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Abstract This article reports the fabrication of high-fill-
factor plano-convex cylindrical and spherical microlens ar-
rays horizontally and vertically embedded in a photosensi-
tive Foturan glass chip by femtosecond (fs) laser microma-
chining. The microlens arrays were fabricated by modify-
ing the microstructure of Foturan glass using fs laser direct
writing followed by thermal treatment, wet etching, and ad-
ditional annealing. The focusing ability and image quality
of the microlens arrays were examined, showing that the
lens arrays not only can focus light well but also provide
an imaging capability that holds great potential for lab-on-
a-chip applications.
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1 Introduction

Recently, the development of ‘lab-on-a-chip’ or micro-total
analysis systems (µ-TAS) has attracted a lot of attention in
analytical chemistry and biomedical applications because of
the advantages of low reagent consumption, fast analysis,
compactness of the system, ease of operation, etc. [1]. The
latest advancement and trend of µ-TAS have been reviewed
from the standpoints ranging from the materials being used
for microchips, the manufacturing technology, and the an-
alytical operations and applications [2]. A µ-TAS can be
fabricated by means of integrating functional microcompo-
nents, such as microfluidic devices, micromechanics, optical
waveguides, and optics, into a single chip to enable on-chip
measurements. Although the fabrication of individual opti-
cal or mechanical components has been accomplished [3, 4],
the additional assembly and alignment of microcomponents
into a single chip is still a challenge. In many photonic sens-
ing applications, a microlens is the critical component due
to its functions of focusing light into a microfluidic channel,
collecting more fluorescence signals to enhance the signal-
to-noise ratio [5], or providing imaging capability. Recently,
horizontal microlens arrays integrated in a microchip to per-
form multichannel or microarray analysis have been demon-
strated in sensing applications [6, 7]. In many lab-on-a-chip
applications, 3D microlenses vertically embedded in trans-
parent material are desirable [5].

Microlens arrays have been widely used in different ap-
plications such as beam shaping and steering [8], display
and imaging [9], microfluidic sensing [5–7], waveguide cou-
pling [10], and wavefront detection [11]. Many techniques
have been developed to fabricate microlens arrays, includ-
ing droplet injection [12], photoresist reflow [13], gray-
tone photolithography [14], and mask-free direct writing
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(focused ion-beam machining [15] and direct laser writ-
ing [16]). Compared to the direct writing method, the mask-
based photolithography technique has a relatively lower cost
and higher production rate, but its significant drawbacks in-
clude the difficulty of achieving arbitrary surface curvatures
and positioning the lens in a vertical direction. In the direct
writing technique, the focused ion-beam method provides
flexibility to machine an arbitrary surface profile, but it has
to be performed in a vacuum chamber and cannot achieve
3D embedded structures inside the specimen. Based on the
femtosecond (fs) laser direct writing technique, the multi-
photon polymerization technique provides a bottom-up ap-
proach for the fabrication of 3D micro/nanoscale structures
with an arbitrary shape [17]. Generally, this method is suit-
able for fabricating microchips with complicated functional
designs. However, it is difficult, if not impossible, to fab-
ricate microchips containing a few hollow microstructures,
such as internal microchannels and microlenses, using the
multiphoton polymerization technique.

Materials for microchips should contain properties such
as optical transparency in the visible-light region as well
as resistance to corrosion. Foturan glass with photosensi-
tive characteristics has been used for microstructure fabrica-
tion [18, 19] and the detailed procedure for processing Fo-
turan glass can be found elsewhere [20]. Foturan glass ma-
chined by a fs laser can achieve the one-step fabrication (i.e.
without further assembly or alignment) of microstructures
with several components in a single chip. It greatly simpli-
fies the chip fabrication process and it is easier to achieve
complicated designs. In this work, we employed a fs laser
direct writing technique to fabricate horizontal and vertical
microlens arrays embedded in photosensitive Foturan glass.
The arrays provide very good focusing properties as well
as imaging capabilities, which reveal great potential for the
lab-on-a-chip or µ-TAS applications.

2 Experimental

The fs laser system used in the experiment is a regen-
eratively amplified Ti:sapphire laser (Legend-F, Coherent)
whose repetition rate, center wavelength, and pulse dura-
tion are 1 kHz, 800 nm, and 120 fs, respectively. The maxi-
mum output power of the fs laser is 1 W, which corresponds
to a pulse energy of 1 mJ. The laser beam was attenuated
and coupled into a microscope objective lens (Olympus)
and then focused into the glass sample. The Foturan glass
(Mikroglas Chemtech) sample was mounted on a computer-
controlled five-axis motion stage (Aerotech) with a resolu-
tion of 1 µm. The whole process was monitored via an in-
line imaging system integrated into the fs laser microma-
chining system.

