figures 5(a)-(c) show the photographs of
the measurement system for optical microscopy
observation. First, as shown in figure 5(a), the
outer diameter of the laser pointer is adjusted by
wrapping the laser pointer with cardboard paper
or aluminium foil, to fix it into the opening of the
diagonal mount, which is widely used for astro-
nomical telescopes (for the diagonal prism, see
the appendix). Because the laser pointer is long,
it is difficult to install it facing upward under
the stage of a general microscope. Therefore, it
is necessary to install the laser pointer sideways
and bend the light path. Generally, mirrors are
often used to obtain light for transmitted illumin-
ation in a microscope, but it is difficult to adjust
the mirror angle to exactly 45°. The advantage of
using a diagonal prism, which is widely used in
astronomical telescopes, as in this experiment, is
that the prism angle is exactly 45°, and there is
a sleeve for attaching the eyepiece to the prism
case and another sleeve for attaching this prism to
the eyepiece of the telescope. In this study, these
sleeves are used to attach the laser pointer and
adjust the optical axis. At this time, a semitrans-
parent cap is placed on the output opening to
adjust the optical axis. There is a mark in the
centre of the translucent cap. When we adjust the
laser light so that it hits this mark, the optical
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Laser diode Lens
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@1m
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(b)

Figure 4. (a) Relationship between the semiconductor
laser diode and the optical system of a laser pointer.
A laser pointer is composed of a semiconductor laser
and a lens optical system. The light emission part of
the semiconductor laser is very small (on the order of
pm) To transform (a) profile of the laser beam emit-
ted from this optical system into a circular collim-
ated beam, an optical system with multiple lenses is
used. If we assume that this optical system is a single
convex lens for simplicity, the way the light beam
spreads changes depending on the positional relation-
ship between the light source and the convex lens. As
shown in the middle figure, a collimated beam can be
obtained when these are in the appropriate positional
relationship. (b) Relationship between distance from
laser pointer’s emission port and spot size. The fact
that the horizontal spot size (intensity distribution) of
the light emitted from the laser pointer does not change
means that it is adjusted to the centre state in figure (a),
so the light of the laser pointer can be considered to be
collimated.

axis will pass through the centre of the sleeve.
There is no circular opening in the centre. The
translucent cap diffuses the laser light, making it
not only convenient for aligning the optical axis,
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Figure 5. Optical microscopy measurement system used in this experiment. (a) Light source prepared by com-
bining a laser pointer and a diagonal prism, (b) light source installation, and (c) scale of focus adjustment dial.
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but also safer. After adjusting the optical axis of
the laser pointer, the cap is removed and the laser
light source is placed on a plate that can be adjus-
ted horizontally by manipulating three bolts and
is then installed under the microscope stage, as
shown in figure 5(b). This system enables the cor-
rect irradiation of the collimated light onto the
optical axis of the microscope. The scale engraved
on the focus adjustment dial is used to meas-
ure the focal position, as shown in figure 5(c).
The minimum scale of the focus adjustment dial
of the metallurgical microscope (Meiji Techno,
ML7100) used in this experiment is 2.5 ym. The
diameter of the ball lens is measured using the
eyepiece micrometre of the optical microscope.
In addition, for safety reasons, when measuring
using laser light, the image is observed on the
monitor screen of a digital camera (Nikon 1J1)
attached to the microscope.

3. Results and discussion

3.1. Measurement of refractive index of
sapphire ball lens

Figures 6(a) and (b) respectively show the optical
microscopy images of the sapphire ball lens and
the focused point of its laser light measured by
the method shown in figure 2. The observation
was performed using a 10x objective lens and a
10x eyepiece lens; therefore, the total magnifica-
tion was 100x. The images were obtained at 100x
(10x eyepiece, 10x objective); thus, the minimum
division of the ocular micrometre scale shown
on the image of the sapphire ball corresponds to
10 pum. Therefore, one division of this scale cor-
responds to 10 um. From this image, it can be
seen that the diameter of the sapphire ball lens
is 550 pm. The BFL measured using an R laser
beam with a wavelength of 670 nm was 40 pm.
The refractive index calculated from these values
and equations (1) and (2) was 1.75. This refract-
ive index was almost the same as the previously
reported value [6]. Therefore, the validity of this
experimental method was demonstrated.

3.2. Measurement of refractive index of
yeast cells

Next, we similarly measured the BFL of commer-
cially available dry yeast cells for bread making.
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Focal spot
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(a) (b)
Figure 6. Optical microscopy images. (a) Sapphire ball

lens and (b) focal spot of laser light obtained using the
microscopy optical system.
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|
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Figure 7. Microscopy images of yeast cells. (a) Optical
microscopy image, (b) laser light spot focused by yeast
cells, and (c) SEM image of yeast cell and fitting result
of the radius of curvature of the biconvex surface.

First, the dry yeast cells were dispersed in water,
dropped onto a slide glass, and dried in air. Next,
we measured the BFL of the yeast cells using a
100x objective lens (NA, 0.75). Figures 7(a) and
(b) show an optical microscopy image and a spot
of laser light focused by the yeast cells, respect-
ively. The spot focused on the yeast cells was
almost circular, indicating good focusing proper-
ties. The BFL of the yeast cells measured with
laser light of 670 nm wavelength ranged from
3.7 to 3.8 ym. From the measured focal posi-
tion, the height of the yeast cells was determined
to be about 3 pum. From this result, the shape
of the yeast cells was estimated to be a three-
dimensional ellipsoid, which is considered similar
to the shape of a thick biconvex lens rather than
a ball lens. To determine the shape of the yeast
cells in more detail, we observed the yeast cells by
scanning electron microscopy (SEM) and estim-
ated the radius of curvature. Figure 7(c) shows the
SEM image of a yeast cell and the fitting result of
the radius of curvature of the biconvex surface of
the yeast cell, which was estimated to be approx-
imately 3 pm.
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Figure 8. Yeast cell shape and size.
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Figure 9. Thick biconvex lens and focus of collimated
light. Light incident from the left of this figure is refrac-
ted by the lens and intersects with the optical axis at the
focal point F. R and R; represent the radii of curvatures
of the entrance and exit surfaces, respectively. When
the blue area is a lens, The radii of curvature is positive
when the surface is convex towards the incident light.

From the results of the microscopy observa-
tion in figure 7, the approximate dimensions of
a yeast cell are as shown in figure 8. From this
observation, it appears that the shape of a yeast
cell can be approximated as a thick biconvex lens.

Figure 9 shows a schematic of a thick bicon-
vex lens, where the thickness of the lens is d, the
refractive index is », the radii of curvatures of the
entrance and exit surfaces are respectively R; and
R», and the focal length is f’; therefore equation (3)
holds true [7]. The radii of curvature is positive
when the surface is convex towards the incident
light [8].

o) () o

September 2025

1.55
Focal spot
L =450 nm
15
o) A =670
T 145 | S
© Focal spot
=z
8 14|
=
)
iz
135 |
Focal spot
13 . .
400 450 500 550 600 650 700

Wavelength (nm)

Figure 10. Wavelength dependence of refractive index
of yeast cells and focal spot.

