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Fabrication of SIL array of glass by Surface-tension Mold technique
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Department of Chemistry and Materials Science, Tokyo Institute of Technology,
Ookayama Meguro-ku, Tokyo, 152-8552, Japan

ABSTRACT

A preparation of microlens array of the super-spherical glasses by a combination of the photolithography and the
Surface-tension Mold (StM) techniques is shown. A super-spherical lens has been gathering much attention because of
its function as a Solid Immersion Lens (SIL) with the super-resolution, which circumvents the optical diffraction limit.
StM technique enables the preparation of a micrometer-sized SIL (u-SIL) with the desirable shape, and the obtained
SILs realize the optical function. In order to develop the optical micro-devices composed of SILs, pu-SIL array module,
the micro-fabrication technique of photolithography is combined with StM technique. Na,O-CaO-SiO, glass film is
attached to glassy-carbon, and etched into glass tiles after the formation of masks by the photolithography. They are
heated up to 800°C to self-organize into the super-spherical form of the glass droplets. The obtained lens array is found
to be composed of the p-SILs with the uniform radius and thickness.

Keywords: solid immersion lens (SIL), microlens array, super-resolution, surface tension, optical contact, soda-lime
glass, wet etching

1. INTRODUCTION

Recently, circumventing of the optical diffraction limit is one of the important issues for optical storage, optical
microscope and photolithography. Mansfield and Kino' developed the confocal scanning optical microscope with a
solid immersion lens (SIL), which is placed close to a sample and form the interaction between the evanescent wave
function from a SIL and the surface of the sample. SIL’s high spatial resolution and high collection efficiency” ° are the
reasons why they have been gathering much attention in high-density optical storage®’, high-resolution optical
microscope ~ > *° and microscopic spectroscopy'® ''. The shape of SIL is hemisphere or super-sphere, which is,
truncated sphere. The thickness / of the super-spherical SIL is expressed as # = r (1+1/n), where r and n are radius of
curvature and refractive index, respectively, as illustrated in Fig. 1. Extremely high precision of SIL dimension is
required to realize high functionals. Yoshita et al'® estimated that the allowance for thickness, and the required
processing error of super-spherical SIL are in the order of submicrometer. Nowadays, the glass SILs are made by the
conventional preparation technique via a series of the processes; preparation of the spherical glass balls and polishing
them to truncate a part of sphere. Very small ranges allowed for SIL dimension have decreased yield of the preparation
of the suitable SILs.

Authors’ group has developed the novel preparation method of micrometer-sized super-spherical glasses (u-SSG)",
named Surface-tension Mold (StM) technique. This technique uses the self-organization of glass melts driven by the
surface tension of the droplet on the substrate, and pu-SSGs having very smooth spherical surface can be prepared easily.
The thickness / depends on the glass materials. When Na,O-CaO-SiO, glass is used, it has been found that the obtained
n-SSGs satisfy the optical condition of SIL;

r 1
n= == > (1)
h-r cost
where, 0 is a contact angle of u-SSG in Fig. 1. They also confirmed that the obtained pu-SSG works as the SIL, and was
named p-SIL".
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Figure 1. Schematic illustration of super-spherical solid immersion lens, where 4, r, n and 0 are thickness of lens, radius of curvature,
refractive index of lens and contact angle, respectively.

On the other hand, when we consider the incorporation of u-SIL into integrated micro optical system, the arrayed u-
SILs are more suitable than the use as the stand-alone SIL, where the micro-fabrication techniques like photolithography
are combined with StM technique. In this work, we report the fabrication process of u-SIL array. A glass thin film
attached on glassy-carbon substrate is etched into the glass tiles by the combination of wet process and dry process.
Then they are heated to form p-SSGs via StM technique. In this process, quite important is that a glass film or tiles must
be adhered to the substrate before using the StM technique. We used so-called “optical contact” which realizes an
adhesion between optically polished surfaces'®, a glass film and a glassy carbon substrate. For the etching of glass, a wet
chemical etching process was mainly used, which is known as the easy technique for glass micropatterning'>"”.