Several laser writing programs were implemented to fab-
ricate different microlens arrays. The schematic diagram of

Fig. 1 Schematic diagram of the laser scanning process. a Overview;
b one lens

the laser scanning process is illustrated in Fig. 1a. In the
horizontal lens fabrication, the process consists of periodic
curve scanning in a sliced X–Z plane along the X direction
and the layer-by-layer processing along the Z direction. To
facilitate the following discussion, as shown in Fig. 1b for a
single lens, we denote R as the radius of the surface curva-
ture, L as the length (Y direction), and W as the width (X di-
rection). M is the number of lenses in each row (X direction)
and N is the number of lenses in each column (Y direction).
Hence, an M × N lens array means that in the X–Y plane
there are M lenses in the X direction and N lenses in the Y

direction. To fabricate a spherical microlens array, the com-
puter program consists of the following five steps: (1) move
the glass sample toward the objective lens by a desired off-
set distance Zoffset which is calculated from the given pa-
rameters R, L, and W . Then, set the position as the origin
(X = 0, Y = 0, Z = 0); (2) calculate the local curvature ra-
dius RL and local offset ZL and then move the sample to the
position with distance ZL along the positive Z direction. As
shown in Fig. 1b, RL is the local 2D curvature radius in each
sliced X–Z plane and ZL is the offset distance from the ori-
gin (Z = 0) to the starting point in each sliced X–Z plane;
(3) scan horizontally a number M of vertical arcs one-by-
one in the X–Z plane along the X axis with radius RL and
chord W ; (4) shift the sample by a predetermined distance,
Dslice, in the Y direction and repeat the aforementioned steps
(2) and (3) until the length of the scanned area along the Y

axis has progressed to N × L µm; (5) shift in the Z direc-
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tion by a predetermined distance, Dlayer, and scan another
layer. The entire process was repeated until the calculated
numbers of layers were completed.

For the cylindrical microlens array, the aforementioned
process was simplified by setting the radius RL equal to R

and ZL to 0. Thus, the cylindrical microlens array along the
Y direction can be fabricated by changing the parameters
in the same program. In this design, an array consisting of
lens elements with a close-contact rectangular boundary was
fabricated. For vertical microlens arrays, the sliced plane
was changed to the X–Y plane and the layer by layer di-
rection was changed to the Y direction. A distance compen-
sation function, which was calculated using the parameters
of the refractive index of Foturan glass and the numerical
aperture (NA) of the objective lens, was also added in the
program to compensate for spherical aberrations caused by
the refractive-index mismatch between air and glass at their
interface [21]. Furthermore, a 0.2-mm slit was put before the
objective lens to shape the intensity distribution at the focal
plane [22–24]. This will decrease possible distortion of the
shape of the vertical microlens array.

In the case of the horizontal microlens array, the applied
laser pulse energy before the objective lens was measured to
be 160 nJ, which is lower than the pulse energy used previ-
ously [3]. The lower pulse energy leads to the exposing of
the Foturan glass over a smaller effective area, which im-
proves the accuracy for a 3D curved surface. In the case of
the vertical microlens array, the applied laser pulse energy
before the slit was 14 µJ because most energy is blocked by
the slit which is placed before the objective lens. In all ex-
periments, a ×20 objective lens with NA of 0.46 was used
and the scanning speed was set as 20 mm/min. For all ex-
periments, Dslice and Dlayer were set as 1 µm and 8 µm, re-
spectively. Dslice directly affects the surface roughness, so it
should be as small as possible.

After the laser scanning process, the sample was ther-
mally treated inside a programmable furnace (Fischer Scien-
tific) to develop the modified region inside the sample. The
temperature was first ramped up to 500◦C at 5◦C/min and
held at this temperature for 1 h. It was then raised to 600◦C
at 3◦C/min and held for another hour. After this thermal
treatment, the furnace power was turned off and the sample
was kept inside the furnace until the temperature was grad-
ually cooled to room temperature. At this stage, the crys-
talline phase of the Foturan glass developed at the laser-
exposed region becomes a brown color and the nonmodified
amorphous phase is still clear, allowing visual confirmation
of the 3D structure. The cooled sample was then soaked in a
solution of 10% hydrofluoric (HF) acid in an ultrasonic bath
for 15 min to remove all modified volumes and then rinsed.
Lastly, the etched sample was baked again at 560◦C for 5 h
for further smoothing the surface of the microlens array. The
focus quality and image performance of the microlens array
were examined.

