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Microlenses fabricated by ultraviolet excimer
laser irradiation of poly(methyl methacrylate)

followed by styrene diffusion

Sylvain Lazare, John Lopez, Jean-Marie Turlet, Maria Kufner, Stefan Kufner, and

Pierre Chavel

A new technique of microlens array fabrication based on the use of excimer laser radiation is described.
Poly(methyl methacrylate) (PMMA) substrates are treated with many low-energy KrF laser pulses and

exposed to styrene vapor.
stabilized by UV polymerization.

The irradiated material swells, producing spherical microlenses that are
The chemistry of this process and the optical quality of the lenses are

discussed. © 1996 Optical Society of America

Key words:

1. Introduction

Miniaturization of optical setups has a need for min-
iaturized lenses. For several years many research
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groups all over the world have investigated new fab-
rication methods for microlenses such as ion diffusion
in glass,! photosensibilization of glass,2 melting of
photoresist,? diffractive techniques,* excimer laser
ablation and melting,> and proton irradiation of
poly(methyl methacrylate) (PMMA).6 In Ref. 6 a
fabrication method for microlenses in PMMA is de-
scribed that uses deep proton irradiation and subse-
quent styrene vapor diffusion. Because PMMA acts
as a positive resist not only for proton irradiation but
for any kind of radiation such as synchrotron, elec-
tron, and deep UV irradiation, this method is trans-
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Fig. 1. Fabrication process: (a) KrF excimer laser (248 nm) ir-
radiation of PMMA, (b) styrene diffusion, (c) mercury lamp (365
nm) copolymerization.

ferable to these sources.” Recently it has been
shown that the lens fabrication is also possible by
synchrotron irradiation® and excimer laser irradia-
tion.? This paper discusses the potential of UV ir-
radiation; an excimer laser with a 248-nm
wavelength is used as a radiation source. We dem-
onstrate that, with a convenient UV source, micro-
lenses with interesting numerical apertures are
easily obtained. This process does not require put-
ting the sample into a vacuum environment, and it
uses commercially available chromium masks on
quartz. The advantage of using a UV laser is that it
provides a collimated beam that is patterned by a
mask that is in direct contact with the substrate.
Modern excimer lasers can provide large homoge-
neous beams (as large as 10 X 10 cm?) for large-scale
fabrication.

2. Fabrication Process

The fabrication process is somewhat similar to the
proton irradiation procedure of Ref. 6 (Fig. 1). The
proton source is replaced by an excimer laser, and the
mask is adapted to the radiation source. A chro-
mium mask containing circular apertures on quartz
is put on top of the PMMA plate (thickness of the
order of 500 pm). The aperture diameter deter-
mines the final lens diameter, typically between 20
and 1000 pm. The irradiation is performed in air
under normal incidence with pulses of a KrF laser (\)
of low energy (10 mJ/cm?, pulse duration 25 ns) so
that ablation does not occur (ablation threshold is
~100 md/cm?). The total number of pulses varied
between 8000 and 30,000. As mentioned above,
PMMA acts as a positive resist: that is, by irradia-
tion its molecular weight can be decreased in do-
mains defined laterally by the shape of the mask, and
in depth its molecular weight can be decreased by the
penetration of the UV photon. Once the irradiation
is done the sample is placed into a hot monomer
vapor atmosphere, typically with a temperature of
90 °C and a diffusion time 0of 45 min. The diffusion of
monomer vapor causes the irradiated domains to
swell, and surface tension causes lenslike shapes to
appear on top of the irradiated areas. To fix the
styrene in the PMMA matrix the whole sample is
illuminated with UV light of 365-nm wavelength dur-
ing 30 min at a flux of 10 mW/cm?, initiating a co-
polymerization process that hardens the lenses.
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Fig. 2. Energy loss versus depth in PMMA for photon and proton
irradiation.

The initiation of polymerization occurs mostly by sty-
rene excitation because absorption of polystyrene is
lower at 365 nm. Although there are similarities
between proton-beam and UV photon-beam irradia-
tion, they yield basically different energy-depth mod-
ification profiles (Fig. 2). For proton irradiation the
dose deposition curve has a sharp maximum that is
well below the surface and that can be conveniently
adjusted with the proton energy in a typical range as
high as 1 mm. UV photon absorption that is gov-
erned by Beer—Lambert’s law gives exponential pro-
files if a constant absorption coefficient is assumed.
However, during laser irradiation, incubation of the
irradiated surface changes the absorptivity so that
the profile is slightly modified. This profile modifi-
cation can be studied with spectroscopic techniques
presented below.