The refractive index n can be calculated by
substituting R} = —R, (IR;l = IRl = 3 pm) and
d = 2.9 pm into equation (3). From this numerical
information and the equation for the thick bicon-
vex lens, the refractive index of the yeast cell for R
laser light of 670 nm was estimated to be approx-
imately 1.345. The refractive indices for B laser
light of 450 nm and G laser light of 532 nm were
measured similarly. As a result, it was found that
the focal positions of the B and G images differed
by 0.8 um, and those of the G and R images
differed by 0.45 pm. From this numerical inform-
ation, the refractive index for B light of 450 nm
was calculated to be 1.495 and that of G light of
532 nm was 1.389.

Figure 10 shows the focal images of yeast
cells at laser light RGB wavelengths and their
refractive indices. It can be seen that the spots of
the RGB laser lights focused by the yeast cells are
almost circular and sharp. The spot size of the B
image appears to be the smallest, and the spot size
of the R image is the largest. The diameter g of the
Airy disk is expressed by [9]

g~ 1.22% 4)

where ) is the wavelength of the observed light, f
is the focal length of the lens, and D is the diameter
of the lens. Therefore, we can see that the spot size
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Yeast cells

Lattice pattern

Figure 11. Images of lattice patterns projected by yeast
cells. (a) Lattice pattern placed on the microscope lamp.
(b) Image of lattice pattern projected by a yeast cell. (c)
Images of lattice pattern decomposed into three colours
(R, G, and B) using image processing software.

of the B image, which has the shortest wavelength,
is the smallest.

3.3. Observation of images projected by
yeast cells

Yeast cells can function as lenses, that is, they can
form an image of an object. Next, let us observe
the images projected by yeast cells. Figure 11(a)
shows the experimental system for observing the
projected images. First, a lattice pattern is pre-
pared by gluing a piece of black paper with a lat-
tice pattern cut out onto a glass slide. Next, this
lattice pattern is placed on a lamp for illumination

September 2025

for pattern projection. The condenser lens, which
is usually installed under the microscope stage
(Meiji Techno, MT6300), is removed so that there
is no other optical system between the yeast cells
and the lattice pattern. The image formed by the
yeast cells is observed through a 100x objective
lens (NA, 0.75). Figure 11(b) shows the image of
the lattice pattern projected by a yeast cell. Yeast
cells can function as convex lenses to form an
image, and it can be seen that the image of the pro-
jected lattice pattern has only a slight distortion.
Figure 11(c) shows the lattice image obtained by
decomposing this projected image into three col-
ours (R, G, and B) using image processing soft-
ware (Photoshop Elements11). It can be seen that
the G image is the sharpest, whereas the R and B
images are slightly blurred. The G image is the
sharpest because of the visual sensitivity of the
human eye to the G light wavelength as it was
focused [10], and the R and B images have dif-
ferent focal positions from the G image because
of the chromatic aberration of the yeast cell lens.

4. Conclusion

Using an optical microscope, RGB laser pointers,
a diagonal prism mount, a sapphire ball, and the
equation for a thick lens, we clarified the optical
properties of yeast cells, such as the wavelength
dependence of the refractive index. In addition, an
imaging experiment using an optical microscope
and a lattice pattern demonstrated that yeast cells
can function as lenses. As a result, the method
developed in this study can be used for learning
the principles of optical microscopes and lenses
by observing yeast cells, a familiar material, under
an optical microscope. Regarding the cost and
availability of the optical components used in
this study, the R laser pointer and bevelled prism
mount are low cost, the G laser pointer and sap-
phire ball are medium cost, and the B laser pointer
is somewhat higher cost; however, all compon-
ents are commercially and readily available. In
this study, yeast cells were used as an example of
measuring microorganisms. The method used in
this study can be used for larger cells as long as the
cells can be approximated as spheres or ellipsoids.
For example, for larger cells such as fish eggs,
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it would be possible to obtain results similar to
those in this study using only an optical micro-
scope without using an electron microscope. This
experimental method can be used as a teaching
method for optical experiments for not only phys-
ics students but also biology students.
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rear end of the telescope tube, so when observing

Easy
observation

1

Diagonal prism

September 2025

near the zenith, you have to raise your head with
a very steep inclination to look through the eye-
piece. On the other hand, the diagonal prism bends
the optical path at a right angle, allowing us to
look through the eyepiece from the side. In the
experiments in this study, this diagonal prism was
used to bend the light path of the light from a laser
pointer at a right angle.
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We fabricated black Ge with numerous needlelike microstructures by SF¢/O,- and C4Fg-
based deep reactive ion etching and measured the regular reflectance in the ultraviolet-to-near-
infrared range, thermal radiation properties, and electrical resistance for electrode applications.
The regular reflectance of black Ge was very low in the range of 250 nm—2.5 pm. The emissivity
of the black Ge surface was observed to be the same as that of a carbon plate. We found that the
scallops on the sidewalls of the microstructures also contributed to the low reflectance.
Furthermore, the black Ge electrode had a lower resistance than a planar Ge electrode. The black
Ge electrode, which has an increased surface area of Ge with numerous needlelike
microstructures, has high emissivity, antireflectivity and low resistance, and we consider that it
is useful for application to device fabrication utilizing these properties.

1. Introduction

Renewable energy is a particularly active field of research today, which is pursued to meet
the rising energy needs of society and to solve global energy problems. The use of renewable
energies, such as solar, wind, tidal, and thermal energies, has recently attracted considerable
attention!=» owing to both environmental and resource issues. Among these renewable
energies, we focus on thermal energy. Efficient and low-cost thermal energy-harvesting systems
such as semiconductor-sensitized thermal cells (STCs)®~!3) have been proposed as a new thermal
energy conversion technology based on dye-sensitized solar cells.(!*13) STCs generate electricity
by the redox reactions of electrolyte ions with thermally excited carriers in semiconductors.
Germanium (Ge) is often used as a semiconductor because it has a band gap of about 0.7 eV and
generates a large amount of thermally excited charge even at relatively low temperatures around
80 °C. The Ge—STC shows its stable battery characteristics owing to the polymer electrolyte
including CuCl and CuCl, as electrolyte ions. The energy conversion efficiency of STCs has
been reported to be 9.2% at approximately 90 °C.7) Since STCs generate electricity through
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chemical reactions at the interface of the electrode and electrolyte, having a high specific surface
area for the electrode enhances the current acquisition. Additionally, properties such as high
emissivity and antireflection due to increased surface area help confine thermal energy within
the semiconductor electrode, leading to the efficient generation of thermally excited carriers in
the semiconductor. The fabrication of microstructures on the electrode surface is an effective
method of increasing the surface area. The fabrication of a black Si structure whose surface is
covered with numerous microstructures is one method of increasing the surface area.(192) The
microstructures on the surface of black Si are many microneedles with high aspect ratios.
Similarly, covering the Ge surface with numerous microstructures is also an effective method of
increasing the surface area. There have been examples of black Ge fabrication using gases such
as SFy/0O,, SF¢/C4Fg, Cl,, and SF¢/CHF;.2272%) The fabrication of high-aspect-ratio needlelike
structures by etching is expected to be achieved under similar process conditions as the etching
of narrow trenches with high aspect ratios. Previously, we reported a method of etching narrow
trench structures in Si by SF¢/O,- and C4Fg-based deep reactive ion etching.?? We expect that
the same manner can be demonstrated for the microfabrication of black Ge. There have been
several reports on the reflectivity of such black Ge measured by the total reflection, but since
black Ge has many high aspect ratio beam structures, it is necessary to measure the regular
reflectivity as well. However, there are few reports on the positive reflectance of black Ge.

