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We demonstrate a versatile method for fast and flexible
fabrication of either one or an array of microlenses. Multi-
foci axial intensity distribution generated by a phase pattern
displayed on a spatial light modulator irradiates silica, caus-
ing ablation and its internal modification. The following
wet etching step defines the diameter 7, while the radius
of curvature R (hence, the focal length f) is maintained
the same. As a result, the numerical aperture NA = »/f
changes from 0.2 to 0.4 for the same pulse energy (but dif-
ferent number of multi-foci) during ablation. An isotropic
wet etching of silica becomes highly anisotropic for the
initial stages of etching following the irradiated pattern.
Subsequent evolution of the shape is governed by an iso-
tropic silica etch and forms a spherical lens. This method
can be extended to other materials and geometries of
micro-optical elements.  © 2019 Optical Society of America
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The microlens, a basic micro-optical element, has become
important in the development of integrated optics [1,2]. It
has a significant potential for many applications: optical com-
munications [3], wavefront detection [4], micro-fluidics [5],
and liquid crystal displays [6]. A variety of methods have been
proposed to directly fabricate microlens arrays (MLAs), includ-
ing stamping or embossing [7], photolithography [8], photo-
resist thermal reflow [9], and inkjet imprinting [10]. However,
most of the above are multi-step methods with a high cost or
confined to only soft materials, which hinders their further ap-
plications in harsh and industrial environments. Moreover, the
molds for replication into soft materials have to be made using
other methods. In order to fabricate a refractive microlens on
fused silica, a maskless method was proposed by combining
femtosecond (fs)-laser ablation and wet-etching techniques
[11,12]. A uniform and arbitrary arrangement of microlenses
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has been realized on a flat or curved surface by the direct-write
flexibility of the fs-laser microfabrication [13,14]. Good focus-
ing and imaging results have been demonstrated [15]. Although
the method is simple and effective, the etched diameter and
depth depend mainly on the first zone ablated by the fs laser,
and therefore, it is difficult to control the above parameters.
Moreover, the two parameters are linearly correlated with
one another, resulting in the fabrication of microlenses with
a constant numerical aperture NA irrespective of the etching
time [16,17]. In addition, for different microlens dimensions,
different laser intensities are required, and it greatly affects the
processing efficiency and flexibility of fabricating MLAs with
varying focal lengths (curvature radius) for zoom-less monitor-
ing applications.

Herein, we propose a light intensity shaping method for
microlenses with well-controlled size and NA by modulating
the original one-spot-focus into a multi-spot focus along the
optical axis using a spatial light modulator (SLM). The high
flexibility of SLM makes it easy to realize complex patterns after
the objective just by changing the phase pattern [18-20]. With
a post-exposure wet etching, the ablated/modified area on/in
silica evolves into a micro-concave lens. Size of the microlens
is defined by the number of focal spots without changing the
pulse energy of the laser and positions on the sample. The ax-
ially structured light generated by the hologram displayed on
the SLM allows to use a single pulse defining a different size and
NA of the microlens.

The schematic of a fs-laser holographic processing system is
shown in Fig. 1(a). A fs-laser beam (514 nm wavelength, pulse
duration of 230 fs) is incident on a reflection-type liquid crystal
SLM (LCOS-SLM, LETO, HOLOYEY photonics AG) with
a high fill factor of 93%. The reflected phase-modulated beam
is transferred to the entrance pupil of the objective lens
(NA = 0.7) by a telescope system to downsize the beam diam-
eter with a magnification factor of 0.75 and increase the
light udilization efficiency. Then, the modulated laser beam
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Fig. 1. Dynamic femtosecond laser holographic processing system.
(a) Schematics of the experimental setup. (b) Multi-focal spots holo-
gram generated by the optimal rotation angle (ORA) method.
(c) Multi-focus intensity distribution along optical axis simulated
by 3D vectorial diffraction theory; the 0 pm marked in (c) stands
for the interface between the air and silica.

is focused on the fused silica sample for ablation/modification.
A motorized linear xy stage with 100 nm resolution and
20 mm x 20 mm dyamic range is used to move the substrate
for large-scale MLA fabrication. The sample can be precisely
moved by a xyz piezoelectric stage 200 pm x 200 pm x
200 pm with 1 nm resolution. The optimal rotation angle
(ORA) method [21] is used to generate the phase hologram,
which has a high iteration speed for few spots.