3. Structural Characterization

To understand the optical performance of the lenses
a number of structural properties have been mea-
sured. With confocal micro-Raman spectroscopy
(CMRS) the depth of modification and the styrene
distribution inside the PMMA has been determined.
A Jobin—Yvon—Raman spectrograph Model T64000
was used. It has the capability of recording the Ra-
man spectrum of 1 um? that is defined by the focus of
the Ar+ Raman laser (448 nm). This probed volume
can be adjusted to a maximum depth of 300 pm,
which is the focal length of the microscope objective.
By this technique a single irradiated volume in the
PMMA can be analyzed with a high spatial resolu-
tion. Figure 3 displays the Raman spectra of irra-
diated and nonirradiated PMMA. The various
peaks can be attributed to bond vibrations. The
irradiation yields a new type of vibration at approx-
imately 1630 cm ™! that is caused by C=C double-
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Fig. 3. Confocal micro-Raman spectrum of PMMA:
PMMA; b, after 16,000 pulses at 10 mJ/cm? and 20 Hz.
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bond (DB) elongation vibration. This new band
exists up to a depth of about 100 pm and can be
considered as the maximum penetration depth of the
248-nm radiation in our experimental conditions (flu-
ence, frequency). Note that the penetration depth
could be extended only by use of a longer wavelength,
for instance, 265 nm (fourth harmonic of a Nd:YAG
laser). By finer analysis this peak was deconvoluted
into two main components at 1646 and 1620 cm !
and attributed to the C=C DB and C=C-C=C con-
jugated DB’s, respectively. As seen in Fig. 4, these
two components display interestingly different depth
profiles. It can be assumed that conjugated DB’s
first appear during the irradiation and then are split
into DB’s. The study of this modification is impor-
tant because it influences the diffusion of the styrene
vapor into the PMMA matrix as seen in Fig. 5. With
similar CMRS measurements the styrene concentra-
tion in the microlens volume is determined. Figure
5 shows the concentration profile for irradiated and
nonirradiated PMMA. As seen in the figure, diffu-
sion takes place in both cases but not to the same
extent. Diffusion is much faster in the irradiated
volume, and this causes the swelling necessary for
the lens formation. Unexpectedly, the concentra-
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Fig. 4. Relative concentration of (a) isolated olefine bonds and (b)
dienes versus depth.
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Fig. 5. Relative concentration of styrene as a function of depth (a)
inside and (b) outside a lens. Negative value of depth corresponds
to the swollen part of the lens above the PMMA surface. Raman
intensity has been referenced to a constant peak corresponding to
the CO vibration at 1720 cm™*.

tion of styrene on the top surface of the lens is lower
than the concentration 40 pm below. This is prob-
ably due to the outdiffusion of styrene that occurs
early in the hardening process. This drawback may
also influence the optical properties of the lenses and
could be overcome by optimizing the subsequent
hardening procedure. It is observed that the maxi-
mum depth of diffusion of styrene in Fig. 5 matches
exactly the maximum depth of modification in Fig. 4.
In fact this may be fortuitous because this depth may
depend also on the styrene-vapor-exposure time that
was empirically adjusted to 45 min. Longer expo-
sure times may give greater depth but destroy the
surface tension of the lens. Homogeniety of lens vol-
ume is of particular concern, but despite the high
resolution of the CMRS we did not observe any im-
purities of repolymerization. A relevant experimen-
tal parameter is the total dose delivered to the
irradiated volume because it has a strong influence
on the lens power. As can be seen in Fig. 6, the sag
of the lenses increases with the dose up to a certain
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Fig. 6. Relative height of microlenses versus dose at 248 nm, 10
md/em?, and 20 Hz. 100% = 10.6 um.

Fig. 7. Scanning electron microscope picture of a typical micro-
lens array.
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Fig. 8. Cross-sectional profile of a microlens measured with a

Tencor stylus profilometer. The solid curve denotes the actual
data, and the dotted curve is the theoretical parabolic fit.

saturation. At this state of research the maximum
sag was ~30 pwm even for a lens with a diameter of 1
mm. Also, higher relative apertures may be ex-
pected when the parameters of the process and the
starting material are optimized.
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Fig. 9. Imaging setup for testing microlenses.

Fig. 10. Imaging experiment with a spatial frequency of 100 line
pairs/mm (left half of the photograph).

4. Optical Testing

A typical microlens array with a lens diameter of 200
pm is shown in Fig. 7. Microscopy does not reveal
any defect on the surface of the lenses. A profile has
been measured with a Tencor stylus profilometer
(Fig. 8). The solid curve represents the actual pro-
filometer data, and the dotted curve is a parabolic
best fit for a lens with the same base diameter and
height as the real lens. The measured profile tends
to approach the theoretical curve. We further inves-
tigated the imaging properties of this kind of micro-
lens by using the setup of Fig. 9. A mask is reduced
by a factor of 20 by a microscope objective. The real
image seen by a microlens in a 2f, 2f arrangement is
transfered to the CCD camera by a second microscope
objective (4X). The bar pattern frequency that can
be resolved is better than 100 line pairs/mm (Fig. 10).
The focal length in this experiment was 1 mm, and
the lens diameter was 200 pm. Typical f~-numbers
range from 5 to 12.

Conclusion

It has been demonstrated that the fabrication of mi-
crolens arrays in PMMA by UV laser irradiation and
subsequent styrene diffusion is possible. With this
technique commercially fabricated, chromium masks
on quartz that are directly in contact with the sample
can be used without a need for vacuum conditions.
Very large microlens arrays of several square centi-
meters are envisageable with a fabrication time of
less than 1 h. Structural studies have shown the
good quality of the final lenses, which have a nearly
spherical shape. Microscopic investigation reveals
that the lens material is composed of a mixture of
polystyrene and PMMA, which appears quite homo-
geneous for the required optical properties. The ob-



tained lens arrays can be the template for the
fabrication of a metallic master for further duplica-
tion with other moldable materials.
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