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ABSTRACT

Special attention has been focused on photo-imageable sol-gel
hybrid (SGH) materials because of their synergetic effects, such as
high photosensitivity and transparency, as well as mechanical and
chemical durability resulting from the presence of polymer and
silica networks in the hybrid structure. Photo-induced migration,
which accompanies photopolymerization and photolocking in
these materials, allows for the formation of convex micropatterns
with a higher refractive index than the original film through
exposure to UV radiation. Controlling the parameters affecting this
photo-induced migration can permit modulation of the size and
shape of such microstructures for the simple and cost-effective
direct photofabrication of micro-optical elements, such as micro-
lenses and microlens arrays.

1. Introduction

The phenomenon of photosensitivity and, in particular,
the possibility of inducing a permanent change in the
refractive index and/or volume of a medium by exposing
it to light have attracted attention because of their
potential application in the direct photofabrication of
micro-optical elements, such as microlenses, microlens
arrays, optical waveguides, and diffractive optical elements.'**
To date, micro-optical elements have most commonly
been fabricated using multistep methods, such as litho-
graphic or etching techniques.?® These methods, however,
are often complex and require several steps to be under-
taken before the desired surface structure is revealed, thus
placing limitations on the prospect of the straightforward,
low-cost production of micro-optical elements. The in-
troduction of photosensitive materials, which could be
patterned by simply exposing them to light, offers the
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prospect of a considerable improvement over conven-
tional methods. As a result, the characteristics of many
photosensitive materials, such as inorganic glasses,”*°
photopolymers,'™ and azopolymers,® have been investi-
gated. The photosensitive inorganic glasses, however,
exhibit very small changes in the refractive index and
volume, thereby limiting their application in the manu-
facture of optical elements. On the other hand, photo- and
azopolymers would need to be modified in such a way
that they demonstrate higher thermal stability and optical
transparency than they currently possess if they are to be
used in the production of micro-optical elements.

An alternative can be found in recent reports on the
use of newly developed photo-imageable sol-gel hybrid
(SGH) materials for practical applications.'’*** These
materials have been demonstrated to exhibit high sensi-
tivity to UV radiation, a property which can be directly
exploited to permit the fabrication of micro-optical ele-
ments. In comparison to other photosensitive materials,
SGH materials exhibit higher photosensitivity levels and,
perhaps even more importantly, these levels are control-
lable to a significant degree. This control is achieved
through the deliberate variation of parameters, such as
the composition of the material, the UV wavelength used
during the exposure process, and other process param-
eters. In addition, synergetic effects as a result of interac-
tions between the inorganic and organic components in
the materials have been shown to enhance various
characteristics of SGH materials.'? The photo-excitation
of the azobenzene group in SGH materials by polarized
light can create surface relief gratings on the films with a
high birefringence.!' However, in the photo-imageable
SGH materials, various mechanisms based on the pres-
ence of an inorganic siloxane group and a polymerizable
organic group or doped photo-active organic monomers
have been proposed to explain different types of photo-
induced self-structuring on the material surface. The most
common suggestions are that either a combination of
organic polymerization'*!® and inorganic condensation
or a process of densification'® is responsible. Either of
these could cause the observed behavior of volume
shrinkage accompanied by an increase in the refractive
index. However, the different behavior of volume expan-
sion with a refractive index increase has also been
observed in combination with various surface modula-
tions when photo-imageable SGH materials are exposed
to UV radiation. In the first instance, the combination of
volume expansion and a large increase in the refractive
index was found in SGH materials that had been doped
with a large quantity of photo-initiator.'® This was ex-
plained through a proposed “photolocking” mechanism,
which involved the attachment of photodecomposed
radicals from the photo-initiator to the host SGH matrix.
This mechanism can explain the observed refractive index
increase, which is a linear function of the photo-initiator
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FIGURE 1. Schematic diagram of major components and synthesis of photo-imageable SGH material.