In this study, we report the fabrication of black Ge consisting of numerous needlelike
microstructures with scalloped sidewalls by SF¢/O,- and C,Fg-based deep reactive ion etching
(RIE). We measured the emissivity of black Ge. Furthermore, the scallop depth and chemical
composition of the etched sidewalls were analyzed by atomic force microscopy (AFM) and
energy-dispersive X-ray spectroscopy (EDX), respectively. We also measured the reflectance of
black Ge, the angle dependence of the regular reflectance of black Ge in the range of 250 nm-2.5
um, and the dependence of the scallop depth of the microstructure sidewalls. Finally, to
investigate the electrical properties of black Ge, an experiment was performed using an
electrolyte and a platinum.

2. Experimental Methods

Figure 1 shows a schematic of the deep RIE setup (SPP MUC21-HRMX: chamber size, $340
mm; electrode size, $200 mm) equipped with a switching system with SFg and O, as the etching
gases and C4Fg as the passivation gas used in this experiment. A 1-mm-thick n-type Ge (111)
substrate was used as a sample, which was placed on a ¢$200 mm aluminum tray. The
microstructure of the sample fabricated by deep RIE was observed by SEM (Hitachi High-Tech
FlexSEM1000II) and AFM (Hitachi High-Tech AFM500II). The chemical composition of the
microstructures was analyzed by EDX (OXFORD Instruments AZtechOne). Infrared images of
the samples were taken using an infrared thermographic camera (FLIR THI-501AJ). The
reflectance of the samples was measured using a spectrophotometer (SHIMADZU SolidSpec
3700DUV). To smooth the scallops of the sidewall of microstructures of black Ge for
comparison, O, plasma treatment was performed with RIE (SAMCO RIE-10NR).
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Fig. 1.  Schematic of Deep-RIE to fabrication of black Ge.

3. Results and Discussion
3.1 Microfabrication and analysis of microstructure surface of black Ge

To fabricate black Ge microstructures by dry etching, numerous micromasks are required,
and it is difficult to fabricate micromasks for large areas by electron beam lithography. However,
it is easy to fabricate micromasks using fluorocarbons generated in the plasma used in the
deposition process. In deep RIE, the deposition of the passivation film and etching are switched
repeatedly. In the first cycle, C4Fg plasma forms a fluorocarbon polymer as a passivation layer.
In the subsequent etching step, the polymer is removed by SF¢/O, plasma and the Ge surface is
isotropically etched. The remaining polymer tends to form into several clusters. These clusters
become micromasks for the formation of microstructures. Needlelike microstructures are
formed by repeated switching between deposition and etching. The deep RIE conditions for
black Ge fabrication are shown in Table 1.

Figure 2(a) shows a top-view photograph of samples at different process times. The Ge
surface lost its luster after 5 min and became gray after 15 min and almost black after 30 min.
The Ge surface changed to gray again after 45 min. Figure 2(b) shows 45°-tilted SEM images of
the microstructures on the Ge surface at different process times. The heights of the
microstructures were estimated to be 7 um after 5 min, 20 pm after 15 min, and 40 pm after 30
min. The microstructures were completely removed after 45 min. Figure 2(c) shows the
microstructure height and etching depth as functions of process time. Owing to mask erosion in
the etching step, the microstructure height was smaller than the etching depth.

Next, the emissivity of black Ge was investigated by infrared thermography. Infrared images
were taken during heating on a hot plate at 90 °C. In this image, the emissivity € was set to 0.95.
The samples were 1-mm-thick ¢15 mm Ge substrates cut into quarters, planar Ge (¢ = 0.6), black
Ge, and black body tape (¢ = 0.95) on planar Ge. The samples were placed on a $120 mm carbon
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Table 1

Summary of deep RIE conditions.

Processing step Gas Fl(cs)z::;?)te Pressure (Pa) ICP-RF (W) Bias-RF (W) Cycle time (s)
Deposition Cy4Fg 90 2 1500 20 5
Etching SFe/O, 200/20 4 2200 40 5

80

(o2}
o

S
o

Length (um)

N
o

Microstructure
height

0 10 20 30 40 50 60
Process time (min)

(b) ©

Fig. 2. (Color online) (a) Top-view photograph of samples at different process times. (b) 45°-tilted SEM images of
samples at different process times. (c) Etching depth and microstructure height as functions of process time.

o

plate (¢ = 0.85). Figure 3 shows an infrared image obtained when the temperature of the black
body tape was 85.8 °C. The temperatures of all the samples should be the same; however, the
surface of planar Ge was observed to exhibit the lowest temperature. The emissivity of black Ge
fabricated by deep RIE was higher than that of planar Ge. It is considered that the displayed
temperatures of these samples indicate a difference in emissivity. As can be seen from Fig. 3, the
emissivity of black Ge is about the same as that of the carbon plate. Therefore, we believe that
the emissivity can be increased by the fabrication of a microstructure as black Ge.

Figure 4 shows the AFM image and line profile of the sidewalls of the microstructures. The
surface of the microstructures has a regularly scalloped figure. In this experiment, the scallop
depth was about 200 nm and the scallop pitch was about 220 nm. The scallop depth was
approximately equal to the etching depth per cycle, and the sidewalls were also isotropically
etched. Scallops are formed on the sidewalls of the microstructures as a result of the switching
between deposition and isotropic etching.

We analyzed the chemical composition of the sidewalls of the microstructure by EDX. To
simplify the measurements, EDX analysis was performed on a broken microstructure. The
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Fig. 3. (Color online) Infrared image of samples on  Fig. 4. (Color online) AFM image and line profile of
carbon hot plate. the scallop of the sidewalls of the microstructures.

analysis point of the microstructure is shown in Fig. 5(a). The microstructure was about 2 um in
diameter except at its tip. As shown in Fig. 5(b), when the acceleration voltage was set to 10 kV
and the spot size was about 10 nm, the X-ray generation region in this EDX analysis was
estimated to be 0.7 um from Castaing’s equation.*”) We analyzed the atomic ratios of Ge, F, C
and O. The atomic ratios of F and O were below the limit of measurement. The atomic ratios of
C were 34, 29, and 25% at measurement points 10 pm (upper), 20 um (middle), and 30 pm
(bottom), respectively, from the tip of the microstructure. The trend for the carbon-rich surface
was the same as that for the sidewalls of a high-aspect-ratio Si narrow trench in our previous
report.*? We found that the carbon-rich surface on scallops is effective as a passivation film to
protect the sidewalls from etching by fluorine radicals for the formation of a high-aspect-ratio
microstructure.

