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Abstract: Photosensitive sol-gel hybrid (SGH) materials exhibited the
peculiar photoinduced migration behavior of unreacted molecules from
unexposed areas to exposed areas by selective UV exposure. Using the
photoinduced migration mechanism of the photosensitive SGH materials,
the microlens array (MLA) with a smooth surface was directly
photofabricated, and the focal length was controlled by changing the
photoinduced migration parameters. The higher photoactive monomer
content and the thicker film creating a higher curvature produced a smaller
focal length of the MLA. Thus, a simple fabrication and easy control of the
focal length can be applicable to a fabrication of an efficient MLA.
©2006 Optical Society of America
OCIS codes: (160.6060) Solgel; (220.3630) Lenses; (220.4610) Optical fabrication;
(230.4000) Microstructure fabrication; (999.9999) Photosensitivity

References and links
1.
2.
3.

4.
5.
6.
7.
8.
9.
10.
11.
12.

S.N. Tang, T. Li, F.M. Li, C. Zhou, and R.T. Chen, “A holographic waveguide microlens array for
surface-normal optical interconnects,” IEEE Photon. Technol. Lett. 8, 1498-1500 (1996).
T. Huang and K.H. Wagner, “Guided-wave microlens array applications to compact 1x8 planar
waveguide splitters,” Microwave and Opt. Technol. Lett. 43, 29-33 (2004).
X.C. Yuan, W.X. Yu, M. He, J. Bu, W.C. Cheong, H. B. Niu, and X. Peng, “Soft-lithography-enabled
fabrication of large numerical aperture refractive microlens array in hybrid SiO2-TiO2 sol-gel glass,”
Appl. Phys. Lett. 86, 114102 (2005).
Y. Choi, J.H. Park, J.H. Kim, and S.D. Lee, “Fabrication of a focal length variable microlens array based
on a nematic liquid crystal,” Opt. Mater. 21, 643-646 (2003).
M. Agarwall, R.A. Gunasekaran, P. Coane, and K. Varahramyan, “Polymer-based variable focal length
microlens system,” J. Micromech. and Microengin. 14, 1665-1673 (2004).
X.Y. Zhang, Q.L. Tang, X.J. Yi, Z. Zhang, and X.D. Pei, “Cylindrical microlens array fabricated by
argon ion-beam etching,” Opt. Engineering 39, 3001-3007 (2000).
Y.Q. Fu, and B.K.A. Ngoi, “Investigation of diffractive-refractive microlens array fabricated by focused
ion beam technology,” Opt. Engineering 40, 511-516 (2001).
R.R.A. Syms, “Refractive collimating microlens arrays by surface tension self-assembly,” IEEE
Photonics Technol. Lett. 12, 1507-1508 (2000).
S.K. Lee, K.C. Lee, and S.S. Lee, “A simple method for microlens fabrication by the modified LIGA
process,” J. Micromech. and Microengin. 12, 334-340 (2002).
R. Danzebrink, and M.A. Aegerter, “Deposition of micropatterned coating using an ink-jet technique,”
Thin Solid Films 351, 115-118 (1999).
T.K. Shin, J.R. Ho, and J.W.J. Cheng, “A new approach to polymeric microlens array fabrication using
soft replica molding,” IEEE Photon. Technol. Lett. 16, 2078-2080 (2004).
A. Annapoorna, H. Tokuyuki, Y.L. Alice, and H. Lambertus, “Two-photon holographic recording in
aluminosilicate glass containing silver particles,” Opt. Lett. 22, 967-969 (1997).

#70394 - $15.00 USD

(C) 2006 OSA

Received 27 April 2006; revised 27 July 2006; accepted 28 July 2006

4 September 2006 / Vol. 14, No. 18 / OPTICS EXPRESS 8347

13.
14.
15.
16.
17.
18.

