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The mechanism of�top-gathering�pillars and the controllability of top-gathering pattern formation were inves-

tigated. Two-dimensional pillar arrays with micrometer repetitions have been fabricated from a hybrid

organic–inorganic material by photolithography. The type of array structure formed depending on the distance

between neighboring pillars. From in situ observation during drying, it was found that capillary force is affected

by the distance between the pillars. Such pillars of 16 mm height were gathering, and top-gathering units could be

obtained when the distance between neighboring pillars is less than 8 mm. Gathering units composed of four pil-

lars can be formed periodically by controlling the arrangement of the pillars.
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1. Introduction

Two-dimensional �2D� periodic arrays of dielectric materi-

als with submicrometer to micrometer repetitions have been

used in various devices such as photonic crystals and microlens

arrays.1�–3� These arrays are fabricated by conventional litho-

graphy using X-rays, electron beams, lasers or UV light. In

lithography, a resist is initially coated on substrates of a di-

electric material, and the resist is exposed to a light source

such as an electron beam or a laser through a mask. After

that, the resist is developed and rinsed in an appropriate sol-

vent, then resist patterns are formed. The dielectric material is

etched chemically in an area not covered with resist patterns.

Finally, 2D periodic arrays are obtained. In the drying of the

rinse solvent, resist patterns become unstable, and finally col-

lapse or are distorted as aspect ratio �i.e., the ratio pillar

height to pitch� increases.4� Such pattern collapse is caused by

the surface tension of the rinse solvent.4�–6�

On the other hand, capillary force due to the surface tension

of the rinse solvent is useful in making new patterns of pho-

tosensitive materials. Recently, 2D patterns of polyimide pil-

lars have been fabricated by electron-beam lithography, and

bunching structures of such pillars could be produced when

the diameter of the pillar is very small.7� We also reported

�top-gathering�pillar arrays of a hybrid organic–inorganic

material formed by self-organization.8� Such pillars with

micrometer repetitions are fabricated by UV light lithography

and those with submicrometer repetitions by the laser interfer-

ence technique,9� in which laser beams split by a diffractive

beam splitter are interfered and irradiated onto photosensitive

films. When capillary force is controlled by array structure

parameters such as pillar height, diameter and pitch, several

pillars self-organize and gather at the top, and top-gathering

pillar arrays are obtained. The top-gathering pillar arrays are

particularly attractive for use as template in fabricating new

structures such as pyramidal structures for electron lumines-

cence components or photonic devices such as tunable photon-

ic crystals. However, it is difficult to control the number of

pillars in a top-gathering unit and the period of the arrange-

ment of top-gathering units, because the mechanism of top-

gathering has not yet been clarified.

In our previous studies, hybrid organic–inorganic materials

composed of inorganic networks modified with photosensitive

organic molecules such as unsaturated hydrocarbon were

used to fabricate 2D periodic arrays.8�,10�,11� In photosensitive

hybrid materials, we cannot only fabricate patterns easily

without using a resist but also obtain inorganic patterns by the

calcination and removal of organic components from the ini-

tial patterns of hybrid materials.12�,13� Top-gathering arrays of

hybrid organic–inorganic materials are useful in the fabrica-

tion of complex inorganic patterns, which cannot be obtained

by conventional lithography.

In this study, we fabricate various 2D pillar arrays with

several micrometer repetitions by photolithography to clarify

the origin of top-gathering and to control the top-gathering

pattern formation of hybrid organic–inorganic pillars.

2. Experimental

A hybrid organic–inorganic material, which is suitable for

the fabrication of periodic arrays by photolithography,8� was

prepared as a photosensitive film on a glass substrate by the

sol–gel method. The material was fabricated from meth-

acryloxypropyl trimethoxysilane �MAPTMS� and methacryl-

ic acid �MA�, both of which had photopolymerizable C�C

double bond groups, and zirconium n-propoxide �Zr�OPr�4�

as an inorganic network former. The molar ratio of MAPTMS

to Zr�OPr�4 was 8�2. MAPTMS was hydrolyzed by adding

HCl �pH�2� and the mixture was stirred for 30 min. In

another bottle, Zr�OPr�4 was chelated by adding MA and an

equal volume of 1-PrOH, and the sol was stirred for 30 min.

Zr�OPr�4 sol was added dropwise to the stirred MAPTMS sol

and the mixture was stirred for 30 min. Then, water was added

dropwise to the sol. IRGACURE184 �Chiba Specialty Chemi-
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Fig. 1. Final patterns obtained as follows: �1� black squares, which

are original mask patterns and are arranged at the various distances

L$17–23 mm are irradiated, �2� the mask is moved along the arrow to

dark-grey ones and they are irradiated, �3� light-grey ones, and �4�

white ones. Finally, square patterns of L$la%lb%5 are obtained in

the film.

Fig. 2. SEM images of pillar arrays fabricated for �a� la$lb$9 mm

and �b� la$lb$7 mm. The bar is 100 mm.