3.2 Measurement of reflectance of black Ge

The reflectance of the black Ge surface was measured in the UV-to-NIR (250 nm-2.5 pum)
region using photomultiplier tubes (250—850 nm), InGaAs cells (850 nm—1.65 pm), and Pbs cells
(1.65-2.5 pm) as detectors. Data at around the wavelength of 850 nm were excluded because the
correct reflectance cannot be measured owing to the switching of the detector. The total
reflectance spectra of black Ge and planar Ge are shown in Fig. 6(a). Up to a wavelength of 1.4
pum, the reflectivity was around 2%, increasing to only 20% at 1.8 pm. The total reflectivity
increased above 1.55 um. Figure 6(b) shows the regular reflectance spectra of black Ge and
planar Ge. The angle of the incident light was 5°. The regular reflectance of the fabricated black
Ge was extremely low in the UV-to-near-infrared region up to a wavelength of 2.5 um. The
reflectivity of black Ge was dominated by light scattering and light absorption within the
microstructures. There was no significant difference between the total reflectance and regular
reflectance of planar Ge. In the measurement of the total reflectance, the reflectance included
diffuse reflection, i.e., the reflectance of the side of the needlelike microstructure was also
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Fig. 5. (a) Point of microstructure analyzed by EDX (top view). (b) Schematic of X-ray generation area of the cross
section of a microstructure.
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Fig. 6.  (Color online) (a) Total and (b) regular reflectance spectra of black Ge and planar Ge.

measured. On the other hand, in the regular reflectance measurement, the reflectance seen from
the front of the needlelike microstructure was measured and considered to be suitable for
evaluating the reflectance of black Ge.
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By regular reflection measurements, the angular dependence of the reflectance of the
needlelike microstructure of black Ge can also be measured. Figure 7(a) shows the incident angle
dependence of the black Ge reflectance. Measurements were conducted at incident angles of 5,
15, and 30°. When the incident angle increased, the reflectance decreased. The measured
reflectance was below 1% in the wavelength range lower than the bandgap energy. It is deduced
that the reflectance increased owing to the light scattering in the wavelength range of above 1550
nm.?3 Figure 7(b) shows the schematic needlelike microstructures of the black Ge surface. The
shape of the microstructure is tapered, and its tip is thin like a needle. Figure 7(c) shows a
schematic of the model of light traveling in the scallops on the sidewall of the needlelike
microstructure. In Fig. 7(c), light with a small incident angle of 5° is reflected at the scallop tip
and reaches the detector, whereas light with a large incident angle of 30° is reflected at the
scallop tip and travels inside the scallop and cannot reach the detector. In other words, the
reflectance is expected to be lower at the angle of incidence of light of 30° to the scallops of
black Ge.

Next, we investigated the dependence of the reflectance on the scallop depth of the sidewalls
of the microstructures. As mentioned in Sect. 3.1, the sidewalls of the microstructures are
covered with carbon. Therefore, we considered that the scallop depth of the sidewalls of the
microstructures can be made smaller by O, plasma treatment.?8 O, plasma treatment was
carried out in the RIE system. Figure 8(a) shows SEM images of black Ge obtained before and
after 10 min of O, plasma treatment. It can be seen that the sidewalls of the microstructures were
smoothed by O, plasma treatment. Figure 8(b) shows the AFM line profile of the sidewalls of the

. PMT ,  InGaA _ Pb b
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08 switching

> e

Reflectance (%)

1250 1750 2250
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@
Micros/tructure tip
Incident light
_Scallop
- Scallop
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Microstructures

Q)

Fig. 7. (Color online) (a) Angular dependence of black Ge reflectance. (b) Schematic of microstructures. (c) Model
of angular dependence of reflection on the scallop.
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Fig. 8.  (Color online) (a) SEM images of black Ge obtained before and after O, plasma treatment. (b) AFM line
profiles of the scallops of the sidewall of black Ge obtained before and after O, plasma treatment. (c) Reflectance
spectra of black Ge obtained before and after O, plasma treatment.

microstructures smoothed by O, plasma treatment. The depth of the scallop of the sidewalls of
the microstructures was 200 nm, which was reduced to approximately 100 nm by O, plasma
treatment. Figure 8(c) shows the reflectance spectra of black Ge obtained before and after O,
plasma treatment. The reflectance of black Ge with O, plasma treatment was slightly higher than
that without the treatment. We believe that scallops of the sidewalls of microstructures also
contribute to the decrease in the reflectance of black Ge.

3.3 Measurement of resistance of black Ge electrode

Finally, to investigate the electrical properties of black Ge, the electrical resistance of black
Ge was compared with that of planar Ge using an electrolyte and Pt. Figure 9(a) shows a
photograph of the Ge and Pt electrodes used in this experiment. The Ge electrodes were
fabricated on each surface of a $35 mm Ge substrate with a thickness of 1.5 mm cut into four
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Fig. 9. (Color online) (a) Top view of Ge and Pt electrodes on the polyimide sheet. (b) Schematic of the resistance
measurement of Ge and Pt cells.

Planar Ge Black Ge

Table 2

Comparison of resistances of black Ge electrode and planar Ge electrode.
Electrode Planar Ge Black Ge

Resistance (k€2) 82 58

pieces. Planar Ge was fabricated by covering the Ge substrate with Kapton® tape ( = 50 um)
with a $6 mm hole. The black Ge electrode was fabricated by covering the Ge substrate with
Kapton tape with a $6 mm hole and etching it by deep RIE. As mentioned above, the surface of
black Ge after deep RIE is carbon-rich, and black Ge immediately after etching was used in this
experiment. The Pt electrode was deposited by sputtering on a 50-pum-thick polyimide sheet.
Figure 9(b) shows a schematic of the electrical resistance measurement setup using the samples
in Fig. 9(a). The electrolyte was made by mixing NaCl and glycerin in 1:1 ratio. The electrolyte
was filled into the hole of the Kapton tape on the Ge electrode, and it was sandwiched between
the Ge electrode and the Pt electrode. The electrical resistance between the Ge electrode and the
Pt electrode was measured by applying a tester pin. Table 2 shows the electrical resistance of this
measurement system when the black and planar Ge electrodes were used. The resistance when
the black Ge electrode was used was about 30% lower than that when the planar Ge electrode
was used. This reduction in electrical resistance is considered to be due to the increase in the
area of Ge in contact with the electrolyte.?”) However, this reduction in resistance may not be
solely due to the effect of increasing the surface area, since other factors, such as the difference
in electrical conductivity between Ge and carbon, may also be involved. We would like to study
further details in the future.