concentration, but it does not sufficiently explain the
observed high level of volume expansion that occurs when
the material is selectively illuminated. As a result, some
researchers have proposed the migration of constituents
from exposed areas to unexposed areas in SGH materials
because of the presence of a chemical composition
gradient induced by photo-induced reactions that, of
course, occur only in the exposed area.'®2? This behavior
had already been observed in photopolymers,'™ which
mainly consist of a polymerized binder matrix, a photo-
active monomer, and a solvent. In this case, however, the
extent of the migration was low because the gradient in
the chemical composition between the exposed area and
the unexposed area was small because of the presence of
the polymerized binder matrix within the photopolymer.
Moreover, the practical application of photo- and azopoly-
mers in the creation of micro-optical elements was
restricted because of their low thermal durability and poor
optical transparency.

Photo-imageable SGH materials should not experience
the problems associated with photopolymers, and they
exhibit extensive photo-induced migration as a result of
the various photo-induced reactions mentioned above.
However, thus far, the existence of a photo-induced
migration mechanism has not been confirmed either in
photosensitive SGH materials or in photopolymers. This
Account describes the first observation of in situ micro-
structural evolution as a function of UV exposure dosage,
thus demonstrating identifiable migration behavior in a
photo-imageable SGH material. Also, the impact of changes
in the parameters affecting this photo-induced migration
on the microstructural evolution of the material is dis-
cussed, particularly with reference to the possibility of
manipulating these parameters to control the shape of
microstructures that could be used in the photofabrication
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of micro-optical elements, such as microlenses and mi-
crolens arrays.

2. Design and Synthesis of Photo-imageahle
SGH Material

Because it is reasonable to expect many photo-induced
reactions in materials containing methacrylate, it has been
common to synthesize methacrylate SGH materials using
3-trimethoxysilylpropyl methacrylate (MPTS). Our photo-
imageable SGH material was newly designed and synthe-
sized with an eye toward inducing high levels of photo-
induced migration of monomers and oligomers in sub-
sequent fabrication processes.'®?? A large quantity of a
photochemical monomer (i.e., a photo-initiator or other
photodecomposable monomer) and a photo-active mono-
mer (i.e., a polymerizable acrylate monomer) was added
to enhance photo-induced reactions in the SGH material.
Figure 1 illustrates schematically the major components
of this photo-imageable SGH material. MPTS, heptadeca-
fluorodecyltrimethoxysilane (PFAS), zirconium n-pro-
poxide (ZPO), and methacrylic acid (MAA) were used as
starting materials for the formation of fluorinated meth-
acryl-oligosiloxane in the solution. On the basis of the
sol-gel reaction, hydrolysis of alkoxysilanes in the exist-
ence of water followed by condensation of hydroxyl
groups forms the siloxane.?* The reaction is sensitive to
the alkoxysilane composition, amount of water, catalysis,
and temperature. Here, PFAS was used to improve the
optical transparency of the material through fluorination
of the methacryl-oligosiloxanes, and ZPO was used to
catalyze the sol-gel reaction and thus to encourage the
formation of highly condensed oligosiloxanes. Also, when
the amount of PFAS and ZPO used in the reaction is
controlled, it is possible to tune the refractive index of the