3 Results and discussion

3.1 Cylindrical microlens arrays

After the fs laser scanning, heat treatment, wet etching,
and additional annealing, three plano-convex cylindrical mi-
crolens arrays embedded in the photosensitive Foturan glass
were fabricated. These include a 10×1 horizontal array (i.e.
X–Y plane, Fig. 1) with the lens axis along the Y direction
(case C1), a 5 × 1 vertical array (i.e. X–Z plane) with the
lens axis along the Z direction (case C2), and a 1 × 2 ver-
tical array (i.e. X–Z plane) with the lens axis along the X

direction (case C3). Both the radius of the surface curvature
and the chord for each lens are 150 µm. Figure 2a, b, and c
are the scanning electron microscope (SEM) images of cases
C1, C2, and C3, respectively. Figure 2d and e show the sur-
face morphologies for case C1 before and after the annealing
process at 560◦C for 5 h. It is seen that the annealing process
is essential in order to achieve a ‘smooth’ surface. Previous
investigations showed an average roughness of about 80 nm
before annealing and about 0.8 nm after a second anneal-
ing could be achieved for a planar structure with a scanning
area of 20 µm × 20 µm [25]. In this study it is estimated that
the averaged surface roughnesses before and after annealing
are, respectively, about 100 nm and 2 nm.

Next, we examine the focusing ability of the cylindri-
cal microlens arrays. An expanded He–Ne laser whose out-
put power and beam diameter are, respectively, 1 mW and
2.5 mm was used as a narrowband light source to minimize
the chromatic aberration. The laser intensity distribution at
the focal plane of the lens array was observed and recorded
by a monochrome CCD camera. Figure 3a is the image of
the narrow line array focused by the case C1 lens array using
a ×4 objective lens. This low-magnification image reveals
an array of focused lines corresponding to the array of cylin-
drical microlenses. The collimating laser beam is focused
into periodic narrow lines with a pitch of 150 µm, which
is consistent with the designed dimension. An enlarged im-
age of a focused line was also taken using a ×20 objective
lens, Fig. 3b, to determine the focusing quality. The cross-
sectional profiles of a focused line from the enlarged image
are shown in Fig. 3c for case C1 (solid line), case C2 (‘o’
sign), and case C3 (‘*’ sign). The full width at half maxi-
mum (FWHM) of focused lines for the cases C1 through C3
are, respectively, 5.0 µm, 4.9 µm, and 6.3 µm. It is seen that,
for all cases, a much better focus than previously obtained
[3] is achieved.

3.2 Spherical microlens arrays

A 10×10 horizontal array (i.e. X–Y plane) of plano-convex
spherical microlenses (case S1) and a 5 × 1 vertical array
(i.e. X–Z plane; case S2) were fabricated. A single lens is
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Fig. 2 SEM images of the plano-convex cylindrical microlens array.
a A 10 × 1 horizontal microlens array; b a 5 × 1 vertical array with
horizontal focusing orientation; c a 1 × 2 vertical array with vertical

focusing orientation; d an enlarged image of the microlens before the
annealing process; e an enlarged image of the microlens after the an-
nealing process

Fig. 3 Focal plane images of the plano-convex cylindrical microlens array. a The image of the focusing line array using a ×4 objective lens (the
scale bar is 100 µm); b enlarged image of the focused line shape with a ×20 objective lens (the scale bar is 10 µm); c the cross-sectional profile

150-µm square and has a curvature radius of 150 µm. The
SEM images of cases S1 and S2 are shown in Fig. 4. The
array of focused spots and an enlarged single focal spot are
shown in Fig. 5a and b, respectively. Unlike the regular cir-

cular shape of a lens with a circular aperture, the shape of
the focused spot is close to rectangular, which is consistent
with Fourier’s transformation of the rectangular aperture of
each spherical lens [26]. The FWHM of the cross-sectional



Fabrication of microlens arrays in photosensitive glass by femtosecond laser direct writing 755

Fig. 4 SEM images of the
plano-convex spherical
microlens arrays. a A 10 × 10
horizontal array; b a 1 × 5
vertical array

Fig. 5 Focal plane images of the plano-convex spherical microlens array. a The image of the focusing line array using a ×4 objective lens (the
scale bar is 100 µm); b enlarged image of the focused line shape with a ×20 objective lens (the scale bar is 10 µm); c the cross-sectional profile

profile for the spot in case S1 is 6.5 µm and is 8.7 µm for case
S2, Fig. 5c. In case S1, the focused spot size agrees with the
measured focused line width for the cylindrical lens array
as shown in Fig. 3c. In case S2, the spot size is 34% larger
than that in case S1 because of the shape distortion during
the vertical lens fabrication.