In order to eliminate the unmodulated zero-order light
generated by the pixelation effect, a spherical phase was added
to the original hologram to focus it 10 pm above the silica surface.
Figure 1(b) shows three types of phase holograms 1080 x 1080
resolution generated by the ORA method with three, four, and
five focal spots, respectively, along the optical axis. Flexibility of
the holographic algorithm allows for multi-focal spots designed
with a 3 pm gap in air between two neighboring spots. The dis-
tance (~4.6 pm) between two spots in silica can be estimated
using 7 x d, where 7 is the refractive index of the silica, and
d is the distance between two spots in air [22]. The intensity
distribution of the holograms at the focus is simulated using a
3D vectorial diffraction theory [23] and illustrated in Fig. 1(c).
Multi-spots distributed uniformly along the beam propagation
direction with 3 pm interspace agree well with the original design.
The first focus is placed on the interface of air and silica (0 pm),
while other focii are inside silica sample [Fig. 1(c)].

Irradiation of the silica sample by fs-laser pulses can cause
either of two effects based on laser intensity: ablation and modi-
fication. When the pulse intensity is slightly lower than the
damage threshold of the silica (~2 J/cm?/pulse), the volume
at the focus is locally modified due to the alteration of the silica
ring structure from five to three members of the Si-O-Si seg-
ments [24]. This causes a bond angle change, which in turn
leads to the changing of the silica density and refractive index.
Densification and formation of three-membered ring structures
in silica increases its etch rate in hydrofluoric acid (HF) solution
via the Lewis-based mechanism [25], when the angle of the
Si-O-Si segment becomes smaller and exposes unpaired elec-
trons of oxygen. This makes silica more chemically reactive
with acid—hence, a stronger base.

As the intensity reaches the damage threshold, there is a sub-
micrometer-sized ablation crater on the surface of the silica at
the center of the irradiation area surrounding the modification
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area. Four different single pulse energies—358 nJ, 453 n],
545 nJ, and 642 nJ—above the damage threshold were used
to investigate the relationship between pulse energy and size
of the microlens by one spot irradiation. After the irradiation
by a laser pulse, the sample was immersed in HF solution (20%
vol.) at 25°C for 40 min etching. A laser confocal microscopy
(LSCM, LEXT OLS 4100, Olympus) was used to measure the
morphology of the concave microlens.

As shown in Fig. 2(a), all the usual uneven features of the
ablation crater disappeared after etching, and the circumference
of the lens evolved into a perfect circle for each pulse energy
[26]. The cross section of each microlens showed that they
all had a spherical profile [Fig. 2(b)]. The size of the microlens
depends mainly on the initially modified structure, which was
controlled by the pulse energy for the same etching time
(40 min). The radius could be tuned from ~16 pm to ~19 pm
when the intensity increased from 358 nJ to 642 nJ [Fig. 2(c)].
The depth changed from ~3.5 pm to ~5.2 pm, which means a
larger volume was modified by the laser pulse near the focus.
However, the focal length of all the microlenses remained
constant—independent of the energy used for laser inscription.
Although the size of the microlens can be slightly controlled by
pulse energy, the increments of radius and depth are just about
120% and 150%, respectively, for a ~180% pulse energy
increase. A weak correlation between the pulse energy and
microlens size, which rely mainly on the modification depth
at the irradiated volume, limits the processing flexibility of this
method and makes inefficient usage of the laser pulse energy.