T.J. Trout, J.J. Schmieg, W.J. Gambogi, and A.M. Weber, “Optical Photopolymers: Design and
Applications,” Adv. Mater. 10, 1219-1224 (1998).
D.J. Kang, J.U. Park, B.S. Bae, J. Nishii, and K. Kintaka, "Single-Step Photo Patterning of Diffraction
Gratings in Highly Photosensitive Hybrid Gel Films," Opt. Express 11, 1144-1148 (2003).
D.J. Kang, J.K. Kim, and B.S. Bae, "Simple fabrication of diffraction gratings by two-beam interference
method in highly photosensitive hybrid sol-gel films," Opt. Express 11, 3947-3953 (2004).
D.J. Kang, P.V. Phong, and B.S. Bae, "Fabrication of high-efficiency Fresnel-type lenses by pinhole
diffraction imaging of sol-gel hybrid materials," Appl. Phys. Lett. 85, 4289-4291 (2004).
M. He, X. Yuan, J. Bu, C.W. Tan, “A high-corrugation-rate self-processing SiO2-ZrO2 hybrid sol-gel
material for fabrication of microlens array,” IEEE Photonics Technol. Lett. 17, 1223-1225 (2005).
D.J. Kang, W.S. Kim and B.S. Bae, “Direct Photofabrication of Refractive-index-modulated Multimode
Optical Waveguide Using Photosensitive Sol-gel Hybrid Materials,” Appl. Phys. Lett. 87, 221106 1-3
(2005).