Photo-imageable Sol-Gel Hybrid Materials Kang and Bae

fabricated SGH material as required. For our study, the
MPTS and PFAS were first hydrolyzed with 0.75 equiv of
0.01 M hydrochloric acid (HCI). ZPO was then reacted with
MAA in a molar ratio of 1:1 to form a chelating complex
in a N, atmosphere. After that, the chelated ZPO solution
was added to the prehydrolyzed MPTS and PFAS solution
and stirred for 1 h to advance hydrolysis and condensa-
tion. The mixed solution was reacted with additional water
for 20 h to complete the hydrolysis and condensation
reactions. The total amount of water contained 1.5 equiv
of total alkoxides in the solution. After the reaction to
synthesize the fluorinated methacryl-oligosiloxane solu-
tion, any residual products (such as alcohols) were
removed at 50 °C with an evaporator. Solid benzyldi-
methylketal (BDK) (a photochemical monomer) dissolved
in methylmethacylic acid (MMA) (a photo-active mono-
mer) was added to the fluorinated methacryl-oligosiloxane
solution. Here, the photochemical monomer, BDK, has
roles in both the initiation of the photopolymerization and
doping of the photolocking agent after its photodecom-
position. The photo-active monomer, MMA, acts as either
a polymerizable group in areas of the material exposed
to UV radiation or as a diffusible group in unexposed
areas. It also acts as a solvent for the large BDK content.
The resulting photo-imageable SGH material is optically
transparent because of the highly condensed fluorinated
methacryl-oligosiloxane base structure and is highly pho-
tosensitive because it contains high levels of both the
photo-initiator and the acrylate monomer. The polymer-
ized SGH material is dense, without the presence of
micropores, enough to be used in optics because of the
additional cross-linking of oligosiloxanes. The glass transi-
tion has not been found below the decomposition tem-
perature, which is over 300 °C, and the negligible bire-
fringence (<1072) can be reserved during heating and
cooling.?® These robust characteristics can allow SGH
material to be used in many optical applications.

3. Photosensitivity of Photo-imageahle SGH
Materials

Figure 2 shows the changes in the refractive index (a) and
thickness (b) of various SGH films as a function of the
UV exposure dose and BDK content. Regardless of the
BDK content, both the refractive index and the film
thickness increase rapidly for short UV exposures and then
become saturated. Their saturated values provide a mea-
sure of the photosensitivity of the material. Photopolym-
erization as well as photolocking accompanied by pho-
todecomposition of the BDK is fast for UV illumination
with high power ratings. Generally, photopolymerization
induces volume shrinkage along with a small increase of
the refractive index. As we have demonstrated in previous
reports,'® the main cause of the observed increases in both
the refractive index and film thickness in SGH materials
is a photolocking mechanism that fixes the photodecom-
posed radicals from the BDK into the methacryl-oligo-
siloxane matrix. This was established by comparing the
refractive index and thickness of films, whose photode-
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FIGURE 2. Changes in the refractive index (a) and thickness (b) of
UV-exposed SGH films as a function of the UV dose and BDK
content. The films were baked at 150 °C for 3 h after UV exposure.

composition products (highly polar radicals) are fixed in
exposed areas to the thickness and refractive index of
unexposed film in which BDK is volatilized during thermal
baking. It has become clear that increases in the refractive
index and film thickness are each enhanced in a way that
is proportional to the BDK content (see Figure 2). In other
words, considerably higher photosensitivity can be ob-
tained in these materials if their composition is modified
to contain high levels of BDK. In the past, the restricted
solubility of BDK in the organo-oligosiloxane solution has
been a limiting factor in the ability to dope sol-gel films
of this sort with large amounts of BDK. In this study,
however, large quantities of BDK were dissolved in MMA,
which is a photo-active monomer, to participate in the
photopolymerization of the methacrylate and to act as a
source of mobile (and hence able to diffuse and migrate)
monomers. We have found that a composition that made
use of 25 wt % BDK dissolved in 15 wt % MMA exhibits
the highest photosensitivity. That is, such films demon-
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FIGURE 3. Schematic diagram of the photo-induced migration
mechanism in SGH materials during selective UV exposure with a
photomask.

strate the largest changes in both the refractive index (over
10?) and film thickness (about 30%) upon UV exposure
(see Figure 2).