121Hiroyo SEGAWA et al. Journal of the Ceramic Society of Japan 114 [ 1 ] 2006

péÉÅá~ä fëëìÉ Äó dìÉëí bÇáíçêëW kçîÉä j~íÉêá~äë aÉëáÖå ~åÇ mêçÅÉëëáåÖ Äó bñíÉêå~ä
~åÇ fåíÉêå~ä oÉ~Åíáçå cáÉäÇë

cals K.K.� was added as a photoinitiator. After stirring for

24 h, the sol was filtered with a 0.2-mm-pore-size membrane

and dip-coated on glass substrates. The resultant gel films

were prebaked for 20 min at 110	C and irradiated with UV

light through a mask with 5 mm
5 mm square apertures. A Xe

lamp �LS–140UV, Sumita Optical Glass Inc.� of 7 mW�cm2

power was used for UV irradiation. Figure 1 shows the final

patterns obtained as follows: �1� black squares, which were

apertures in the original mask and were arranged at various

distances L�17–23 mm, were irradiated with UV for 2 min;

�2� the mask was moved la �mm� in the x-axis, and dark-grey

squares were irradiated for 2 min; �3� the mask was moved to

la �mm� in the y-axis and light-grey squares were irradiated for

2 min; �4� the mask moved �la �mm� in the x-axis and white

squares were irradiated for 2 min. Finally, square patterns

arranged at two distances, i.e., la and lb �mm� �lb�L�la�5�,

between neighboring squares were obtained in the film. The

irradiated film was developed in 1-PrOH, and the unirradiated

portion was removed. The remaining patterns were postbaked

at 150	C for 30 min.

After postbaking, film thickness was measured by a surface

profiler. The remaining structures were imaged by scanning

electron microscopy �SEM; JSM–5310, JEOL�. In situ obser-

vation during the drying was carried out by optical microscopy

in order to investigate top-gathering phenomena.

3. Results

Thick gel films were prepared by dip-coating. Films of 3.0

to 7.5 mm thickness were obtained by controlling drawing

speed. For preparing thick films of 14 to 23 mm thickness, the

dip-coating was repeated twice. Films of 16 mm thickness were

used in the procedures below.

Figure 2 shows SEM images of 2D arrays for la�lb. In

Figs. 2�a� and �b�, 2D arrays were fabricated through the

mask, which was moved �a� la�lb�9 mm and �b� la�lb�

7 mm, respectively. In Fig. 2�a�, pillars remain vertical to the

glass substrate. The corners of each pillar were removed and

the shapes of the pillars differed from those of the mask pat-

terns, as shown in Fig. 1, because photopolymerization was

not sufficient and the irradiated patterns partially dissolved in

the developer. In the case of la�lb�8 mm �which was not

shown in the figures�, the pillars remain vertical to the sub-

strate as in the case of la�lb�9 mm. In Fig. 2�b� �la�lb�

7 mm�, top-gathering pillars formed. Several pillars gathered

at the top and top-gathering units formed. Generally, pillars

gathered in fours, but they also gathered in twos, threes, and

sixes. When la and lb are smaller than 7 mm �la�lb
7 mm�,

top-gathering units were also obtained as in the case of la�lb�

7 mm. From the SEM images, the critical la and lb, in which pil-

lars cannot remain vertical to substrate and top-gathering

units are obtained, are 7 mm.

Figure 3 shows SEM images of other pillar arrays, which

were fabricated by four irradiations at la�lb: �a� la�7 mm, lb
�5 mm �la�lb� and �b� la�7 mm, lb�9 mm �la
lb�. Figs. 3

�a–2� and �b–2� are enlarged images of Figs. 3�a–1� and

�b–1�, respectively.

In Figs. 3�a–1� and �a–2�, top-gathering pillars were

observed, and two or four pillars gathered at the top. The

distance between the pillars that gathered is 5 mm as shown in

Fig. 3�a–2�. In the 2D array, except for the edge of the array,

most pillars gather in fours and form gathering units, and top-

gathering units are arranged periodically. In the edge of the

array, most top-gathering units are formed by two pillars.

Similar structures can be obtained when la is larger than lb and

lb is smaller than 8 mm. In Figs. 3�b–1� and �b–2�, when la is

smaller than lb, most pillars gathered in fours at the top, and

the distance between neighboring top-gathering pillars is

7 mm. These top-gathering units arrange periodically and top-

gathering periodic arrays are obtained.

It was found from the SEM images obtained that top-

gathering pillars can be formed when the distance between

pillars is shorter than 8 mm regardless of whether la�lb or
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Fig. 3. SEM images of pillar arrays fabricated for �a� la$7, lb$

5 mm and �b� la$7, lb$9 mm. The bar is 100 mm. �a–2� and �b–2� are

enlarged images of �a–1� and �b–1�, respectively.
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la�lb, and top-gathering periodic arrays can be fabricated for

la�lb.

To investigate the drying, we carried out the in situ obser-

vation of pillars during the drying by optical microscopy.

Figure 4 shows continuous image shots of the 2D pillar arrays

every 1 s from the start of drying. In Figs. 4�a� and �b�, pillar

arrays formed when the distances between the pillars were la�

lb�9 mm and la�4 mm, lb�10 mm, respectively.

