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Abstract:

Background: Wearable health monitors are noticed for effectively grasping the conditions of patients and aged
peoples. And, various sensors for attaching to body parts such as lists, fingers, and chests are under
developments. The sensors and their attachment parts are often made using flexible flat sheets. However, it is
often better to make them on curved flexible or bendable shells or solid parts just fitting to the body parts. For
this reason, a simple and low-cost method for printing 50-200 um patterns on arbitrarily curved surfaces was
invented using a magic mirror system composed of parabolic mirrors. In the past research, 200-um L&S
patterns on a transparent reticle placed at the lower mirror aperture were projected in the upper mirror
aperture. However, successfully patterned areas were limited to the field center. Therefore, it is necessary to
extend the patterning area to the whole exposure field.

Studies on methods for expanding patterned areas: At first, reasons why resist patterns were not formed in the
whole field were examined by tracing the imaging light rays geometrically, and calculating projected image
positions. It was found that image positions were varied depending on the illumination direction and the light
ray routes, and image positions especially change at the outside parts of the exposure field. Therefore, it was
thought effective to illuminate the reticle from one-side by a collimated light. So, the exposure system was
renovated. The circular illumination using a ring light was changed to one-sided and collimated illumination.
Results and Discussions: 200-um L&S patternswere successfully replicated in the whole exposure area of 10-
mm square with a large exposure time and focus margins of+10% and +400 pm, respectively. Practical
applicability of easy and low-cost projection lithography using parabolic mirrors to patterning in common size
fields was proved.

Conclusion: Easy and low-cost projection lithography using the parabolic mirrors will be applicable to
stereophonic lithography or patterning on arbitrarily curved object surfaces with ordinary field sizes.
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I.  Introduction

In these two decades, special lithographic technologies have been required for printing rough patterns
with 10-200 um on non-flat object surfaces easily and inexpensively. Typical targets were the patterning on
cylindrical objects such as pipes, shafts, rods, and needles until quite recently.’')  However, taking a step
forward, patterning on gently but arbitrarily curved surfaces has begun to be required lately. Typical targets are
fabrication of comfortably wearable health monitors. Health monitoring sensors for attaching to human bodies
have been researched very vigorously, and various wearable biosensors are proposed.*?*")Body parts are not flat.
So, it often becomes difficult to put the sensors and/or their wiring and power supply parts on them. For this
reason, various flexible sensors and their affiliated parts are developed.'®?® However, because most of the
flexible devices are fabricated on thin flat sheets, they are sometimes difficult to conform to irregularly curved
or even twisted body parts. Therefore, it is thought that biosensors with curved shapes just fitting to the body
parts are better for preventing the slipping-off and errors of sensing. Accordingly, it is preferable to use curved
flexible parts just fitting to the body parts not on flat flexible sheets.

For this reason, how to print or delineate patterns on arbitrarily curved surfaces was deliberated, and a
good idea of utilizing a magic mirror projection system for the stereophonic lithography occurred. It was
thought that if aerial images were clearly formed on a resist film by the magic mirror projection optics, resist
patterns would be formed. To realize the idea, an aperture was opened at the lower mirror bottom, and a
transparent curved reticle was placed at the bottom aperture center, and illuminated obliquely upward from the
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bottom. As a result, patterns on a transparent curved reticle were successfully projected at the center of the
upper mirror aperture.

However, when patterning characteristics was investigated in the past research, 200-um line-and-space
(L&S) patterns were not printed except in very small areas of several mm diameter around the field center.?*2"
The pattern size of 200 um may be felt very large compared with the sizes used for conventional applications of
lithography. However, much larger patterns are used also, 2> and even the size of 200 um is useful. On the other
hand, larger patterning areas are indispensable for utilizing the stereophonic lithography practically. Therefore,
reasons why patterns were not formed in the whole exposure field and how to enlarge the patterning area are
discussed in this paper. It is clarified that the image position depends on where the light ray is reflected on the
upper mirror, that is, the image position varies caused by the illumination light ray direction or angle. Thus, one-
sided illumination of the exposure light and collimated light illumination is proposed as the new key idea for
solving the problem. Patterned area is drastically enlarged to the whole exposure area. One-sided illumination
by narrowly masking the ring light was tested in the past research.?® However, using a collimated light and
enabling to adjust the positions and angle of the light source, drastically improved patterning performances are
exhibited here.