4. Photo-imaging of SGH Materials

4.1. Photo-induced Migration Mechanism. Figure 3
is a schematic diagram of the photoinduced migration
mechanism in photo-imageable SGH materials. Whether
the selective UV illumination is accomplished using a
photomask or direct laser writing, the exposed area
experiences various photo-induced reactions. First of all,
BDK is readily decomposed to two radicals that initiate
the photopolymerization of the methacryl-oligosiloxanes
and MMA. This photopolymerization includes processes
such as oligopolymerization, low-order polymerization,
homopolymerization, and copolymerization. Also, the
photodecomposed radicals are fixed in the methacryl-
oligosiloxane matrix or undergo a dimerization process
in which two benzoyl radicals form benzil molecules, as
described in a previous study.?® The cross-linking and
attachment of doped molecules in the UV-exposed area
of the SGH film differentiate these areas from the mixed
state of oligomers and monomers in the unexposed areas.
This structural distinction causes substantial differences
between the concentration of unreacted molecules in
exposed and unexposed areas, as well as in the diffusivity
and the molecular size and weight of the constituents in
these areas. The result is a chemical composition gradient
between the exposed and unexposed areas, making it
thermodynamically preferable for unreacted oligomers or
monomers to migrate into the exposed area, where they
then react via photopolymerization or photolocking. This
migration will continue until all available sites for polym-
erization and photolocking in the exposed area are
consumed or until the diffusivity of the oligomers or
monomers in the unexposed area drops below the level
necessary to drive it. Thermal baking of the SGH film after
the UV exposure stabilizes the film, allowing it to be
imaged clearly. The heating may polymerize the methacryl
oligomers and MMA monomers in the film and may also
remove any nondecomposed BDK in the unexposed area
by evaporation.!” This latter process is likely to occur
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because of the intrinsic high diffusivity and volatility of
BDK. In any case, thermal baking hardens the surface of
the exposed regions, preventing further migration of either
oligomers or monomers. In this way, stabilized surface
structures with expanded volumes and higher refractive
indices are formed in the exposed region.

To further elucidate the processes proposed in this
schematic, changes in the molecular structure of the films
in micropatterned areas were mapped using a Fourier
transform infrared spectroscopy (FTIR) microscope in
combination with an IR spectroscope and an optical
microscope. Figure 4a shows an optical micrograph of a
circular microstructure of approximately 80 um in diam-
eter detected using white-light illumination and the FTIR
microscope. A FTIR step scan was conducted across the
circle with a scanning length of approximately 110 xm and
8 spectral steps. The results are shown in Figure 4b.
Because the photo-imageable SGH films had not been
dried prior to the scan, it was assumed that any observed
changes in the molecular structure were only due to
photoreactions. It appears that the intensity of the v—¢
peak at 1638 cm ™! reduces, and the v.—, peak at 1719
cm™ shifts to longer wavenumbers as the IR-scanning
position moves from the edge of the circle to its center.
This represents the consumption of C=C bonds and the
loss of conjugation with the C=C bond because of
photopolymerization or photolocking and is proportional
to the variation in the intensity distribution of the original
UV exposure. On the other hand, the integrated area of
the vc—o band at 1719 cm ' remains constant. The
conversion degree of the C=C bond calculated from the
integrated peak intensities of the v_c and vo—o bands®’
was plotted against the scanning position, as well as the
ve—c peak intensity (see Figure 4c). The conversion degree
of the C=C bond increases up to 96% in the center of the
exposed region, indicating intensive photo-induced reac-
tions and affirming the modulation of the molecular
structure that will result in a substantial chemical com-
position gradient. Because this modulation follows the
intensity profile of the UV beam used for the original
exposure, it follows that the gradient should follow this
profile as well and, subsequently, induces the migration
of unreacted monomers or oligomers from unexposed
areas (low-conversion degree) to exposed areas (high-
conversion degree).

The modulation in the grade of the photo-induced
reactions depending upon the UV exposure intensity may
produce the refractive index profile across the photofab-
ricated pattern. The refractive index modulation of the
pattern was measured using a near-field scanning optical
microscope (NSOM) in reflection mode with an Ar laser
(A =488 nm) as the probing source. Figure 5 shows some
2D NSOM line profiles of the optical intensity of the
reflection (which represents the refractive index modula-
tion of a photofabricated object) on the SGH films. Three
differently shaped regions were exposed. Figure 5a shows
a microstructure in the shape of a simple line. Figure 5b
is a single circle, while Figure 5c is an image of an array
of circles. It is clear that the refractive index modulation
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FIGURE 4. (a) Optical micrograph of a circular microstructure on a
SGH film detected using white light and a FTIR microscope. The
circle of approximately 80 «m in diameter was fabricated using a
binary photomask with a diameter of 30 m. (b) FTIR mapping spectra
of 8 steps across the circle with a scanning length of approximately
110 um. (c) Profiles obtained from the FTIR spectra of the conversion
degree and C=C peak intensity as a function of the IR-scanning
position across the circle.

follows the topological shape of the photofabricated
patterns in all of the microstructures. This modulation
occurs because of the photo-induced reaction profile that
was inferred from the molecular structure changes evident
in the FTIR scans.