4. Conclusions

We demonstrated the microfabrication of black Ge by SF¢/O,- and C4Fg-based deep RIE. The
surface of Ge was etched by deep RIE to numerous needlelike microstructures that had scallops
on the sidewall. In the measurement with an infrared thermometer, the emissivity of the surface
of black Ge was found to be higher than that of planar Ge and the same as that of a carbon plate.
In addition, the regular reflectance of black Ge was extremely low from the ultraviolet region to
the near-infrared region. The shape of the scallop of the sidewall of the microstructures of black
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Ge also contributed to the low reflectivity. Also, the electrical resistance of the black Ge
electrode was about 30% lower than that of the planar Ge electrode. From these experiments, we
believe that black Ge with high emissivity, antireflectivity, and low resistance is useful for
improving the performance of electrical and thermal devices such as STCs.
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We demonstrated a lithography technique using stencil masks and a tabletop scanning
electron microscopy (SEM) system by applying electron beam projection lithography (EPL)
technology. Si and Pt were used as stencil mask materials. Si has excellent fabrication
workability, and Pt has excellent electron shielding. The lithography was performed at an
incident electron energy of 5 to 10 kV, which is typically used in the tabletop SEM system. This
technique achieves high throughput and can expose large areas at once. Sub-micrometer- and
micrometer-sized patterns can be formed simultaneously.

1. Introduction

Lithography technology is an essential element in the fabrication of MEMS devices. Although
electron beam lithography (EBL) can be used to fabricate finer patterns than photolithography,
EBL generally has low throughput because the electron beam is irradiated in a scanning mode.
Electron beam projection lithography (EPL) systems, such as EB steppers, have been developed
to solve this issue.(l) EPL, a type of EBL, is a technology that transfers a mask image onto a
wafer and exposes the wafer and is used to achieve high throughput while maintaining high
resolution.?-9) In low-energy EPL (LEEPL), a type of EPL technology, a stencil mask is placed
close to a wafer coated with a resist and irradiated with an electron beam. Si is used as the stencil
mask material in EB steppers, whereas a polycrystalline diamond thin film is used as the stencil
mask in LEEPL. In particular, it would be desirable to fabricate stencil masks with common
materials instead of diamond thin films. LEEPL is operated using specialized equipment with 2
kV electron beam exposure.(7-?

Therefore, to achieve EPL without these specific equipment and diamond stencil masks, we
propose EPL with a tabletop SEM system for observation. We realized LEEPL with a simple
method using a tabletop SEM system. This technique is easy because patterning can be
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performed with a tabletop SEM system by preparing a stencil mask. Furthermore, EBL enables
the fabrication of sub-micrometer-sized patterns, which is difficult to achieve with contact
exposure using mercury vapor lamps, which are widely used in research. We believe that the
EPL technique using a tabletop SEM system is expected to expand its application to the
fabrication of biochips containing sub-micrometer-sized patterns.19-12 The important point of
this technique is to fabricate stencil masks with common materials instead of diamond. In
addition, using a tabletop SEM system, which is compact and easy to use, allows biologists to
use this EPL technique with their own observation equipment. Biologists will benefit from
having devices that are needed in large quantities, especially disposable ones, to be more easily
available. Such devices are, for example, cell separators with sub-micrometer-order pillar-gap
structures(? and plasmonic crystal sensors.(!) These devices used in research and development
will be fabricated using a tabletop SEM system.

In this study, stencil masks were fabricated using Si for micrometer-order lithography and Pt
for sub-micrometer-order lithography. These materials were selected because Si has excellent
fabrication workability and Pt has a large atomic number and an excellent electron shielding
property. In particular, a thin Pt film can shield against electron beams, which enables the
narrowing of the aperture pattern of the stencil mask. In this study, the EPL technique using a
tabletop SEM system and a Si or Pt stencil mask was demonstrated. A photoresist was used to
demonstrate the fabrication of sub-micrometer-sized resist patterns using the tabletop SEM
system.

2. Experimental Methods
2.1 Lithography

Figure 1 shows a schematic of this experiment. The stencil mask was placed in contact with
the wafer coated with a resist and exposed in the observation mode of the tabletop SEM system.
A Hitachi High-Tech FlexSEM1000II was used as the tabletop SEM system for EPL. The
magnification of the SEM image was 50 x in EPL, and the exposure area was 2.5 x 2 mm?. The
focal point of the SEM system was set 1 mm above the resist surface. The dose was estimated to
be 50 pc/cm?. This dose was reached after 10 min of exposure in the observation mode when
using this SEM system. The acceleration voltage was from 5 to 10 kV. The higher the acceleration
voltage, the higher the resolution, because a low acceleration voltage enhances the scattering of
electrons inside the resist. The acceleration voltages generally used in tabletop SEM systems in
the observation mode are from 5 to 15 kV, and 20 kV at the highest. In this study, the EPL
technique was intended to be realized with a tabletop SEM system and was performed at an
acceleration voltage from 5 to 10 kV.

Figure 2 shows the electron depth range in Pt and Si. This range is the maximum at which
accelerated electrons penetrate a material. The range was calculated using the Kanaya—Okayama
equation.!) The electron depth in Si was 1.5 pm at an incident electron energy of 10 kV.
Therefore, the thickness of the stencil mask should be larger than 1.5 um. The resist was exposed
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Fig. 2. Relationship between electron depth range and incident electron energy in Si and Pt.

to or shielded from the electron beam using the stencil mask. Si is suitable as a stencil mask
material for micrometer-sized lithography because of its high stiffness.

On the other hand, the electron depth ranges in Pt were 0.24 um at an incident electron
energy of 10 kV and 0.07 um at an incident electron energy of 5 kV. The Pt film with a smaller
thickness than the Si film shielded the resist from the electron beam. Therefore, stencil masks
with the Pt film were fabricated for sub-micrometer-sized lithography. Forming sub-micrometer-
sized resist patterns requires the fabrication of Si stencil masks with a high aspect ratio, which is
difficult to achieve considering the electron depth range. The smaller the thickness required for
the stencil mask, the smaller the aspect ratio of the stencil mask, and it becomes easier to
fabricate the mask. Therefore, we consider that the application of this technique to thin-film
structures is possible by utilizing the difference in the electron depth range of materials.
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AZ5214E (Merck) was used as the resist. The resist was diluted and spin-coated on the Si
substrate. The thickness was 150 nm. The specimen was developed after electron beam exposure
followed by reversal bake and flood exposure because it was used as a negative resist in a
reversal exposure.!®17) 2.3% Tetramethyl ammonium hydroxide (TMAH) was used as the
developer. The cross-sectional profile of the fabricated resist patterns was measured with a
stylus surface profilometer (Veeco Dektak 150).

2.2 Fabrication method of Si stencil masks for micrometer-sized lithography

The Si stencil mask was fabricated in this experiment by wet etching, as shown in Fig. 3(a).
Wet etching enables the simultaneous etching of both sides of the substrate, thereby reducing the
number of process steps compared with fabrication by dry etching.

The amorphized layer used as a mask for KOH etching was formed on the Si(110) substrate
surface by ion irradiation with an electron cyclotron resonance (ECR) ion shower system
(Elionix EIS-200ER).(!8-20) The amorphized layer of 15 nm thickness can be formed on the
Si(110) substrate surface by N* irradiation at 1 keV, and the etching rate ratio to Si is over 10000.
The amorphized layer does not have SiO, or SiN films; therefore, charging does not occur in
principle during electron beam exposure.

In this experiment, the thickness of the Si(110) substrate was about 300 um and the thickness
of the electron beam shielding area of the stencil mask was about 100 pm. A vertical profile of Si
is fabricated by anisotropic etching as shown in Fig. 3(b).(3!-23) Wet etching is typically isotropic,
whereas Si(100) etching with alkaline solution is anisotropic owing to the difference in the
etching rate with crystal orientation. Therefore, it is possible to fabricate vertical profiles, and
such profiles were applied to the fabrication of stencil masks.