1. Studies On Methods For Expanding Patterned Areas

At first, results obtained in the past researches and subjects to be solved are briefly explained.
Patterning characteristics of the projection optics were investigated by developing a prototype exposure system,
as shown in Figure nol, and using a flat reticle and silicon wafers. As the projection optics, a magic mirror set
commercially available as a scientific toy was utilized. The total diameter and the height of the toy magic-mirror
set composed of a pair of parabolic mirrors were approximately 140 mm and 50 mm, respectively. As an
exposure light source, the white light emitting diode (LED) ring light was used. The total sizes of the exposure
system were approximately 300 mm wide, 300 mm deep, and 310 mm height.

Wafer stage

Magic mirror
set

Reticle stage

White LED
ring light

100 mm
|

Figure no 1: Shows prototype stereophonic exposure system developed at first for investigating
patterning characteristics, and clarifying subjects for realizing realistic exposure systems.

Because the mirror set was toy-use, high accuracy was not expected. In addition, fine patterning was
not required for the time being. Therefore, patterning characteristics were investigated using 200-pum L&S
patterns in a 10-mm square field by printing the patterns on a film reticle on 4-inch silicon wafers. However,
patterns were resolved only at the center parts of the field, as shown in Figure no 2. The patterned area sizes
were too small to utilize the system for the stereophonic lithography. It was thought necessary to enlarge the
patterned area size so as the patterns were formed in the whole exposure field of 10 mm square first of
all.Therefore, the reason why the patterned areas were limited only around the field center was discussed to
enlarge the clearly patterned areas.
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Exposure time (s)

Figure no 2: Shows patterns of 200-um L&S printed by illuminating a transparent reticle from all
directions using a white LED ring light. Patterns are resolved only around the field center, and the square
corners are rounded.

To clarify the reasons, travelling routes of exposure light rays passing through the point P distant x
from the mirror axis on the reticle plane were traced, and the position x’ of the point image P’ was calculated.
How to calculate the image position x” was studied and disclosed in the past research paper.?¥ Values of x’
calculated under various light route conditions were also reported. However, the illumination directions were
not considered sufficiently, and it was newly found here that the image positions x’r and x .+ formed by the light
rays reflected on the right and left parts of the upper mirror differed each other, even if the radial positions r and
—r of the reflection points A and B were same, as shown in Figure no 3. It is essential to coincide the image
positions x’r and x "+ for forming clear images on the image plane.

Next, image position differences for slightly different light routes were calculated, as shown in Figure
no 4. As a result, it was found that the image position x’ shifted from x;’ to x.’, and to x3” depending on the
radial positions ry, 2, and r3 of the reflected points on the upper mirror.

Thus, numerical relationships between the reticle pattern position x and the image positions x’r and X’
and their dependence on the radial positions of r and —r was calculated, as shown in Figure no 5.

Figure no 3: Shows the exposure light rays traced in  Figure no 4: Shows position differences of images

the opposite directions. Position differences of images formed by light rays illuminated by different angles

formed by light rays illuminated from opposite 0f ¢1, g2, and, p3were calculated. Reflected position

directions were calculated. of ri, ry, and r; were used as the calculation
parameters actually.

It was thought that expansions and shrinks of the exposure field are expressed by (Jx’|-|x|). For this
reason, relationship between the image position shifts (|x'|-|x|) and the reticle pattern position x was calculated,
next. The results are shown in Figure no 6.
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positions of r and —r.

Figure no 6: Shows relationships between the image
position shifts (]x'|-|x]) and the reticle pattern position
X. The image position shifts cause expansions and
shrinks of the exposure field and pattern sizes.