1. Introduction
Microlens arrays (MLA) are important components for beam dispersion and in the conversion
for an application of an optical interconnection and of signal processing in compact and
complicated optical data storage, sensing, and imaging systems [1-3]. In particular, the control
of focusing characteristics including focal length in MLA has received much attention, as it is
a crucial factor for exact and efficient beam alignment [4, 5]. MLAs are generally fabricated
by methods such as lithography, etching techniques, re-flowing photoresist, isotropic etching
substrate, LIGA process, ink-jet, etc. [6-10]. Most methods, however, are often complex and
require that several steps are undertaken before the required surface relief structures are
revealed. Thus, there are limitations concerning the prospect of a simple, low cost production
of desired MLAs with feasible controllability of the focusing characteristics. For these
reasons, many studies have concentrated on simplifying the fabrication process of efficient
MLAs [3, 11]. The introduction of photosensitive materials, which could be patterned by
simple exposure to light, offers the prospect of a considerable improvement over conventional
methods. As a result, typical photosensitive materials such as photosensitive inorganic glasses
[12] and photopolymers [13] have received attention among researchers. Photosensitive
inorganic materials, however, are associated with only small changes in the refractive index
and volume, thereby limiting their applications in the direct photofabrication of MLAs.
Photopolymers require higher thermal stability and better optical transparency in order to be
used in the production of MLAs.
Recently, it has been reported that sol-gel hybrid (SGH) materials exhibit the changes in
refractive index or volume on UV exposure and can be simply used for the fabrication of
micro-optical elements including MLAs [14-17]. This photosensitivity in SGH materials is
highly dependent on the relations between materials compositions and UV wavelengths.
Through the control of photosensitivity in SGH materials, various typed micro-optical
elements can be fabricated. In particular, photosensitive SGH materials containing large
amounts of photoactive molecules exhibit a high enough sensitivity to UV radiation to induce
refractive index increase and volume expansion. Moreover, we have recently found the
photoinduced migration behavior in photosensitive SGH materials containing large amounts
of photoactive molecules. UV exposed areas in photosensitive SGH films experience various
photoinduced reactions between the SGH matrix and the photoactive molecules, which causes
substantial differences between unexposed and exposed area in the structure, as well as in the
concentration of photoactive molecules, diffusibility, molecular size and weight, etc.
Subsequently, the migration of unreacted photoactive molecules from the unexposed to
exposed areas occurs, changing the configuration of the exposed areas of photosensitive SGH
films. This is intimately related to the transport and content of the photoactive molecules,
which in turn depends on various parameters, including the UV dose, film composition, film
thickness, and the exposed area size. All of these parameters are readily controlled, thus
allowing considerable freedom in the design and the surface relief structuring of the directly
photofabricated patterns with various sizes and shapes. Thus, for the fabrication of
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microlenses, the curvature will be changed by controlling the parameters, resulting in control
of the focal length. In particular, since the photosensitive SGH materials show photoinduced
simultaneous change both in refractive index and volume, a more precise control of the focal
length is possible that allows for the fabrication of a high efficiency MLA.
In this study, we thus sought to fabricate a MLA by direct photofabrication using the
photoinduced migration mechanism of the photosensitive SGH materials. In particular, it was
demonstrated that the curvature of the directly photofabricated MLA is sensitive to the
photoinduced migration parameters of the photoactive molecule concentration and film
thickness for its focal length to be easily controlled.
2. Experiment
Transparent photosensitive SGH films were prepared using methacryloxypropyltrimethoxysilane (MPTS, Aldrich), perfluoroalkylsilane (PFAS, Toshiba) and zirconium npropoxide (ZPO, Aldrich) chelated with methacrylic acid (MAA, Aldrich) as precursors, as
described in previous reports [12, 13]. All precursors were hydrolyzed with 0.01-N HCl. After
20 hours of stirring to induce a sol-gel reaction, any residual products such as alcohols were
removed at 50°C with an evaporator. Benzyldimethylketal (BDK, Aldrich) as a photoinitiator,
and methylmethacylic acid (MMA, Aldrich) as a photoactive monomer, were added into the
hybrid solution prior to the coating. The concentration of the BDK was varied from 5% to
25% to examine the effect on the structural evolution of the film surface. Solid BDK was
dissolved in 15% of liquid MMA to solve the problem of insolubility of BDK in SGH solution.
Also, it was found that MMA enhanced the photosensitivity of the SGH materials by playing a
part in photochemical reactions of photopolymerization and photolocking [12, 13]. After the
addition of the BDK, the transparent photosensitive SGH solution was filtered through a 0.22
μm filter to remove impurities and bubbles. The photosensitive SGH solution was then used
for the direct photofabrication of the MLA.
3. Results and discussion
The direct photofabrication process of the MLA is schematically illustrated in Fig. 1, which
shows the typical process of direct photofabrication. First, the photosensitive SGH solutions
with various compositions were spin-coated with different spinning speeds on a cleaned glass
substrate for 30 seconds. After the formation of films with various compositions and
thicknesses, a selective UV exposure was carried out for the optimum exposure time under an
Hg UV lamp (Oriel97435, λ = 350~390 nm, optical power density = 70 mWcm-2) using a
photo mask with MLA patterns with lens of various sizes. After the selective UV exposure
with optimum UV doses, the MLAs with the desired shaped were minimally fabricated as a
result of the photoinduced migration of photoactive molecules from the unexposed areas to
the exposed area in addition to the photochemical reactions without the post treatment of an
etching or a developing process. The fabricated MLA was finally stabilized by an additional
heat treatment, at 150°C for 3 hours. This stabilization process (i.e. heat treatment) is
particularly useful, as it removes from the film the unreacted photoactive monomers in the
unexposed area by evaporation. After the heat treatment, the different characteristics of the
photoactive molecules, both in the UV-exposed and the unexposed areas, cause significant
changes in the refractive index and volume.
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Fig. 1. Schematic diagram of the direct photofabrication of a MLA using photoinduced
migration mechanisms photosensitive SGH materials. (a) Spin coating and formation of
photosensitive SGH film; (b) Selective UV exposure for the direct photofabrication of the
MLA on photosensitive SGH film with a photo mask; and (c) Final formation of the stabilized
MLA through thermal curing.