In order to increase the efficiency of the pulse energy for
microlens fabrication and to control its size, we propose a
simple and effective method to regulate the depth of the
laser-modified region in silica by using a SLM. As shown in
Fig. 2, there is a correlation between microlens size and the
modification depth, but it has to be enhanced. The fs-laser
beam was split into several spots along the optical axis with
a 3 pm interspace, just as illustrated in Fig. 1(c). By keeping
the pulse energy constant at 645 nJ, and structuring the inten-
sity along pulse propagation, it is possible to fabricate micro-
lenses by a single pulse writing/exposure. After etching in 20%
HF solution for 40 min, the morphology of the microlenses was
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Fig. 2. Microlens defined by a single spot irradiation. (a) Top view
of the microlens after etching for 40 min in 20% HF solution initially
irradiates different pulse energies: 358 nJ, 453 nJ, 545 nJ, 642 nJ.
(b) Profile of the microlens corresponding to the different pulse en-
ergies. (c) Radius, depth, and fitting radius (the curvature radius) of the
microlens.
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measured as shown in Figs. 3(a)-3(b). The top view shows that
all the microlenses have a circular outline, which means that all
of the laser-modified area has been removed (ablation spot is
irregular). The R-square value is 0.997 when a circle’s equation
is used for fitting the cross section, which demonstrates that the
microlens has a spherical surface. The final diameter of the mi-
crolens is dependent on the depth of the laser-modified region
due to the isotropic etching of silica in HF solution, while the
modified region is etched out by an anisotropic etching. The
modification depth is limited by the laser modification depth.
When a large number of axial focal spots are used for silica
modification, the final depth is larger. In brief, not only the
radius but also the depth of microlenses increases with the
axially extended modification depth following the increase in
the number of focal spots [Fig. 3(b)]. The quantitative analysis
results [Fig. 3(c)] show that the radius can be tuned from
~19 pm to ~34 pm just by changing the holograms. The
depth can even reach ~20 pm using the six-foci hologram from
~5 pm. The dynamic range of depth control has increased by
400% for the same pulse energy.

The following relations based on geometry and theory are
used to estimate the optical parameters of microlenses, includ-
ing the fitting radius R (curvature radius), focal length f,
f-number £, (capability of collecting light), and the NA [10]:

R= (V* +1)/2h, (1)
f=R/(n-1), @
fe=f/2r, ()]
NA =7/f, @

where 7 is the radius of the concave microlens, and 7 is the re-
fractive index of silica (n = 1.46).

In our experiment, the fitting curvature radius and focal
length of microlenses remained almost constant: ~39.5 pm
for radius and ~86 pm for focal length, with a small deviation
of 3.9% [Fig. 3(d)]. The NA of the microlens calculated by the
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Fig. 3. Microlens defined by a multi-focus irradiation. (a) Top view
of the microlens after etching for 40 min in 20% HF solution with
different numbers of foci along the optical axis from one to six.
(b) Profile of the microlens corresponding to the different numbers
of foci. (c) Radius, depth of the microlens etched after irradiation
by a different number of foci. (d) Relationship between number of
foci and the focal length and NA of the microlenses.
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above equation exhibited an approximately linear relationship
with the number of foci, which ranged from 0.22 at one spot to
0.41 at six spots. The lower NA increment from five to six spots
was caused mainly by the lower energy at each spot with the
total energy invariant. A high-NA microlens could be obtained
by higher pulse energy.

Finally, we used the dynamic single-pulse holographic
fs-laser processing system to fabricate a MLA with different mi-
crolens sizes just by changing the holograms and keeping the
energy constant at 645 nJ. A large area of 1.5 mm x 1.5 mm
with different sizes and 65 pm interspace MLA was realized in
10 min with a low laser frequency of 1 Hz. The processing
efficiency was considerably augmented, since the frequency
of SLM refresh was 60 Hz. The top view and the 3D profiles
of the MLA are shown in Fig. 4(b), respectively. The sizes are
uniform and shapes are consistent with our measurements for
every microlens. The imaging ability of the MLA was demon-
strated using a microscope [Fig. 4(a)]. Due to the higher light
collecting capability, the normalized intensity at focus increased
by ~20% for the first five microlenses, which scaled up with
diameter and NA from 0.22 to 0.4 [Fig. 4(c)]. Then it saturated
at the last two microlenses due to saturation of NA and chro-
matic dispersion at focus for a high-NA microlens.