2. EXPERIMENTAL

2.1. Materials

A glass with the composition of 20Na,0-10Ca0-70Si0, was prepared by the conventional melting and quenching
method. Reagent grade raw materials, Na,CO;, CaCOj3, and SiO, were mixed and melted in a platinum crucible at
1550°C for lhour. In order to ensure the glass homogeneity, the glass was crushed and re-melted for another 3 hour.
After second melting, the glass melt was poured onto a wet porous carbon plate heated on a hot plate, then the glass was
blown up to a dome shape with about 3 cm radius and 10 pm thickness by the vapor pressure from the carbon plate
(Fig.2). The glass dome was cut into about 500 x 500 pm” film, and washed by acetone at 60°C and next by distilled
water at 100°C. The dried film was placed between finely polished glassy-carbon substrates with arithmetical average
roughness (Ra)<2 nm, and then the substrates were pressed by the finger. This procedure provides very flat and smooth
glass film with ~ 10 pm thickness on the glassy-carbon substrate (Fig.3 (a)).
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Figure 2. Schematic illustration of the preparation of a glass thin film.



2.2. Glass Etching and Surface-tension Mold Technique

Gold and chromium (Au/Cr) layers were coated successively on the glass film by sputtering in an Ar atmosphere. The
thicknesses of Au and Cr are 200 nm and ~40 nm, respectively. The thickness of Cr layer should be strictly controlled in
order to work as the mask protecting the glass under the layer from chemical etching. A negative resist (OMR-85,
Tokyo Ohka Kogyo) was spin-coated on the Au/Cr layer, and prebaked at 90°C for 90s. Then the substrate was sent to a
mask aligner to be exposed at 14mW/cm® for 0.4s. The pattern of the 10x10 disk array of 45-um diameter was
developed by a 1min immersion in a developer solution (OMR DEVELOPER, Tokyo Ohka Kogyo) and rinsed by OMR
RINSE (Tokyo Ohka Kogyo) (Fig.3 (b)). After a postbaking at 150°C for 40min, the unmasked Au area was etched by
wet etching in solution of KI: I, H,O = 2g: 4g: 100ml at room temperature, and then Cr was also etched in
HICRETCH® (Wako Pure Chemical Industries) (Fig.3(c)).

The glass film was etched in a 5% buffered hydrogen fluoride (BHF) solution (the mixing ratio of 40%NH4F: 48%HF
is 10:1 in volume) in order to cut into glass tiles (Fig.3 (d)). The etching rate of the glass in the BHF solution is 0.4
pm/min. After the etching, the sample was immersed in SM aq. HCI for 1min in order to dissolve away crystallines
deposited on the glass surface like calcium fluoride.

Because the bottom of glass film could not be etched completely only by the chemical wet etching, an r.f Ar plasma
etching treatment (frequency:13.56MHz)was introduced at the last step of the etching treatment; a last 1 um of the glass
film (Fig.3 (e)).

Finally, this tile structure was heated up to 800°C and held for 30 min under the atmosphere of H,/N, = 1/5 (StM
procedure) in order to change the glass tiles into p-SILs (Fig.3 (f)), and then cooled to the room temperature. The
heating and cooling rates were 10°C/min. The obtained sample was observed by the optical microscope and scanning
electron microscope (SEM) to know the shape of glass particles (the sphericity and the contact angle of the truncated
part) and surface roughness.
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Figure 2. Schematic illustration of the fabrication process of p-SIL array: (a) a glass film attached on a glassy-carbon substrate; (b)
fabrication of Au/Cr layer and photoresist pattern on the glass film (c) etching of Auw/Cr layer to fabricate the etching masks; (d)
chamical etching of the glass film by BHF solution; (e) physically etched glass structures; (f) StM treatment of the etched glasses at
800°C to form p-SIL array.



3. RESULTS AND DISCUSSION

For the use of the mask with 10x10 disk array of 45 pm diameter, u-SSGs with a uniform diameter 27+2 um could be
obtained. However, the yield was as high as 50%. Its reason was due to the elimination of the mask during the wet
etching process, or the imperfection of the etching condition. In such a case more than two glass tiles were united into a
large p-SSGs.