These allow for the fabrication of a stabilized MLA. Thus, the production process of the MLA
using the photoinduced migration mechanisms of photosensitive SGH materials is a simple
and the cost-effective process, making it desirable for practical applications.
Figure 2 shows (a) a 3D scanning interferometry (SI, SNU-precision, SIS-1200) image,
(b) an atomic force microscope (AFM, Park Scientific Instruments, Autoprobe 5 M) RMS
roughness image, and (c) a focal spot image on the focusing plane of the directly
photofabricated MLA using the photoinduced migration mechanism of the photosensitive
SGH materials. As shown in Fig. 2(a), the convex-type MLA with a diameter of 30 μm and
the height of 1.25 μm was directly photofabricated using the photosensitive SGH materials
containing 15% BDK and 15% MMA exposed to an 84 Jcm-2 UV dose. The directly
photofabricated MLA exhibits good patternability and a uniform homogeneity, which enables
it to function as microlenses as shown in Fig. 2 (c). This relates to the photochemical reactions
such as photopolymerization and photolocking of the SGH matrix as well as the photoactive
monomers of BDK in MMA. This causes substantial differences between the unexposed and
exposed areas in the molecular structure, the concentration of the photoactive monomers,
molecular size and weight. Accordingly, the photoinduced migration of the unreacted
photoactive monomers and SGH oligosiloxanes from the unexposed areas to the exposed
areas occurs and causes a substantial equilibrium. The photochemical reaction and the
subsequent photoinduced migration produce a considerable increase in volume as well as a
refractive index increase in the exposed area in order to fabricate the convex-type MLA. In
order to characterize the performance of the directly photofabricated MLA, the surface
roughness was initially measured by AFM in order to analyze the surface quality of the MLA.
Top surface of the fabricated lens is very smooth with an RMS roughness of 0.5 nm, as
shown in Fig. 2(b). This is due to the use of the simple single-step photopatterning without a
development or etching process. The good surface smoothness of the directly photofabricated
MLA can be useful in practical applications related to optical communications. In addition,
the focusing characteristics at the focal spot of the MLA were measured. The focusing spot
intensity distribution of the MLA was measured with a beam profiler using a 1550 nm laser
diode source and a charge-coupled device.

#70394 - $15.00 USD

(C) 2006 OSA

Received 27 April 2006; revised 27 July 2006; accepted 28 July 2006

4 September 2006 / Vol. 14, No. 18 / OPTICS EXPRESS 8350

(a)

(b)

(c)

Fig. 2. (a) a 3D SI image, (b) an AFM RMS roughness image and (c) focal spot images on
focusing plane of a MLA directly photofabricated using photoinduced migration mechanisms
of photosensitive SGH materials.