It was clarified that the expansion and shrinkage of the field were switched by the directions of
illumination light rays. The difference between x’r and x’.; becomes significant when x, and x. are large. That is,
x’r and x’.r differs greatly at the outside parts of exposure field. Accordingly, caused by the image shifts arose
out of the illumination from various directions, total images are blurred at the outside parts of the exposure field.
Therefore, the illumination should be limited from one side to realize the patterning in a large field. It was also
clarified that because image positions depended on where each ray was reflected on the upper mirror,
illumination light ray directions should be restricted in narrow angles or unified. Thus, it was thought effective
to use a collimated light for unifying the illumination light ray routes. Based on these considerations, it was
concluded that the one-sided illumination toward the optimum direction using a collimated light would be the
best answer for preventing the image blurs at the outside parts of field and drastically expanding the patterned
area to the whole exposure field.

I11. Patterning Results Using One-sided And Collimated Illumination

In the previous section, it was clarified that one-sided illumination using a collimated light would be
effective to expand the patterning area and improve the resolution. For this reason, the effects were actually
tested by renovating the prototype exposure system shown in Figure no 1, and attaching a collimated LED light.
Figure no 7 shows the renovated exposure system. The white LED ring light was removed, and a collimated
LED light (Dynatec, LBF-LX60AAUV-405) was placed instead. The central wavelength of the LED was 405
nm. Because the light ray angle ¢ shown in Figure no 4 should be adjusted suitably, mechanisms for moving the
light in horizontal and vertical directions, and adjusting the inclination angle ¢ were equipped.
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Figure no 7:Shows exposure system renovated by equipping a collimated blue LED light.
Positions and inclination angle are arbitrarily adjustable.

The optimum position and angle of the collimated light were adjusted by placing a sheet of tracing
paper instead of a wafer on the fork of wafer stage. The tracing paper sheet worked as a diffuser, and light
intensity distribution of the pattern images were reproduced, as shown in Figure no 8. It was found that the
patterning performances were predictable by the clearness and edge definition of the pattern images projected on
a tracing paper sheet.

10 mm

Figure no 8: Shows pattern images projected on a tracing paper sheet placed instead of a wafer.

Printed 200-um L&S patterns under the conditions of various exposure times and focal positions are
shown in Figure no 9 and Figure nol0, respectively. It was verified that resist patterns were printed without
blurs in the whole exposure field including the outside parts. Printed pattern shapes did not change much for the
variations of exposure time and focal position. The upper right slashed parts were produced by the unwilling
turning up of the black tape holding the reticle edge.

Exposure time (s)

(i
i "r‘ “"!}:“RJ:‘{;"

10 mm

Figure no 9: Shows slight changes of 200-um L&S resist patterns for exposure time variation.
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Figure no 10: Shows stability of 200-pum L&S resist patterns for the change of focal position.

Figure no 11 shows the resist pattern width dependence on the exposure time. The width changed
within £10% for the £10% change of exposure times. Fairly large exposure time margin was obtained. On the
other hand, Figure no 12 shows the resist pattern width dependence on the focal position. The width changed
within almost +10% for the focal position change of +400 pum. It was clarified that the focus margin was
strikingly large.
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Figure no 11: Shows relationship between the resist Figure no 12: Shows relationship between the resist
pattern width and exposure time. pattern width and the focal position.

IV. Discussion
Although even if the illumination light angle is unified by using a collimated light, it was thought that
diffracted light rays arose from the fine patterns on the reticle object. For this reason, spread of light rays by the
diffraction was checked, and feasibility of resolution improvement down to 50-100 pum sizes in the near future
was discussed.

The diffraction angle 9 for periodical line patterns is calculated by eq. (1).
0= sin’t(1/p). [€h)
Here, 4 is the wavelength and p is the pattern pitch.

If the aimed minimum pattern size is 50 um, and main wavelength of the collimated LED is 405 nm, 6
is calculated as shown in eq. (2) by substituting p=100 pum and 2=0.405 pum in eq. (1).

0= 0.00405 rad = 0.232°.  (2)
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The distance d between the original object placed at the aperture center of lower mirror to the reflection
point on the upper mirror is roughly estimated almost equal to the height of mirror set, and is estimated
approximately d=50 mm. Accordingly, the change of reflection point position r for the diffracted light is
calculated by

Ar=dfcos 45°= 0.143 mm,  (3)
if the light ray angle ¢ shown in Figure no 8 is assumed to be p=45°.