2.3 Fabrication method for Pt stencil masks for sub-micrometer-sized lithography

Figure 4 shows the fabrication of stencil masks. Pt was deposited on a Si substrate, and the Pt
film was fabricated by etching the Si substrate from its back side using a deep-reactive-ion

1. Patterning of the resist. 3. KOH etching after 4. Completion of the .
2. Irradiation of N* at 1 keV. removal of resist. stencil mask. 8i(110)
l i l i i Amorphized mask
| Resist(AZ5214E) I __Vertical profile
Si(110) Si(110;
| | | BN :;::;;( ) R fHE FRRA
T T T T T KOH Solution at 20°C
Amorphized mask
Etched space
(@ (b)

Fig. 3. (Color online) (a) Process of stencil mask fabrication. (b) Cross section of Si (110) etched with KOH.
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Fig. 4. (Color online) Fabrication of stencil masks with a Pt film structure.

etching system. The thickness of the Pt film was 230 nm. The stencil pattern was fabricated in
the film using a focused ion beam system.

3. Results and Discussion
3.1 EPL using Si stencil mask

Figure 5(a) shows an SEM image of the fabricated micrometer-sized stencil mask and Fig.
5(b) shows an optical microscopy image of the resist pattern after exposure and development and
the cross-sectional profile. The incident electron energy in the SEM system was 10 kV. Resist
patterns of 10 um size can be formed. The cross-sectional profile also shows that the pattern was
formed without resist residues. The proposed technique for fabricating patterns using the
tabletop SEM system was demonstrated.

3.2 EPL using Pt membrane structure as a stencil mask

Figure 6 shows (a) the fabricated stencil mask and (b) the resist pattern formed by EPL using
the tabletop SEM system. The incident electron energy was 5 kV in EPL. EPL using a tabletop
SEM system can be applied to forming resist patterns of micrometer and sub-micrometer sizes,
which can be formed simultaneously. However, the resist pattern was larger than the stencil
mask. This was particularly clear in sub-micrometer-sized resist patterns with line shapes.
Figure 7 shows the relationship between the width of the stencil mask and the width of the
fabricated resist patterns. Lithography was carried out several times with the same mask. As a
result, the expanded size of the fabricated resist pattern was 0.3 pm independent of the stencil
mask size. The size variation (coefficient of variation) of the fabricated resist patterns was
approximately 2% on average and 3% at the maximum. This is considered to be due to the
distance between the stencil mask and the resist, the effect of forward scattered electrons
generated upon exposure at a low incident electron energy, and the angle of incidence of the
electrons caused by the low magnification.

In this experiment, the stencil mask was placed in contact with the top of the resist, but the
deformation by stress may have caused a gap between the mask and the resist. The through-hole
width of the stencil mask was 130 nm, which was sufficiently larger than the de Broglie
wavelength of 0.02 nm at 5 kV electron beams. The incident electron beam is considered to pass
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Fig. 5. (Color online) (a) SEM image of fabricated micrometer-sized stencil mask. (b) Optical microscopy image of
resist pattern after exposure and development and cross-sectional profile.
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Fig. 6. (Color online) SEM images of (a) fabricated stencil mask and (b) resist pattern formed by EPL using a
tabletop SEM system.
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Fig. 7. Relationship between the width of the stencil mask and the width of the fabricated resist patterns
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straight through the stencil mask. However, it is considered that the pattern was expanded
because of the broadening of the electron beam and the angle dependence of the incident electron
beam.

Figure 8(a) shows a schematic of the EPL experiment shown in Fig. 6, including the
deformation of the stencil mask. To determine the deformation A of the stencil mask, an
experiment with a spacer was performed. Figure 8(b) shows a schematic of the path of the
electron beam through the stencil mask aperture in the experiment with spacers. When spacers
(12 wm) were inserted between the stencil mask used in this experiment and the Si substrate
coated with a resist and exposed to the beam, the width of the exposed resist was 0.54 um. When
24 pm spacers were used, the width of the exposed resist was 0.66 pm. As the distance between
the stencil mask and the Si coated with the resist increased, the width of the fabricated resist
increased. The electron beam spread angle 6 can be calculated from the width of the pattern and
the distance of the spacer. 0 is the angle between the straight line from the 0.13 um aperture edge
to the resist edge and the vertical line to the resist surface. The beam spread angle 6 in the
exposed pattern was estimated to be 0.57° from these experimental results. The distance
between the stencil mask aperture and the Si coated with the resist can be calculated from this
angle and the width of the resist in Fig. 6. As a result, we estimated the stencil mask deformation
A to be 15 um using this beam spread angle.

The problem of the resist pattern being larger than the stencil mask can be overcome by
decreasing the stencil mask pattern size according to the distance between the mask and the Si
substrate. It is also important to optimize the thickness of the resist. Figure 9 shows the
relationship between the thickness of the resist and the width of the fabricated resist pattern. EPL
was performed using Pt stencil masks with aperture widths of 2 pm or 0.1 um, respectively. The
thinner the resist, the smaller the fabricated resist patterns. This is considered to be a result of
pattern widening due to electron scattering in the resist when the film thickness is thick at low
acceleration voltages. The tabletop SEM system has a limited acceleration voltage, which limits
the pattern size. Although there is a limit to the pattern size, it is possible to fabricate resist
patterns similar to the stencil mask by reducing the thickness of the resist. This technique can be
applied to sub-micrometer-order pattern fabrication.

Electron gun

Focal Point o0 N e ] e
A\ A
1 mm \\\ ....................
P‘t 0,13 pm stencil Mask Spacer S]iacer
I A (t=12 pm) (=24 pm)

_—

@ ©)

Fig. 8. (Color online) (a) Schematic of EPL experiment shown in Fig. 6. (b) Schematic of path of electron beam
through the stencil mask aperture in the experiment with spacers.
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4. Conclusions

We demonstrated that the EPL technique using the stencil mask and tabletop SEM system
can be applied to forming sub-micrometer-sized patterns. Furthermore, we demonstrated that
the EPL technique using the Pt stencil mask with excellent electron shielding performance and
tabletop SEM system can be applied to the simultaneous formation of the micrometer- and sub-
micrometer-sized patterns. This technique is considered to be more insensitive to vibration than
EB direct writing because the mask is placed in contact with the resist. The lithography of sub-
micrometer-sized patterning with high throughput using a tabletop SEM system is expected to
be achieved by optimizing the stencil mask material and exposure conditions. As a future
research prospect, it is necessary to optimize the stencil mask design, material, and film stress.
For example, the use of Au or Bi, which have a higher atomic number than Pt, or the use of a
honeycomb structure to support the membrane of the stencil mask and reduce the amount of
deformation can be considered.

It is difficult to fabricate a floating structure pattern with a doughnut shape in a stencil mask,
and it is also difficult to fabricate multiple circular patterns with stencil masks. However, they
are considered possible when using a mask with a freestanding Pt pattern with low electron
penetration on a support membrane with high electron penetration.