The spot diameter, based on the 1/e2 intensity of the peak and found by fitting a Gaussian to
the profile, was 4.1 μm. As shown in Fig. 2(c), the 2x2 array beam image randomly measured
on the directly photofabricated MLA exhibits a uniform and good profile. The high
performance of the MLA results from the formation of the desired refractive index
distribution and surface relief modification via the controlled application of the photoinduced
migration mechanism. These fabricated MLAs exhibit the high optical transmission of ~ 95%
in the spectral visible and near IR ranges, which can be useful for optical application.
In addition to the optimum UV doses, the photoinduced migration parameters of the
photoactive monomer (BDK in MMA) concentration and the film thickness can readily
control the sizes and the shapes as well as the refractive index distributions of the MLA. Thus,
the focal length of MLA, which is highly dependent on the profiles of both the refractive
index and the shape of the MLA, be controlled. Fig. 3 exhibits 2D SI line profiles exhibiting
increases in the height of the MLA dependent on (a) the photoactive monomer (BDK in
MMA) concentration, and (b) film thickness. The scan size of the SI was 120 μm, and the
diameter of the directly photofabricated MLA was approximately 40 μm. The amount of the
BDK in the MMA changed from 5% to 25%, and the optimal UV dose utilized was 84 Jcm-2.
In addition, the film thickness was controlled within a range of 6.45 μm to 14.89 μm using
different spinning speeds. As shown in Fig. 3(a), a greater height of the direct photofabricated
MLA is obtained with higher contents of photoactive monomers in the photosensitive SGH
film. This is due to the fact that a much larger amount of the monomers in the unexposed area
can migrate into the exposed area of the film containing a large quantity of photoactive
monomers. In addition, the photochemical reactions, including dimerization, polymerization,
and crosslinking reactions of monomers and oligosiloxanes are preferred in accordance with
the content of the BDK. Thus, the unreacted MMA and SGH oligosiloxanes together with the
unreacted BDK in the photosensitive SGH film can more easily migrate from the unexposed
area to the exposed area in the film. As a result, the height of the MLA grows as the
photoactive monomer content increases. As can be seen in Fig. 3(b), the height of the directly
photofabricated MLA is increased in accordance with the increase in the film thickness. A
greater amount of the monomer and the SGH oligosiloxanes in the thicker film is able to
migrate into the exposed area, producing a taller MLA. The strong dependence of the
photoactive monomer concentration and the film thickness on the height of the directly
photofabricated MLA confirms the photoinduced migration mechanism in the photosensitive
SGH materials. Thus, the high content of movable monomers caused by the addition of
photoactive monomers as well as by a thicker film coating fabricates the MLA with a high
curvature of a small focal length.
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(a)
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Fig. 3. Height changes of MLAs directly photofabricated through the control of photoinduced
migration parameters. 2D SI line profiles of (a) MLA heights depending on photoactive
monomer (photoinitiator: BDK) content and (b) MLA heights depending on the photosensitive
SGH film thickness. (h: Height of MLA, F. T.: Film Thickness).

Based on the controllability of the curvature of the MLA brought about by changing the
photoinduced migration parameters of the photosensitive SGH materials, it was possible to
efficiently control the focal lengths of MLAs through the photoinduced migration
mechanisms. Fig. 4 exhibits a change in the focal length of directly photofabricated MLAs
having 40 μm and 60 μm lens diameters, depending on the BDK concentration and the film
thickness increase.
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Fig. 4. Control of focal lengths of the MLAs directly photofabricated using photoinduced
migration mechanisms of photosensitive SGH materials. (a) The relationship between the
photoactive monomer concentration and focal lengths of MLAs. (b) The relationship between
the film thickness and focal lengths of MLAs.
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The height of the MLA increases as the BDK concentration and the film thickness increase, as
discussed above. In addition, the refractive index distributions on the MLAs would increase
by increasing the BDK content and the film thickness due to the photoinduced migration of a
large amount of photoactive monomer and the strong photochemical reactions of
photopolymerization and the photolocking within the UV-exposed area. The increases of the
height and the refractive index changes in the directly fabricated MLAs play an important role
in shortening the focal length and enhancing the focusing characteristics. As shown in Fig. 4,
the focal length of the directly photofabricated MLA can be controlled easily with changes in
the photoinduced migration parameters, particularly the photoactive monomer contents and
the film thickness. In addition, an enhancement of the focusing characteristics of beam, such
as its homogeneity and intensity, can be obtained by changing these photoinduced migration
parameters. Therefore, the simple control of focal length in photosensitive SGH films is
shown to be useful for the production of efficient MLAs.
4. Conclusion
In conclusion, a smooth-surfaced MLA was simply fabricated by a direct photofabrication of
the photosensitive SGH material using the unique photoinduced migration mechanism. As the
photoinduced migration mechanism was highly dependent on the UV dose, photoactive
monomer concentration, and film thickness, the height of the directly photofabricated MLA
was controlled by changing these parameters. Thus, the focal length of the MLA was
controlled to allow considerable freedom in the design and the surface structuring during the
fabrication of an efficient MLA.
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