
Femtosecond laser one-step direct-writing
cylindrical microlens array on fused silica
ZHI LUO,1 JI’AN DUAN,2 AND CHUNLEI GUO1,3,*
1The Institute of Optics, University of Rochester, Rochester, New York 14627, USA
2The State Key Laboratory of High Performance and Complex Manufacturing, Central South University, Changsha 410083, China
3The Guo China-U.S. Photonics Lab, Changchun Institute of Optics, Fine mechanics, and Physics, Changchun 130033, China
*Corresponding author: guo@optics.rochester.edu

Received 27 April 2017; revised 24 May 2017; accepted 24 May 2017; posted 25 May 2017 (Doc. ID 294603); published 13 June 2017

We demonstrate an efficient method for fabricating high-
quality cylindrical microlens arrays (CMLAs) on the surface
of fused silica, fully based on spatially shaping of a femto-
second laser beam from Gaussian to Bessel distribution.
As the envelope of shaped spatial intensity distribution
matches the profile of cylindrical microlens perfectly, a
CMLA with more than 50 uniform microlenses is fabricated
by simple line scanning. The radius and height of these
microlens units can be finely controlled by adjusting the
power of laser pulses. Excellent optical imaging and high-
speed fabrication performances are also demonstrated by
our fabricated CLMA. © 2017 Optical Society of America

OCIS codes: (320.2250) Femtosecond phenomena; (320.5540) Pulse

shaping; (220.4000) Microstructure fabrication.
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Microlens arrays, referring to an array of small lenses uniformly
distributed on the surface of substrates with diameters varying
from several micrometers to nearly a millimeter [1,2], have vari-
ous applications such as photovoltaic devices, micro-optical sys-
tems, artificial compound eyes, and artificial compound eyes
[3,4]. Currently, there are many methods to fabricating micro-
lens arrays over a large area with a controllable curvature, such
as hot embossing [5], laser direct writing [6], and digital pro-
jection photopolymerization [7]. However, these methods are
usually only suitable for producing a spherical lens array due to
their simple symmetrical shapes.

Producing nonspherical cylindrical microlens arrays (CMLAs)
poses a greater challenge. In industry, reflow or resist-melting
techniques are usually used to produce CMLAs [8,9]. Although
these techniques can fabricate large microlens arrays with good
optical quality, their manufacturing processes are very compli-
cated, including multiple steps such as resist coating, photoli-
thography, wet process, etc., and all process parameters have to
be carefully optimized. Besides, the profile of fabricated micro-
lenses is usually deformed by reactive ion etching.

Laser-assisted fabrication can provide an alternative way for
material micro-processing [10,11]. Shao et al. proposed a laser-
assisted polymer swelling method for the fabrication of microlens

arrays with a large curvature [12]. Choi et al. fabricated a
plano–convex CMLA on a fused silica surface with multiple
laser processing methods, including a femtosecond (fs) laser
processing followed by CO2 laser reshaping [13]. These meth-
ods usually involve multistep complex processing techniques.
In addition, the efficiency of these methods is usually low when
fabricating a CMLA over a large area. To meet the requirement
of their extensive applications, a simple, fast, cost-effective,
and well-controlled approach to fabricate large-area and high-
quality CMLA is needed.

Typically, a Gaussian beam can be transformed to a Bessel
beam by an axicon lens [14–16]. However, the transformed
beam is usually very weak and cannot be used for material
processing. To increase the Bessel beam intensity, it requires
a precise 4f focusing system. In this Letter, we have obtained
a true Bessel beam by utilizing a 4f focusing optical setup. As a
result, the beam quality is high, and the intensity is significantly
enhanced, allowing us to process hard materials such as fused
silica which has a wide range of applications in the field of op-
tics. Based on the shaped Bessel beam, a high-quality CMLA is
fabricated on the fused silica by simply line scanning. The pro-
file of these mirolens units has a perfect semi-circular shape,
and the radius can be finely controlled. Moreover, the result
shows excellent optical imaging performance after simply being
polished with cerium dioxide (CeO2).