Conventional electron beam lithography systems for research and development are used for
patterning below the wavelength of a mercury vapor lamp and have issues with throughput. With
conventional electron beam lithography systems using the same W-SEM, an area of 2.5 x 2 mm?
with the same dose and raster scan would take nearly 5 h at an acceleration voltage of 30 kV.
However, this technique enabled the exposure of the same area in 10 min. Compared with
conventional electron beam lithography systems, this system has a larger exposure area and
enables patterning below the wavelength of light at a higher throughput by increasing the
irradiation current value. It is considered suitable for fabricating devices for repetitive
experiments including sub-micrometer-order-sized patterns.

The EPL technique using a tabletop SEM system is expected to be applicable to the
fabrication of microfluidic filters, biochip array structures, and optical devices.
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A coffee ring is a pattern that appears after the evaporation of a liquid containing fine particles [1]. As
shown in Fig. 1(a), such a ring is formed by the Marangoni force that occurs when a fine particle
suspension dries, forming a ring of fine particles that remain inside the ring. Figure 1(b) shows a
photograph of a coffee ring formed by 3 pm diameter polystyrene beads on a glass slide, and Figure 1(c)
shows an optical microscopy image of the inside of a coffee ring formed by yeast cells. When light is
irradiated at an appropriate angle onto the coffee ring, various colors appear owing to diffraction, and a
colorful and beautiful artistic coffee ring like a jewel is observed [2]. In this study, the diffracted light
from the coffee ring formed by polystyrene beads and yeast cells was imaged, and the difference in the
color of the diffracted light due to the difference in the diameter measured as a spectroscopic spectrum.

In this experiment, a suspension of polystyrene beads with a diameter of 0.5 to 3.0 pm and yeast cells
was dropped onto a glass slide and allowed to dry naturally to form a coffee ring. Figure 2 shows a
photograph of the diffracted light of a coffee ring formed by polystyrene beads observed under sunlight
(i.e., collimated light). It can be seen that the color corresponding to the diameter of the polystyrene
beads is observed. Figure 3(a) shows a measurement system (light source—coffee ring—camera) of the
diffracted light from the coffee ring. A white LED was used as a light source in the experiment using
polystyrene beads, and a halogen lamp with a reflector and filter was used in the experiment using yeast
cells. A knife-edge slit was placed on the camera side just in front of the coffee ring, and a spectroscopic
observation kit (GOTO TELESCOPE) and a camera were used to measure the spectrum. A transmission
diffraction grating STARANALYSERI100 (100 lines/mm) was placed in front of the camera lens to
capture the spectrum, and the wavelength-intensity distribution was analyzed using analysis software
(RSpec). Figure 3(b) shows a photograph of the diffracted light from a coffee ring formed by polystyrene
beads with a diameter of 1 um. In this figure, the light source is placed diagonally downward, and it can
be seen that the color of the diffracted light changes from blue to red depending on the angle of the light
source, which corresponds to positions a to d, from 46 to 52°. The spectra of lights of different colors
are shown in Fig. 3(c). The peaks of the white LED light source (approximately 460 nm and 560 nm)
and the peak wavelengths of the diffracted light from the coffee ring formed by polystyrene beads
(approximately 450 to 630 nm) were observed to show the angle dependence of the diffracted light and
light source. Figure 4(a) shows a photograph of the diffracted light from a coffee ring formed by yeast
cells with a diameter of approximately 3 pm. Depending on the relative positions of the coffee ring and
halogen lamp light source, white scattered light and pink diffracted light were observed. Figure 4(b)
shows the spectra normalized to the maximum intensities of these light. In the diffracted light from the
coffee ring formed by yeast cells, an increase in peak intensity was observed in the wavelength range of
approximately 660 to 850 nm, which was clearly different from the spectrum of the halogen lamp light
source.

In conclusion, these results show that it is possible to generate colors in the visible to near-infrared
range using the diffracted light from coffee rings formed by microorganisms and particles, suggesting
the possibility of applying microorganisms to optical devices.
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1. INTRODUCTION

Si wet etching generally requires the deposition of a thin film as a mask, which has to be removed
after etching. A wet etching technique that does not require the deposition of a thin film involves the
formation of an amorphized mask by ion irradiation. Thus far, we have demonstrated that a high etching
rate ratio can be achieved in the KOH etching of Si using amorphized masks fabricated by irradiating
various ion species. [1, 2]. In particular, amorphized masks irradiated with N* at 500 eV on a Si(100)
surface achieved a high KOH etching rate ratio, which was estimated to be over 3000. However, this
technique has not yet been used to fabricate structures larger than 100 mm. Therefore, in this
study, we aim to further improve the etching rate ratio by using higher-energy N* irradiation and Si
crystal anisotropy. Here, we report the results of our experiments.

2. EXPERIMENTS

Figure 1 shows a schematic of amorphized mask fabrication. The region of the Si substrate irradiated
with ions becomes amorphous. Since the amorphized layer has a lower etching rate than single-crystal
Si, it can be used as a mask for KOH solution. Figure 2 shows the definition of hs for evaluating mask
resistance. When the Si substrate with an amorphized mask is etched with a KOH etchant, the height of
the etched structure increases with etching time. However, after the etching mask region disappears, the
height of the etched microstructure remains constant, which we define as hs (saturated step height).
Figure 3 shows the applications of this technigque to devices achieved in our previous work [1,2].This
technique can be applied to simplify the fabrication of devices such as micro total analysis system (u-
TAS) by applying to a single cell isolation plate and microfluidic devices using anode bonding.

In this experiment, N* was irradiated to a Si substrate with a pattern formed by a photoresist using an
ECR ion shower system (Elionix EIS-200ER) to fabricate an amorphized mask on the Si substrate
surface. For comparison, samples irradiated with Ar* were also prepared. After ion irradiation, the resist
was removed and the Si substrate etched with the KOH solution (40 wt%, 20°C). The ion energy was
set at 500, 750, or 1000 eV. This is because we considered that the higher the energy, the thicker the
amorphized mask will become. The ion incident angle was set at 7° and the dose at 5 x 10" ions/cm?.
The surface orientations of the substrate were Si(100) and Si(110). Figure 4 shows the position of Si
atoms in the crystal orientations (100) and (110) from the view point of incident ions. The Si atomic
density is lower on the Si(110) surface than on the Si(100) surface, and ions penetrate deep into the
substrate owing to the channeling effect in Si(110). Figure 5 shows the dependence of hs on the ion
energies of N* and Ar*. It was found that hs increases with N* energy. The hs obtained when using N*
was lager than when using Ar*. hs reached 140 um with N* irradiation of Si(100) surface at 1000 eV.
Since the hs of samples irradiated with N*and that of samples irradiated with Ar* show similar trends, it
can be considered that hs increased owing to an increase in the thickness of the amorphized mask as the
ion penetration depth range increased with ion energy, as observed in our previous study[1]. The N*-
irradiated region might partly bond with nitrogen in addition to the amorphized Si surface. Next,
comparing Si(100) and Si(110), we found that hs was larger on Si (110) than on Si (100), and hs reached
250 um with N* irradiation of Si(110) surface at 1000 eV. Figure 6 shows the results of calculating the
etching rate ratio of Si to the mask. The ratio was determined from hs and the thickness of the amorphized
mask. The thickness of the amorphized mask was estimated by a simulation of ion penetration depth[3].
We were able to achieve an etching rate ratio of over 10000. This etching rate ratio was almost constant
in the Si(110) surface. On the other hand, it was found that the etching resistance was low and increased
with increasing energy in the Si(100) surface. The SEM image of the cross section of Si structures after
KOH etching is shown in Fig.6. This profile shows typical crystal anisotropy when etched with KOH.