Due to the same top surface and different depths of lenses,
the focus of the array with different NA is arranged in 3D space.
When using a lower magnification objective (10%) with a large
depth of field, the imaging performance of the MLA is captured
simultaneously at the same image plane, which means the dif-
ferent reduction of the letter “F” for different microlenses. In
order to demonstrate the 3D varying focusing performance, the
imaging performance was measured at different image planes.
As shown in Fig. 4(c)(iii), when the last lens shows a clear im-
age, the rest of the microlenses have larger but blurred images
(especially the second one). In addition, the size of the image-F
gradually increases with the reducing NA and increasing defo-
cusing distance. To avoid the defocusing of the high NA micro-
lens (small depth of field), we found the best view as shown in
Fig. 4(c)(iv), where all the microlenses show a clear image-F.
The out-of-focus effect is more obvious for the high-NA micro-
lens when the first one has a clear image [Fig. 4(c)(v)].

Fs-laser modifications in silica glass introduce the anisotropy
of wet etching [27], which can also be combined with the
intrinsic anisotropy of etching in quartz (crystalline silica)
[28] for micro-fluidic application. Etch rate and final surface
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Fig. 4. Results of microlens array with different sizes. (a) Schematic
diagram of the imaging system for characteristics of microlens arrays.
(b) Images measured by laser confocal microscope. (Left: optical image
of the MLA. Right: contour map of the MLA.) (c) (i) Focusing char-
acteristic of MLA. (ii) Normalized intensity distribution of the focal
spots marked in (i). (ili-v) Imaging performance of MLA at different
focusing positions.
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quality were dependent on HF concentration [25] as well as the
pH value for multi-component glasses. Slower buffered-HF
etchants showed a smoother surface [25]. The anisotorpy in-
duced by multi-foci modification introduced a strong axial
etching anisotropy during the first minutes of etching. Later, a
spherical surface was formed and saturated after 35-40 min
etching. Longer etching did not make the lenses deeper, for
the original surface was receding too. Interestingly, the polari-
zation had no effect for the formation of large-diameter lenses,
as we see in Fig. 4. However, at the very beginning of etching,
we saw that nanogratings were affecting the morphology and
were material dependent [29].

The proposed method is applicable to other transparent ma-
terials as well. It depends mainly on the property of materials
rather than the wavelength of the fs laser. For example, sapphire
can be etched by HF [30] as well as potassium hydroxide (KOH)
[31] while the anisotropy is laser inscribed. In crystals, the amor-
phous phase is induced by fs-laser pulses and can be utilized for
removal by wet etching [30]. The presented method to etch op-
tical elements following the inscribed patterns and guiding the
anisotropy of etching can find wide applications in the fabrica-
tion of 3D complex structures on different glasses and crystals
[25,32-35]. We expect that the demonstrated method would
also work with different axial intensity patterns [27,36-39].

In summary, we proposed a single-pulse light-shaping
method for the fabrication of controllable microlenses inside
silica. The relationship between the spots number in the
multi-foci array and the diameter of the microlens was estab-
lished. By keeping the same pulse energy and etching time, the
radius and the depth of a single microlens increased 200% and
400% compared with a single focus irradiation, respectively.
Finally, the fabrication of a series of variable sized MLAs
was demonstrated by a simple dynamic holographic processing.
The fabricated MLAs had good light collection capability and
imaging performance with a dynamic range of NAs from 0.2 to
0.4. This novel spot-shaping method greatly enhanced the ef-
ficiency and flexibility of fs-laser dynamic holographic process-
ing. It provides an effective approach for the manufacturing/
fabrication of MLAs of different sizes and NAs, which have
significant potential in the areas of microfluidic chips, beam
shaping, microsensors, and zoom-less imaging systems.
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