As the laser beam has been expanded to fill the entire
lens array, the beam size is the same as the entrance aper-
ture, which is 150 µm. For the He–Ne laser with 632.8-nm
wavelength, the spherical lens with 300-µm focal length,
and the Foturan glass with 1.5 refractive index, the calcu-
lated theoretical focal spot size (diameter of the Airy disk) is
3.183 µm. However, the measured FWHM of the focal spot
size is 6–8 µm and the width of the 10% intensity is around
12 µm, which is about four times the theoretical value. This
can be attributed to (1) the surface roughness of the lens;
(2) the bulk deformation of the lens; and (3) the composi-
tional uniformity of the Foturan glass. In the final anneal-
ing process, the annealing temperature must be higher than
the transition temperature of the glass to form a thin melted

layer on the glass surface. In general, the bulk glass starts
to become soft when the treating temperature is slightly
higher than the transition temperature. The formation of a
thin melting layer on the surface is the major mechanism to
smooth the surface. The melted layer should be thin to match
the roughness of the machined surface before annealing and
to allow the surface tension to act and smooth the surface.
A thicker melted layer may cause a smoother surface but
it also may cause thermal distortion. The annealing process
was optimized using several samples under different anneal-
ing parameters. The focusing quality of all annealed sam-
ples was examined to decide the optimized annealing condi-
tion. The optimized annealing temperature was found to be
560◦C, which is close to the average of the glass-transition
temperature and the melting temperature. In addition to the
basic focusing ability, the imaging performance of the spher-
ical lens array was also examined.

A micro ‘MST’ target was machined on a microscope
slide by the same fs micromachining system. The dimen-
sions of each character are 20 µm × 20 µm and the gap be-
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Fig. 6 Imaging performance of the spherical microlens array.
a A ‘MST’ pattern fabricated by a femtosecond laser; b an image
of the ‘MST’ pattern projected by an element of the horizontal mi-

crolens array; c an image of the ‘MST’ pattern projected by an element
of the vertical microlens array. The scale bar is 20 µm

tween adjacent characters is 10 µm. The bright-field image
of the target is shown in Fig. 6a. The target was used as an
objective for the imaging testing, and it was placed in front
of the lens array at a distance of 600 µm, which corresponds
to a distance of 2f for a lens element with a curvature radius
of 150 µm. To prevent possible image overlapping between
lens elements, no magnification was used. A ×10 objective
lens was used to take the enlarged image of the ‘MST’ target
formed by the spherical lens unit of the entire lens array for
both cases S1 and S2. As shown in Fig. 6b and c, the size
of the ‘MST’ image formed by the microlens is the same as
the size of the original target which is defined by our test-
ing design. In this setup, the image was formed inside the
glass chip due to the chip thickness being greater than 2f .
This situation can degrade the image quality since the back
surface of the glass may have been deformed during the an-
nealing process.

3.3 Potential applications

In this work, the cylindrical microlens array with a vertical
focusing orientation (case C3) and the vertical spherical mi-
crolens array (case S2) are true 3D microstructures and they
cannot be fabricated by a lithography-based technique due
to the change of cross-sectional shapes in the Z direction.
Although the distortion of the vertical spherical microlens is
significantly larger than the horizontal one during the fab-
rication process, several compensations were performed to
minimize the possible distortion. The focusing ability of
the well-fabricated microlens arrays still focuses light into
tiny spots in the scale of 6–8 µm (FWHM). From the re-
sults, the microlens arrays with horizontal or vertical orien-
tations reveal high focusing quality and image performance.
The high-fill-factor structure provides highly efficient per-
formance in photonics applications. This embedded 3D lens
array can be easily integrated into a lab-on-a-chip for either
focusing an optical beam into a microfluidic channel for flu-
orescence detection or even creating an image of a dynamic
process in a microfluidic chamber. The vertical embedded
microlens arrays open an opportunity to realize microchips

with a 3D-distributed dense microfluidic channel for com-
plicated functional chip designs.

4 Conclusions

In conclusion, the fabrication of horizontal and vertical
microlens arrays in photosensitive Foturan glass using a
fs laser micromachining system operated at near-infrared
wavelengths has been demonstrated. The fs induced multi-
photon absorption inside the Foturan glass was employed
to develop a 3D top-down fabrication technique for mi-
crostructures with arbitrary shapes and precise dimensions.
The focusing performance and imaging quality of the lens
arrays were examined. The microlens arrays were proven to
be capable of tightly focusing light and also providing imag-
ing capability, which demonstrate high potential for the in-
tegration with other microcomponents in the lab-on-a-chip
or µ-TAS applications.
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