3. SUMMARY

We were able to further improve the etch rate ratio by using higher-energy N* irradiation and the
anisotropy of silicon crystals. We were able to fabricate masks that are resistant to KOH etching owing to
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the synergistic effect of these factors. This technique does not require an insulating film (SiO; or SiN),
which is typically used as a mask for KOH etching. Conductivity can be obtained without removing the
film with hydrofluoric acid after wet etching, and anodic bonding is easily achievable. We believe that
the proposed technique is expected to be applied to biochips.
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1. Introduction

The high-density plasma generated by permanent magnets is widely used in magnetron sputtering [1].
However, the plasmas formed directly above the target are doughnut-shaped, which makes it difficult to
apply them to large-area reactive ion etching (RIE). On the other hand, InP etching using densified
plasma, in which the permanent magnet is located opposite the RF electrode [2], and a high-density
plasma source, in which the permanent magnet is set in the electrode hollow groove [3], has been
reported, but the plasma emission distribution over a wide area in which the permanent magnet is placed
opposite the RF electrode has not been reported.

In this study, Ar plasma was generated by placing permanent magnets in concentric circles on the
chamber lid facing the electrodes of the RIE device, and the density of the plasma over a wide area was
determined from the observed emission intensity. Si etching with SFs plasma was also performed, and
the difference in etching profile depending on the installation position of the magnet was examined.

2. Experiment

Figure 1 shows the schematic of the experimental setup for modified RIE (SAMCO RIE-101L). Eight
samarium—cobalt magnets (300 mT) with a diameter of 10 mm and a thickness of 5 mm were fixed in
parallel on a 10—-mm-—diameter punched PVC plate and placed on the quartz plate of the chamber top.
The emission of Ar plasma was photographed from the direction of the quartz plate of the chamber and
compared in terms of RGB intensity. In addition, a Si patterned with dots of Cr was etched with SFe
plasma, and the differences in etching rate and profile at various magnet positions were investigated.

3. Results and Discussion

With magnets, RIE can be expected to increase the density of plasma by confining charged particles in
the area surrounded by magnetic fields and RF electrodes around the magnet. Figure 2 shows Ar plasma
emission photographed from the direction of the quartz plate of the chamber and the RGB intensity at
the center line of the quartz plate. When the magnets were placed, the RGB intensity increased in the
region with many magnetic field lines. In addition, the effects of the weak magnetic field located on the
circumference of the circular pattern and the high density of the strong magnetic field at the center of
the center pattern were almost the same in terms of the emission intensity of the plasma. Therefore, by
dispersing the magnet location at the periphery, the high-density plasma area is increased. Figure 3
shows the observation point of SFs plasma emission from the slit placed in the chamber viewport. Figure
4 shows the emission intensity at various wavelengths. The emission intensity of the center pattern and
the circular pattern increased compared with that w/o magnet. The intensity of F (702 nm) in the center
pattern is high. In addition, the plasma emission intensity changed depending on the magnet arrangement
pattern in the wavelength ranges around 380 nm, 720 nm, and 830 nm. Figure 5 shows SEM images of
Si pillars etched by SFs plasma. The magnet increases both plasma density and etching rate. The center
pattern has a higher F intensity than the circular pattern, which is considered due to side etching. Side
etching would be not only the effect of F ions but that of radicals. We consider that to increase etching rate
and obtain a vertical profile, it is suitable to increase plasma density with weak magnetic fields arranged
in a circular pattern.
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Deep reactive ion etching (deep-RIE) is an effective microfabrication technique widely used to
fabricate microelectromechanical systems (MEMS) devices. For Si dry etching, a switching
process known as the Bosch process using SFe/C4Fg plasma, as shown in Fig. 1, is widely used.
In this process, a fluorocarbon passivation film is deposited on the etched surface and sidewalls
using C4Fg plasma, as previously reported [1, 2]. However, our previous research showed that
the main component of the passivation film on the sidewalls of narrow trenches was carbon [3].
The global warming potential (GWP) of C4F3 is approximately 7,800. We note that carbon films
also function adequately as passivation films, and therefore, we propose using CO, which has
a global warming factor of 1 and is readily available, instead of C4F3 for the passivation process,
as shown in Fig. 2. However, there have been few studies demonstrating the vertical etching of
Si by SF¢/CO»-based deep-RIE.

In this study, we demonstrated the vertical etching of Si using an SF¢/CO2-based deep-RIE
system and the passivation process time dependence of the etching profile. We also conducted
the optical emission spectroscopy of the plasma during the deep-RIE process, and the energy-
dispersive X-ray (EDX) analysis of the chemical composition of the passivation film on the
etched Si sidewall.

A deep-RIE system (SPP Technologies Co., Ltd., MUC-21) was used for this experiment. As
shown in Fig. 3, SF¢ was used for etching and CO» for passivation. These gases were introduced
into the process chamber using mass flow controllers. A 1.5 x 1.5 cm? Si substrate sample was
placed on an Al sample tray. Figure 4 shows the etching profile and the passivation process time
dependence. CO> was supplied via a C4Fg mass flow controller at a displayed flow rate of 200
sccm. The actual flow rate must be converted to a value considering the conversion factor. The
SF¢ flow rate was 400 sccm. The etching process time for one cycle was 2.6 s. The passivation
process time (i.e., corresponding to the thickness of the protective film) significantly
contributed to the etching profile, and a longer passivation process time resulted in a more
vertically etched profile with less side etching. The deposition rate of the passivation film was
26 nm/min and the etching rate for the results in Fig. 4(d) was 0.33 pum/cycle. Figure 5 shows
the results of the optical emission spectroscopy of the plasma during the deep-RIE process. This
measurement was carried out through a window above the RF coil. Since the emission due to
C was observed during the passivation process, it is believed that C contributes to the formation
of the passivation film as one of the species. On the other hand, the emission due mainly to F
and S was observed during etching. Figure 6 shows the EDX analysis results for the
composition of the passivation film on the etched Si sidewall. This measurement revealed that
a large amount of C was deposited on the etched sidewall, consistent with our previous results
[3], suggesting that C functioned as the main component of the passivation film.

In summary, we demonstrated the vertical etching of Si by SF¢/CO»-based deep-RIE with CO»
having a GWP of 1 as the passivation process. We believe that even faster etching may be
possible by optimizing the process conditions.
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Fig.1. Schematic diagram of amorphized mask fabrication Fig.2. Relationship between /; and
by ion irradiation and definition of A, ion energy of amorphized
etching masks by N* or Ar".
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