To confirm the proposed photo-induced migration
empirically, we analyzed the microstructural evolution of
the surface of the micropatterns on the SGH films during
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FIGURE 5. Two-dimensional NSOM line profiles of the optical
intensity representing the refractive index profiles of photofabricated
microstructures on SGH films that were (a) line-shaped, (b) circular,
and (c) an array of circles.

selective UV exposure in situ. Figure 6 shows a set of 3D
scanning interferometer (SI) images of (a) circle- and (b)
line-shaped surface microstructures as a function of the
UV dose. The diameter of the circle and the line width of
the binary photomasks used during the exposure were 30
and 10 um, respectively. The photofabricated circle- and
line-shaped surface structures exhibit various modulations
as the UV dose increases. As can be seen, both structures
have only a single peak as a result of the initial UV dose.
The irradiated area becomes fixed and hardened because
of the occurrence of intensive photo-induced reactions.
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FIGURE 6. Three-dimensional Sl images of in situ surface microstructural evolution of (a) circle-shaped (30 «m in diameter) and (b) line-
shaped (10 #m in width) micropatterns on photo-imageable SGH films as a function of the UV exposure dose.

As the UV dose grows, the micropatterns in the exposed
areas evolve into more complex shapes because of the
relative depression of the central areas. This depression
is the result of the migration of oligosiloxanes and
unreacted monomers from the unexposed sides, which
increases the height of the film around the exposed region.
The migration continues, shifting the peaks toward the
center and causing the uplift of the hardened central area
along with the formation of another shoulder around the
exposed area. This constant migration thus shapes the
micropatterns into three peaks. Finally, even more migra-
tion combines the three peaks to form the single shape
(either a line or a circle). After this point, the width and
height of the photofabricated pattern are enhanced be-
cause of more migration, but the shape of the structure
no longer changes. This in situ surface microstructural
evolution in the photofabricated micropatterns (single
pattern — double patterns — triple patterns — unified
single patterns — pattern growth) convincingly demon-
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strates the migration behavior of the constituents from
the unexposed area to the exposed area. It is to be
expected that the migration is dependent upon various
composition and process parameters, which would result
in variation in the microstructural evolution of a given film
as a function of the UV exposure dose. By understanding
this behavior, we can control the shape of the photofab-
ricated microstructures to produce a range of micro-
optical elements.

4.2. Photo-induced Migration Parameters and Con-
trollability. On the basis of the SI images in Figure 6, we
numerically analyzed the surface modulation of the
photofabricated circle- and line-shaped microstructures
as a function of the UV dose. Figure 7 presents the height
and width changes of the (a) circle- and (b) line-shaped
structures as the UV dose was increased. The heights of
the circle and line patterns increase steeply in the initial
UV dose ranges and then grow slowly at higher dosage
levels. On the other hand, the width of both the circle and
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FIGURE 7. Changes in the height (M) and width (a) of photofabri-
cated surface microstructures of (a) circle- and (b) line-shaped
micropatterns on SGH films.

the line patterns decrease drastically after climbing steeply
during the initial exposure. This suggests that the photo-
induced reactions in the exposed area are strongly active
during short UV doses. The high levels of activity result
in sudden surface modulations, with increasing pattern
widths and heights because of rapid migration of material
from the unexposed area to the exposed area. After this
initial period of rapid migration, further migration occurs
more slowly, raising the height of the structure but
concentrating the movable species into the central region,
thus narrowing the width of the pattern. Careful control
of the UV dose, then, permits the design of micro-optical
elements of well-defined height and width.

