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MICROLENS ARRAY FABRICATION ON FUSED SILICA
BY LIBBH TECHNOLOGY WITH CO2 LASER SMOOTHING
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A new technology for microlens array fabrication is presented. The technology is
based on creation of the initial microstructures on fused silica by laser indirect
method, and the following reflow process of these structures made by CO2 laser action. Microlens arrays with diameter of microlens equal to 150 µm are fabricated.
The focal length of microlens varies from 5 up to 5 mm. Profiles of formed microlens
correspond to circle equation.
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Introduction. At present different arrays of microoptical elements are traditionally used for
transformation and processing of optical signals, for fiber-optical connections and integrated optical
control systems [1] as well as to transform of intensity distribution in laser technology [2, 3]. As the
array of microoptical elements means a set of modified regions, located in a certain order on glass
surface [2, 4] and can be called microlens array (MLA). Such MLAs have a special arrangement and
a given filling rate within the array, all these specifications depend on the problem to be solved with
the final array.
Not only optical-physical specific requirements are imposed on MLA in particular application,
but also requirements on the surface quality in general. Particular attention is paid to the fabrication
of MLAs on materials of traditional optics as silicate glass [5]. Thus, the developers’ preferences are
given to fused silica, which can be characterized by high light transmittance in wavelength range of
200—2500 nm and high chemical, thermal, and radiation resistance [6].
Among the traditional technologies of MLAs fabrication on glass surface, the best known
technologies are: photolithography [7], ion etching [8], hot embossing process [9], and so on. These
technologies can be characterized not only by high quality of fabricated MLAs and high reproducibility, but also use multistage processing; manufacturing of MLAs with low numerical aperture (NA)
presents difficulties when the technology is employed [7]. Currently, great attention is paid to MLAs
fabrication with the usage of laser technology. It is also called as direct laser beam writing, which is
based on strong absorption of CO2 laser radiation [10], UV radiation [11] by glass , or on interaction
with ultrashort laser pulses [12].
Combined laser-induced technologies based on strong absorption of laser radiation by inorganic [13, 14] or organic [15, 16] solutions and metals [17, 18] contact with the back side of the
glass plate are widely spread today. The most popular technologies are laser-induced backside wet
etching (LIBWE) [16, 19—22], laser-induced backside dry etching (LIBDE) [17, 18, 23], laser induced plasma assisted ablation (LIPAA) [24—26], and lased-induced black-body heating (LIBBH).
The last one has been developed at Laser Technology Department of ITMO University [27—31].
Various arrays of microoptical elements formed on fused silica surface according to this technology
include random phase plates [27], sinusoidal diffractive gratings [27, 29, 30], and MLAs [29, 31]. It
is important to note that the square of the arrays may be high (up to 100 mm2 and more) and depends
on the used laser setup. It is worthwhile to note that the formed MLAs have a special profile — an almost flat top of each microlens (rounded trapeze) in the array, thus the microlens has low NA value [31].
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In this case the microlens profile may need to be modified (made spherical) with an additional processing stage, such as a reflow process. The thermal reflow process in a furnace is possible if the array
of MLAs is formed on glass with low transition temperature. In case with fused silica it is a problem
to achieve any steady operation with a temperature ranging from 1600 up to 1700 оС. For the MLAs
formed on fused silica, it would be better to perform the reflow process using CO2 laser radiation
[32]. As it is shown in [32, 33], the thermal reflow process is achieved at the power density of
~104 W/cm2. However, in most cases it leads to stresses across the reflowed MLA. The situation
changes if the treatment is carried out in the ablation regime (~ 105 W/cm2) [34]. It not only allows
to reshape the MLA relief, but also to control the microlens sag and therefore to manage its optical
characteristics.
This paper presents a two-step method of MLAs fabrication on fused silica plates. It is
a combination of LIBBH technology, that allows to create the initial microstructures in a simple
way, and the reflow process of these structures with CO2 laser beam scanning (in the ablation
regime) along the array surface in order to reshape them and manage the future microlens optical characteristic.
Experiment. MLA fabrication. The flat-parallel fused silica plates is used as the samples
(with dimensions 15151 mm3) for the MLAs formation. All glass plates used in the experiment have the surface roughness equal to Ra = 10 nm. The experimental setup for LIBBH technology is shown schematically in Fig. 1, a, b. The ytterbium fiber laser 1 (λ = 1,064 μm,
τ ~ 50…200 ns, ν = 10…100 kHz) is used as a light source. The laser beam is scanned by two
galvanometer-scanning modules 2 and focused by a telecentric lens 3 (f = 135 mm) on the back
surface of the fused silica plate 4, which is placed on a polished pressed graphite plate 5. Fused
silica 4 and the graphite plate 5 are fixed on the coordinate table 6. The power density in the
micromachining region ranges up to 107—108 W/cm2.
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The fused silica surface is absolutely coated by graphite particles after laser irradiation. As
a result, cleaning process of fused silica is necessary to be carried out on the same experimental
setup, but at a different laser regime. We remove the graphite plate and turn the fused silica plate upside down (Fig. 1, b). The best cleaning result is achieved with laser wet cleaning, when a thin water
layer is deposited on the contaminated area [24]. The laser wet cleaning parameters are the following: ν = 30 kHz, v = 2500 mm/s, P = 6 W.
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The formed microstructures on fused silica glass are investigated with the optical microscope
Carl Zeiss Axio Imager A1 in reflective light (Fig. 2, a) and its profiles are measured with the profilometer (Hommel Tester T8000) (Fig. 2, b).
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The reshaping of these structures is performed with the quasi-cw CO2 laser (which is called
“TROTEC Speedy-500”) having maximum power equal to 100 W and the flying optic with the focusing lens (f = 50 mm). The process of microstructures reflowing is schematically shown in Fig. 1, c.
The following parameters of CO2 laser machining provided the result in the reshaping of the microstructures (i.e. made their profile spherical): laser beam diameter (d = 1 mm), average power P = 45 W,
scan speed (v = 20 mm/s) and overlapping (80 %). Results of microscopic study of the formed MLA
after the reflowing process and its profile are shown in Fig. 3: a — three-dimensional profile after
CO2 laser smoothing (3 passes); b — microlenses profile comparison before and after CO2 laser
smoothing (3 passes).
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MLA optical characteristics. The MLAs focal length (fMLA) and focal spot diameter (df)
are measured with the experimental setup shown in
6
3
5
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1
=0,633 m
Fig. 4, a. The scheme works in the following way:
fML
the radiation of He-Ne-laser 1 (λ = 0,633 μm) goes
through the telescopic system 2 expanding laser
beam to 6 mm and reaches the MLA 3. The MLA 3
is fixed on the coordinate table 4 with microreplacement mechanism, which allows to move the
4
b)
MLA 3 along the optical axis with an accuracy
equal to ±1 μm. The CCD camera 5, 6 is used to
find the focal plane of the MLA 3. The results of
the investigation-intensity distribution on CCD
Fig. 4
camera are shown in Fig. 4, b. Thus some basic parameters of the microlenses such as focal length and the size of the focal spot are determined
(see Table).
a)
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Characteristics of the microlenses
Processing regime
Sag hML, m
Radius of curvature R, mm
Focal length fML, mm
Focal spot size df, m
Numerical aperture