In Fig. 4�a�, at the first stage, 1-PrOH dries from around

the 2D arrays. At the second stage, the pillars formed seeming-

ly approach each other, as shown in 1–3-s images. At the third

stage �3-s image�, the drying proceeds from the edge of the 2D

array to the center. At the fourth stage �4-s image�, 1-PrOH

dries in the surrounding area of the pillar array but remains

partially in the central area. The drying of wet 2D arrays is not

homogeneous. Then, at the final stage, all the solvent is

evaporated. After the drying, pillars return to their original

positions, and most of them remain vertical to the substrate.

In Fig. 4�b�, firstly, 1-PrOH also dries from the edge of the

2D array. Secondly, neighboring pillars similarly approach

each other forming groups of four in 3–4-s images. Finally,

pillars fail to return to their original positions and remain

stuck to each other in 5–7-s images.

4. Discussion

Top-gathering phenomena are observed in the drying.

Therefore, the capillary force induced by the surface tension

of the developer between neighboring pillars is the most

plausible cause of�top-gathering.�Figure 5 shows a cross-

sectional model of pillar arrays separated by lx and immersed

in the developer. The developer dries from the edge of the

2D array to the central part �see Fig. 4, in the in situ observa-

tion�. When the developer evaporates from the edge, the pil-

lars experience a capillary force �indicated by arrows� that

works toward the inside of the pillar array as shown in Fig. 5

�a�. By this capillary force, two pillars approach each other

and bend d as shown in Fig. 5�b�.

Two pillars immersed in liquid generate the force P, known

as capillary force,14�

P�
2pdyhs cos u

lx
�1�

where s is the surface tension, u is the contact angle of the

developer, and dy and h are the depth and height of the pillars.

On the other hand, bending pillars, which tend to return to

their original position, show the restoring power F expressed

as4�

F�
2dxd

3
y

3h4
Ed �2�

where dx is the width of the pillars, E is Young's modulus of

the pillars and d is the sway values �see Fig. 5�b��.

In this case, the width dx, depth dy and height h of the pillars

are 5 mm, 5 mm and 16 mm, respectively. When the distance

between neighboring pillars is greater than 7 mm, F is larger

than P, and the pillars return to their original position, as

shown in Figs. 2�a� �la�lb�9 mm� and 4�a� �la�lb�9 mm,

in-situ observation�. P increases with decreasing distance

between neighboring pillars. Thus, when the distance is

smaller than 8 mm, as shown in Fig. 2�b� �la�lb�7 mm�,

neighboring pillars come closer easily and they stick to each

other by a strong capillary force: this phenomena is top-

gathering.

For la�lb, however, drying speed in actual cases is not

uniform everywhere �for example, see in Fig. 4�a��. Thus,

the capillary force does not work periodically in the 2D array.

As shown in Fig. 2�b�, different drying speeds in the 2D array

make it difficult to control arrangement of top-gathering

units.

When the distance between pillars differs �la�lb�, the capil-

lary force between closely spaced pillars is larger than that

between widely separated pillars. Due to the imbalance in the

distances between neighboring pillars, i.e., la and lb, the capil-

lary force works effectively between pillars of short distances,

resulting in top-gathering units of four pillars and periodic

array of top-gathering units.

We also found an important relation between la and lb for

the formation of periodic array of top-gathering units. For

la�lb �la�7 mm�lb�5 mm in Fig. 3�a��, the capillary force

between nearest-neighbor pillars is smaller than that between
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Fig. 4. Continuous image shots of drying of 2D pillar arrays: �a� la$lb$9 mm and �b� la$4, lb$10 mm.

Fig. 5. Cross-sectional model of pillar arrays during drying.
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second-nearest-neighbor ones. Thus, at the edge of the 2D

array, top-gathering units of two pillars each were observed.

For la
lb �la�7 mm
lb�9 mm in Fig. 3�b��, however, at the

edge of the array, top-gathering units of four pillars each were

formed easily, and uniform periodic patterns were obtained.

From SEM images of the resultant 2D array patterns and

the in situ observation of the drying, we clarify following fac-

tors for the top-gathering: �1� the balance of capillary force

and restoring power determines the start of top-gathering, �2�

the distance between neighboring pillars �
8 mm� is a key fac-

tor for determining capillary force, and �3� uniform patterns

of four top-gathering pillars are obtained when la�lb

5. Conclusions

In summary, we produced hybrid organic–inorganic pillar

arrays by the photolithography through a mask. Top-gather-

ing pillar arrays of 16 mm height could be obtained when the

distance of neighboring pillars is smaller than 8 mm. It was

found that top-gathering is caused by the balance of capillary

force and restoring power. When the distance between

neighboring pillars differs, closely spaced pillars gather and
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stick to each other by a strong capillary force. By several times

irradiations, capillary force was controlled periodically and

gathering units of four pillars each were arranged, resulting in

top-gathering periodic arrays that can be applied in new opti-

cal devices.
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