In addition to the UV exposure dose, the impact of
other parameters on the photo-induced migration process
in SGH materials can be considered. These include the
concentration of photosensitive monomers in the film, the
original film thickness, and area of the exposed site. Figure
8 summarizes the surface evolution of the photo-fabri-
cated patterns as functions of these parameters. It is
apparent that this evolution is both complicated and very
sensitive to changes in any of the parameters tested. As
we have already discussed, higher levels of BDK in the
SGH material induce a steeper chemical composition
gradient and lead to more active photo-induced migration.
As a result, increasing the concentration of BDK leads to
greater maximum heights in the final microstructure.
Similarly, the presence of higher numbers of oligomers

a)
5 10 15 20 25
BDK concentration (wt%)
b)

— == o o

S
Sl am an A
3
£ 50 A
i
Q
W
4
x 30
i
20
5.6 6.5 7.4 8.9 151
Film Thickness {um)
C)
ohoa na na o 4
)
Sohaa e me ofe AR
(1]
h=]
Q
3
Sk - e oaa ofa 40
i
20— e oo o 40

0.8 4.8 12 36 504
UV exposure dose (Jcm2)

FIGURE 8. Mapping of the structural evolution of the surface of
microelements as a function of photo-induced migration parameters:
(a) concentration of BDK, (b) film thickness versus exposed area
size, and (c) UV exposure dose versus exposed area size.

or monomers (i.e., more molecules available for diffusion
and migration) in the thicker films leads to increased
maximum heights. Thus, for a given pattern width, higher
surface structures are obtained by using thicker films of
photo-imageable SGH materials containing more oligo-
siloxane and photosensitive monomers (i.e., more BDK
and MMA).

Because the migration required for the creation of these
microstructures is a kinetic phenomenon, the migration
length is limited to the fabrication of convex microstruc-
tures and the achievable microstructure size may be
restricted. The resulting profile of any photofabricated
microstructure is highly dependent upon the size of the
exposed area, as evident in parts b and c of Figure 8. For
large exposed areas, more photoinduced migration is
required to achieve the desired convex shape typical of a
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FIGURE 9. SEM and 3D Sl images of a (a) microlens (40 um in diameter and 3.2 um in height) and (b) microlens array (30 #m in diameter and

1.25 um in height) directly photofabricated on SGH films.

lens, for example. As a result, the creation of structures
with larger areas will require the use of films with either
higher concentrations of photosensitive monomers or
greater film thickness or will involve the use of longer
exposure times to permit sufficient migration levels to
generate the desired shape. In addition, the dimension
of the unexposed area should be large compared to the
exposed area, thus providing an abundant source of
migrating monomers.

The careful consideration of the effect of variation in
both composition and process parameters upon the
photofabricated microstructures has permitted a clearer
understanding of the photo-induced migration process.
Moreover, it is apparent that the well-shaped microstruc-
tures that are desirable in various micro-optical elements
can be readily formed by precisely controlling these
parameters. Thus, photo-imageable SGH materials permit
very efficient and flexible patterning with excellent po-
tential for applications in the direct photofabrication of
micro-optical elements.