Image position shift (x-x) dependence on the reflection point position r was plotted as shown in Figure
nol3 for the case of x=5 and x=4 corresponding to the exposure field size of 10 and 8 mm square. Because (x -X)
changes almost linear to the reflection point position r, change of image position shift ./I(x’-x) dependence on
the reflection point position change Ir is roughly estimated when x=5, as shown in eq. (4).

08 |
07 }
06 }
05 }
04 }
03 }
02 }
01 }

Reticle pattern
position x (mm)

X =5

Image position shift (|x'|-|x|) (mm)

O i L i 1 i 1 i
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Reflected position r (mm)

Figure no 13: Shows relationship between image position shift and reflected position.
A(x-x) 1.Ar = (0.662-0.268) mm / (65-35) mm = 0.013.  (4)

Therefore, the image position shift J(x’-x) caused by the diffracted light rays is calculated by substituting eq.
(3) to eq. (4).

Ae-x) =0.013 x 0.143mm=1.8 uym.  (5)

The diffraction angle 8 shown in eq. (2) and the shift of image positions shown in eq. (5) are very small
values. Therefore, it is thought that the diffraction light does not almost affect the resolution of large patterns
treating here. Though the plastic toy mirrors with poor accuracy were used, 200-um L&S patterns were clearly
resolved this time. Because influence of diffracted light was estimated to be very small, printing of 50-100 um
L&S patterns will be probably possible, if mirrors fabricated as regular optical components are equipped, and
the illumination light is collimated almost in parallel.

On the other hand, the image contrast is also degraded by other factors such as light dispersion from
reticle pattern edges, and surplus exposure by the light wrongly illuminates the exposure field without being
reflected by the mirrors. These unfavorable matters may be cared also.

V. Conclusions
To secure the practicability of the stereophonic lithography using the magic mirror optics, enlargement
of patterned area in the whole exposure field was aimed. At first, why the patterned areas were limited only in a
small one around the exposure field center was clarified by tracing the light rays. In concrete, illumination light
rays passing through a point on the original reticle and going to the image plane were traced, and relationship
between the reticle and image pattern positions was clarified.
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As a result, it was newly found that positions of pattern images formed by the illumination light from
opposite directions, for example, from right and left differ considerably each other. The image position
difference increases as the original reticle pattern position separates distant from the field center. Accordingly,
when the original reticle was illuminated from all directions by a ring light in the past research, it was thought
pattern images formed at variously shifted positions were superimposed, and totally formed images were blurred,
especially at the outside parts of the field.

It was also found that the image position depends on the light route. That is, it depends on the reflection
point position r on the mirror or the inclination angle ¢ of the light ray. For this reason, if the reticle is
illuminated by a widely emitted light, light rays are dispersed on the image plane, and pattern images are blurred.

Based on these studies, one-sided illumination by a collimated LED was adopted, and the exposure
system was renovated. As a result, 200-um L&S patterns were successfully replicated in the whole 10-mm
square exposure field. The exposure time margin was as long as £10%, and the focus margin was as large as
nearly 400 um. The pattern width of 200 um is thought very large comparing with the sizes used in
conventional lithography applications. However, it is useful for the new applications. For example, much wider
or larger patterns are used as wiring patterns and electrode pad patterns.)

On the other hand, it may be thought unfavorable that the exposure fields were distorted to warped
trapezoids when the new illumination method is applied. However, the distortions are not serious problems.
Because the articles to be patterned are warped or deformed from the beginning, distortions are anticipated in
advance, and necessary articles are designed as the distortions are permissible to some extent. In addition,
systematic or regular deformations can be compensated by modifying the reticle patterns, if necessary. Only
good patterning repeatability should be secured for enabling alignments with other patterning layers.

At the present stage, the resolution limit and the exposure field distortion are not so important items as
the practical applicability of the easy and low-cost projection lithography to arbitrarily curved articles with
common sizes. In addition, both improvement of resolution and compensation of distortions will be responded
in the futureafter the basic practicability is proved.
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