Fig. 4 shows the optical images of a 2x2 array example at the respective step in the fabrication process, sequentially.
From Fig.4 (d), it is confirmed that the aligned transparent pu-SSGs with the diameter ranging from 25 to 29 um are
obtained. They are located near the center of the corresponding Au/Cr mask. Compared with the etching surface by
BHF solution (Fig.4 (a)), Fig. 4(b) has a clean surface by the treatment in aq. HCI; crystallines deposited on the glass
surface are dissolved in aq. HCI'® °. If this procedure is omitted, these prevent formation of p-SSGs with high quality
surface. In Fig. 4 (c), the edge of the glass tiles appeared and the tiles are finally isolated each other. However, certain
imperfection still remains. This is most likely due to the elimination of the mask, which might be caused by the
penetration of the etchant into the interface between the mask and the glass film in the previous wet etching procedure.
Diameter deviation of u-SSGs would decrease further if these imperfect etching errors are reduced.
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Figure 4. Sequence of the fabrication process to form p-SSG array. (a) after etching in the BHF solution, (b) after washing with aq.
HCI, (c) after etching by Ar plasma and (d) after heat treatment to shape into p-SSGs.

Fig. 5-1 shows SEM photographs of the prepared 3x3 u-SSGs. The obtained pu-SSGs are configured as a p-SIL array.
For the comparison, u-SSGs prepared from soda-lime glass powder with 5-20 um diameter in our previous work™ are
shown in Fig. 5-2. The glass powder were placed on a glassy-carbon substrate randomly and heat-treated by StM
technique. These photographs show that StM technique enables the formation of p-SSGs with very smooth surface from
the lithographed glass tiles as well as from the glass powders. Compared with Fig.5-2, the obtained p-SSGs in Fig. 5-1



Figure 5. SEM images of the u-SSGs prepared by the StM technique. (1-a), (1-b) and (1-c) is the overview, top and side view of the
obtained 3x3 u-SIL array, respectively. (2-a) and (2-b) is the top and side view of the pu-SSGs prepared from soda-lime glass in a
previous work?.



are aligned and the distribution of SIL diameter is reduced well while high sphericity and smooth surface are given.
Smaller particles with a few micrometers are found near u-SILs, which are located around the edge of the glass tiles
before StM treatment, and probably due to the imperfect physical etching. On the other hand, the contact angle, which is
the most important factor to decide the resolution of lens, was measured from the side view of SEM photographs like
Fig. 5-1(c) and was 133+3°. This satisfies well the optical condition of SIL (eq. (1)), since the refractive index of the
glass was 1.52 measured by Abbe’s refractometer. In fact, u-SSGs made from the same glass realized the super-
resolution of SIL".

The positions of u-SSGs were near the center of glass tiles before heat treatment of StM technique, but not coincided
with the intended ones; the deviation 7 um was in the maximum. The main reason of this deviation might be the shape
of the glass tiles with long tails. Their large contact area with the substrate is to decrease during the StM procedure (Fig.
6 (a)). Irregular shapes of the edge line of the contact face might induce the irregular move of the droplets*’. Therefore,
it is desired that the contact area does not change largely during the heat treatment of StM technique. Fig. 6 (b)
illustrates one of the ideal processes to form a p-SIL array precisely. When the glass tiles have cylindrical rod shape
with aspect ratio of 1.6, the contact area doesn’t change before and after StM technique. Such micrometer-sized
cylindrical glasses with high aspect ratio would be realized by chemical dry etching like reactive ion etching®.

In order to integrate the u-SIL array into optical systems, pu-SILs should be fixed with a certain rigid media like resin
to obtain u-SIL array module. In case of u-SIL of Na,0O-CaO-SiO, glass in this study, a top half of u-SIL has to be
uncovered for large NA (numerical aperture) in Fig. 1. Needless to say, the anti-reflection coating on the top half surface
provides the higher collection efficiency. Modulation of a p-SIL array is under investigation to demonstrate its
functionality of high optical resolution.
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Figure 6. Schematic images of transformation of glass tiles. (a) A 10-pm thick wide-based tile whose diameter of the top is 25 um,
(b) a cylindrical shape of glass with aspect ratio of 1.6.



4. CONCLUSION

In this paper, we presented the novel fabrication process for u-SIL array of glass using a combination of the
photolithography and StM technique. We confirmed that the obtained sample had the functionality of SIL array from the
shape and refractive index of the composing u-SILs. The average diameter of fabricated pu-SILs was 27+2 pm, and the
maximum deviation of the position of lens was 7 pm. These results indicate that the StM technique can realize
fabrication of arrayed p-SILs combined with micropatterning technology.
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