During fs laser fabricating, the microstructures engraved on
the surface of target material with different morphologies can
be attributed to different focusing geometry of laser beam. In
other words, the profile of processed microstructures depends
on the envelope of laser spatial intensity distribution. The
Bessel beam is termed a diffraction-free beam because the trans-
verse profile of the beam remains unaltered during free-space
propagation [17]. It has received increasing attention for ultra-
fast laser applications in recent years [14]. In this Letter, we will
show that fs laser pulses with Bessel beam profiles can be very
efficient in cutting cylindrical microstructures from the surface
of a sample. To understand the formation of cylindrical micro-
lenses, we first perform numerical simulations to compare the
spatial intensity distribution between a Bessel beam and a
Gaussian beam. Based on mathematical models [15,16], the
spatial intensity profiles of an axicon-formed Bessel beam, and
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a Gaussian beam can be depicted as Fig. 1. The central laser
intensity distribution of the Bessel beam in the axial direction
is shown in Fig. 1(a). For the focal plane in which the peak
point B is located, the laser intensity is mainly gathered in
the central lobe, as characterized by the solid line in Fig. 1(b).
If such a focal plane is located on the sample surface to fabricate
microstructures, the laser intensity of the side lobes is too low to
ablate material. The uniqueness of an axicon-formed Bessel
beam is that the intensity profile, i.e., the intensity balancing
between the central peak versus the side lobes, can be varied at
different planes off focus, and this allows us to match the profile
of cylindrical microlenses with a Bessel beam plane. For exam-
ple, the intensity of side lobes can be amplified by defocusing
the beam front from the peak point B to point A, as shown in
Fig. 1(a). Because the total energy of incident laser is constant,
the profile of the intensity distribution will be transformed to
the shape of the dashed line in Fig. 1(b). Figure 1(c) shows the
envelope of the shaped intensity distribution that perfectly
matches the profile of two adjacent quarter-cylinders. The lin-
earity remains a valid fit in the fluence range in our experi-
ments. Figure 1(d) shows the spatial intensity distribution of
a TEM00 Gaussian beam, and its profile is similar to an approx-
imately equilateral triangle. In contrast to a Bessel beam, the
intensity ration of a Gaussian beam between the center and the
edge cannot be varied at different propagation planes, thus
un-suitable to produce a desired intensity profile as by a
Bessel beam.

For the setup used to fabricate CMLA, the laser source is a
Ti:sapphire amplified fs laser system. The beam produced has
a central wavelength of 800 nm, pulse duration of 65 fs, and a
repetition rate of 1 kHz. After being set with expected param-
eters, the laser beam is transformed into a Bessel beam by an
axicon lens, and a 4f lens system is used to compress the size
of the beam and to increase the laser intensity at the focal spot.
A re-collimated Bessel beam is created with the central radius of
about 112 μm and the depth of focus of about 960 μm. The
conical angle of the axicon is 2.5°. The 4f system is made up of
a bi-convex lens and a plano–convex lens, whose focal lengths
are 300 and 25.4 mm, respectively. The final Bessel beam is
focused on the front surface of samples (fused silica), and the
experimentally measured ablation threshold fluence is about
1.38 J∕cm2. During the CMLA fabrication experiment, the
sample moves along one axis on the beam perpendicular plane
at a constant velocity to engrave grooves and moves along

another axis by a constant distance after each processed groove.
As a comparison experiment, we also directly guide the original
output Gaussian beam to ablate the sample. After irradiation
with the shaped Bessel beam and the original Gaussian beam,
a confocal laser scanning microscope and an optical microscope
are used to characterize fabricated microstructures.

Experimentally, a cylindrical microlens can be formed by
placing two scanning laser lines together, each giving a quarter-
cylinder profile. A quarter-cylinder will have a height-to-width
ratio, aspect ratio, of 1. The laser power and writing speed also
play a role in affecting the aspect ratio. We measure the depend-
ence of the aspect ratio as a function of the laser power and
writing speed, respectively. We find that a laser power of
500 mW (the average pulse fluence of about 1.27 J∕cm2 and
below the air breakdown threshold) and a writing speed of
0.4 mm/s give an aspect ratio close to 1. The overlap ratio of
two adjacent pulses is more than 99% with such a speed. We
determine that a defocus distance of 0.6 mm gives us an excel-
lent spherical shape and, thus, we will produce a CMLA with
these laser parameters.

Figure 2(a) shows a line fabricated by direct laser writing
with a spatially shaped fs laser Bessel beam. We can see that the
line profile, as shown in Fig. 2(b), shows an excellent agreement
with the intensity envelope in Fig. 1(c). As a comparison, the
original Gaussian beam from the laser amplifier system, is also
used to ablate the fused silica surface after passing through a
lens. (The focal length is 25.4 mm.) The same scanning speed
and defocus distance are used for the Gaussian beam, while the
power of 100 mW is used for the Gaussian beam to produce a
similar level of surface structures. The ablated result is shown in
Fig. 2(c). As shown in Fig. 2(d), the profile of microstructure
processed by the Gaussian beam is close to a triangle, which
is significantly different from the result with a Bessel beam,
but shows an excellent agreement to the theoretical simulations,

Fig. 1. Laser intensity profile of a Bessel beam in (a) the axial di-
rection, and (b) and (c) the radial direction. (d) Gaussian beam spatial
intensity distribution.