5. Direct Photofabrication of Microlenses and
Microlens Arrays

It has been reported that many micro-optical elements,
such as diffraction gratings and optical waveguides, have
been directly photofabricated using photo-imageable SGH
films.'*2! Microlenses and microlens arrays can also be
directly photofabricated on these films by the precise
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control of the parameters affecting photo-induced migra-
tion within the films.?> SGH films were selectively il-
luminated under a Hg UV lamp using a binary photomask
containing microlenses and microlens-array patterns of
various sizes. In a single fabrication step, the UV exposure
formed the desired convex microlenses and microlens
arrays without the need for any etching or developing
processes. Figure 9 represents the scanning electron
microscopy (SEM) (left) and 3D SI (right) images of
photofabricated (a) microlenses and (b) microlens arrays
on SGH films. Through the precise control of the photo-
induced migration mechanism, convex microlenses and
microlens arrays with diameters of 40 and 30 um and
heights of 3.2 and 1.25 um, respectively, were designed
and directly photofabricated. The fabricated optical ele-
ments exhibit good homogeneity in addition to the
required refractive index distribution. Also, the surface
roughness of the fabricated elements was as low as around
0.5 nm root mean square (rms). This is within the value
required for the elements to be optically applicable and
is equivalent to that of the unexposed area. This is a result
of the fact that no etching or developing process was
required and the excellent coating qualities of the SGH,
despite its high concentration of BDK. The good surface
quality of the fabricated microlens and microlens array
opens the way for many potential applications in fields
such as optical communications and efficiency enhancing
display layers.
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FIGURE 10. Focusing properties in the focal plane of a microlens and microlens array directly photofabricated on SGH films. (a) Focusing
profiles at the focal spot of the microlens (focal spot image is shown in the inset) and (b) focal spot image at the focusing plane of the

microlens array.

We evaluated the focusing properties of the micro-
optical elements in the focal plane with a beam profiler,
using a 1550 nm laser source and a charge-coupled device
(CCD). A microlens with a diameter and height of 105 and
2.25 um, respectively, was used. The spot diameter based
on the 1/e? intensity of the peak and found by fitting a
Gaussian to the profile was 11.3 um. The focal length was
measured to be 350 um. A microlens array was also
characterized. The diameter and height of each compo-
nent lens was 60 and 3.46 um, respectively. In this case,
the spot diameter was 3.98 um and the focal length was
measured to be 155 um. As is illustrated in Figure 10, the
distinctive beam profile of a microlens, demonstrating a
good fit to a Gaussian profile, was found. Also, the image
of the beam focused through a 2 x 2 array of microlenses
exhibits excellent uniformity in the profiles because of the
high refractive index distribution and controlled surface
modification discussed earlier. Moreover, because the
refractive index distribution as well as both the size and
shape of the microlens are readily controlled, the focal
lengths of the microlenses produced can be tuned.
Similarly, focusing properties such as the fill factor and
focusing beam homogeneity can be enhanced through
more precise control of the photo-induced migration
parameters, which should be particularly useful in the
simple production of various micro-optical elements.

6. Conclusions and Prospects

SGH materials exhibit high levels of photosensitivity that
are related to strong photo-induced reactions, such as
photopolymerization and photolocking. These reactions
cause photo-induced migration that results in efficient
modification of the refractive index and volume of the
material, permitting the simple fabrication of micro-
optical structures. The formation of the microstructures
on the film surfaces was found to be highly dependent
upon many composition and process parameters, such
as the UV dose, concentration of photosensitive molecules
in the film, film thickness, and exposed area size. Through

in situ observations of the evolution of various photofab-
ricated patterns as a function of the UV dose and other
parameters, we have been able to confirm the occurrence
of photo-induced migration of molecules from unexposed
to exposed areas on the films. Finally, well-defined and
high-performance microlenses and microlens arrays with
smooth surfaces were designed and directly fabricated
through the precise control of this photo-induced migra-
tion process. The direct photofabrication of micro-optical
elements using the photo-imageable SGH material de-
scribed has potential applications in the simple produc-
tion of various micro-optical elements used in optics and
displays.

Micro-optical technology has thus far been used in
high-performance applications rather than in mass pro-
duction because of its high cost. Recently, many industrial
applications have demonstrated a need for micro-optical
technologies at low cost. Thus, the development of cheap
materials and simple fabrication technologies for the
production of micro-optical elements is required. It has
been found that SGH materials possess many advanta-
geous characteristics for optical applications compared to
other optical materials, such as glasses and polymers. In
addition to the superior optical characteristics of these
materials, the simple and direct photofabrication of micro-
optical elements using them provides the potential for
cost-effective technology that can be readily applied in
mass-production industries. For the practical application
of the photo-imageable SGH materials, it is necessary to
identify suitable industrial applications and demonstrate
the simpler fabrication of many micro-optical elements
with good reliability and characteristics acceptable in the
current market.
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