Without CO2 laser
smoothing
1,7
—
35
110
0,002

1 pass

2 passes

1,2
2,3
5,0
64
0,015

1
2,8
6,1
78
0,012

3 passes
0,8
3,5
7,6
86
0,009

Results and discussion. The power density of the incident CO2 laser radiation on the microstructured glass surface may be estimated according to the expression from the work [35]:
P
.
q0 
 d 2 

 f 
4


At the average power (P = 45 W) and with the beam diameter mentioned above, the power
density can reach the value equal to q0 ~ 105 W/сm2.
To evaluate the temperature in the center of irradiated area, the following expression may be
used [36]:
2Aq0 a
 T0 ,
T
k 
where A — the absorbance of the fused silica plate for wavelength of 10,6 µm (AQ ~ 0,9); a — thermal conductivity (a = 8,4·10–7 m2·s–1); k — heat diffusion (k = 1,35 W·(m·K)–1 ); T0 — initial temperature (T0 = 298 K) [37]. Thus, the temperature on the fused silica surface in the center of the irradiated area may reach the value equal to T ~ 2200 K. This implies that our regime of CO2 laser machining corresponds to ablation regime [38].
We analyzed the microlens morphological characteristics using the profilometry data and estimated the optical properties of the microlenses. Since we knew the curve radius of the microlens, the
microlens focal length (fML) and diameter of focal spot (df) may be calculated according to Rayleigh
criterion [39]:
R
f
; d f  2, 44 ML ,
f ML 
n 1
d ML
where n — the refraction index of fused silica for wavelength λ = 0,633 µm (n = 1,46); dML — the
microlens diameter (dML = 150 µm).
For the regime with 3 passes of CO2 laser beam the values of the focal length and the diameter
of focal spot are fML = 7,66 mm and df = 78,80 µm.
The measured and calculated results are in a good agreement (see Table). The profile of microlenses after CO2 reflowing coincides with the profile corresponded to the equation of the circle
(Fig. 5).
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Conclusion. A new method for MLA fabrication on fused silica is demonstrated. It is a combination of LIBBH technology with additional reflowing stage made by CO2 laser irradiation. It is
shown that the ablation regime at the reflow process allows to reshape microstructures without any
residual stresses and manage the future microlens optical characteristic. The formed microlens profiles corresponds to the circle equation. As for the optical characteristics of the MLAs, the results
show satisfactory coincidence between the experimental and theoretical results.
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