Fig. 2. Microstructures processed on the surface of fused silica by a
fs laser with different spatial intensity distribution: (a) Bessel beam and
(c) Gaussian beam. Image (e) is formed by a seamless combination of
two microstructures of Image (a). Images (b), (d), and (f ) are the cor-
responding cross-sectional profiles.

Letter Vol. 42, No. 12 / June 15 2017 / Optics Letters 2359



as shown in Fig. 1(d). As mentioned earlier, the 4f focusing is
also critical to achieve a higher intensity, while preserving the
Bessel beam. This can be seen from a previous work in [18],
where two random focusing lenses were used to focus a Bessel
beam to increase its intensity. In that study, the focused beam
became a ring-like focusing structure, and the final focus was
not a Bessel beam anymore. As a result, the study in [18]
showed a poor focus quality, low intensity, and could only proc-
ess very soft materials, such as polymethyl methacrylate
(PMMA). When the fabrication of CMLA was attempted, the
produced structure was irregular, and the fabricated lens array
does not have the type of optical performance, as shown later in
this Letter. Therefore, we conclude that the spatial intensity
distribution plays a critical role in forming different surface
profiles for fs laser fabricating microstructures. Furthermore,
the most significant benefit of the Bessel beam processed micro-
structures is that by placing two adjacent to each other, a cylin-
drical microlens is produced between, as shown in Fig. 2(e).
The cross-sectional profile of the cylindrical microlens is appro-
ximate to a semicircle, and a semicircle function is adopted to
fit the central profile curve by using ORIGINPRO. After per-
formed 16 iterations, the fitting curve converges to match the
profile curve perfectly, as shown in Fig. 2(f ). The fitting factor
reaches 0.985. (1 is the ideal situation.) The diameter of the
fitting curve is 17.99 μm, which is in good agreement with the
designed size of 18 μm.

Applying the approach as described above, a CMLA can be
fabricated by fs laser direct-writing, as shown in Fig. 3. The
designed length and cycle number of the CMLA are 3 mm and
50, respectively. Additionally, the height (radius) of the cylin-
drical microlens unit can be controlled to range from several
micrometers to about 30 μm by using different laser powers.
It is found that the height (radius) of the cylindrical microlens
varies almost linearly with laser power, as shown in Fig. 3(c),
and the slope of the fitting line is about 0.02 μm/mW.
Figures 3(a) and 3(b) show the CMLAs with different heights
(9.02 and 17.99 μm, respectively). In addition, the two insets
are the partial enlarged views of the corresponding results.

To demonstrate the optical imaging performances of
CMLAs, several focusing experiments are carried out. First,
a CMLAwas positioned vertically on a sample stage and moved
relative to the objective lens. The CMLA was illuminated with
a white light from behind, as shown in Fig. 4(a). Then, on the
focal plane of the CMLA, an array of bright lines could be

observed through a CCD camera. The focusing performance
of the CMLAs we produced is very high and can be further
improved by polishing with CeO2 particles. Figure 4(b) shows
the fabricated CMLA, and Fig. 4(c) shows that the focused line
intensity is essentially constant along both X and Y axes, which
indicates that the fabricated CMLAs are consistent in size and
profile throughout the processing area.

The high quality of the CMLAs we produced allows us to
perform high-speed material processing by focusing a laser
beam to parallel line focusing. To demonstrate this, we use an
as-prepared CMLA to focus a fs laser beam to a line focusing, as
shown in Fig. 4(c). A low-ablation-threshold PMMA is placed
at the line focusing plane, and an excellent reproduction of the
line focusing can be seen following the ablation experiments, as
shown in Fig. 4(d). The inset is a partial enlarged 3D view. We
can see that a micro-grating structure is formed on the sample
surface with only several laser pulses and without any move-
ment of the laser beam or the sample. Therefore, our
CMLAs have a potential to produce high-quality gratings.

In this Letter, we demonstrate an efficient way for fabricat-
ing high-quality CMLAs on the surface of fused silica, fully
based on fs laser beam shaping. The laser intensity distribution
is transformed from a Gaussian to a Bessel profile. Numerical
simulations demonstrate that the envelope of the shaped inten-
sity distribution matches perfectly to the profile of the cylin-
drical microlens. A CMLA is fabricated on fused silica by
simply line scanning a shaped fs laser line by line. The radius
and depth of these microlens units can be controlled in the
range of several micrometers to over 30 μm by adjusting the
power of laser pulses. Finally, excellent optical imaging and
high-speed fabrication performances are demonstrated by our
fabricated CLMA.
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