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Abstract: We present a novel route to directly integrate an array of
microlenses at the extremity of an optical fiber bundle. The method is based
on photopolymerization at the end of the fiber. The method is based on the
control of exposure dose and volume of the deposited droplet of
photopolymerizable formulation. Optical properties of the integrated
microlenses are discussed on the basis of FDTD calculations.
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1. Introduction

The use of very small lenses array was first suggested by Lippmann [1] in 1908 as an
approach for ‘Integral Photography’. Since, the domain of microlens array (MLAs) has given
rise to increasing interest, especially over the past 40 years. For example, they are of first
importance in digital optical processing and optical computing (Goodman et al 1978 [2]),
non-Gaussian imaging (Rees 1982 [3]), optical efficiency enhancement (Ishihara et al 1983
[4]), and retro-reflective screens formation (Daly et al 1990 [5]). More recently, microlens
arrays have been widely used in fields such as optical coupling [6, 7], integral imaging [8],
diffusers [9], pocket-sized projector [10] and artificial compound eyes etc [11]. Especially,
microlens array fabricated at fiber bundle extremity is of great significance for applications,
such as vapor sensors [12], localized enhanced Raman scattering (LERS) [13] and
particularly remote imaging (remote electrochemiluminescence imaging [14], remote
fluorescence imaging [15]).

Many methods of MLA fabrication have been reported [5, 6, 11, 13-20]. They include
molding (including thermal reflow technique, sol-gel thermal reflow) [6], self-assembly
(including surface wrinkling [16], gel trapping of self-assembly particles [17]), microjet
printing [18], laser machining (including irradiation [19], laser melting [5]), and lithography
methods [11, 20]. Previous approaches clearly demonstrate the ability and the relevance to
generate microlens arrays with uniform profile and controllable size and shape. Nevertheless,
certain drawbacks are common for most of them, such as process complexity, high cost, time-
consuming and necessity of critical condition.

All the above-mentioned techniques mainly concern the fabrication of MLAs on large
planar substrates. Integrating a microlens array at the end of an optical fiber bundle is of great
interest for many applications and still constitutes a challenge due to the small-involved
surface area of integration. Chovin et al. have developed a chemical etching technique to
fabricate a nanostructured array at the extremity of an optical fiber bundle [13-15]. The
principle is the utilization of the difference of etching rates between the GeO2-doped core and
the fluorine-doped cladding in a selective buffered HF solution. Walt et associates [21-25]
developed a protocol to integrate such MLAs at the fiber bundle extremity. Chemical etching
is favored on the fiber cores, resulting in array of holes that were subsequently filled by
dielectric microspheres acting as microlenses. They aimed to use this structure for different
applications including optical sensing [21-25].

In this paper, we present a novel route for the integration of an array of microlenses at the
extremity of fiber bundle. It is based on a local photo-induced polymerization process. This
process is optimized through control of both exposure dose and geometry of the formulation
droplet deposited on the fiber extremity. Our approach presents several advantages over
previous reported techniques:
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i) Each microlens is fabricated directly by the light emerging from a given core, allowing
for an optimal alignment between fiber cores and microlenses;

ii) Lens diameter in controlled within the [1-5] um range
iii) Lens height can be tuned over a large range;
iv) The full process is very simple and rapid (it lasts a couple of minutes);

v) The process consumes few energy and materials (almost cost-free polymer). In
particular exposure power is about hundred nanowatts with an exposure time of
several seconds.

2. Experimental

Over the past 10 years, we have been developed an approach of integration of polymer at the
extremity of single/multi mode monocored fiber end [26,27]. For the present work, we used
the same approach. In particular, we used the same visible-sensitive liquid formulation that
polymerizes under green light exposure. The formulation consists of a monomer of
pentaerythritol triacrylate (PETIA), a photosensitive dye of eosin Y (2°, 4°, 5', 7’-
tetrabromofluorescein disodium salt) and a synergist amine of methyldiethanolamine
(MDEA). Eosin Y is highly photosensitive from 450 to 550 nm with a maximal peak at 530
nm. Thus, a frequency-doubled Nd/YAG laser (532 nm) has been used to induce the
photopolymerization process. A modified route for the integration of an array of polymer
lenses on the end facet of an optical fiber bundle with 7x7 arrayed cores is here proposed. The
fiber bundle consists of a 7x7 arrayed cores with a core diameter of about 2.6pum and an
interdistance of 7.7um. The refraction indices of the fiber core and the cladding are 1.48 and
1.46, respectively. This approach relies on the control of the volume (thickness) of the
photopolymerizable formulation drop deposited at the end of the fiber. The thickness control
is monitored by measuring the contact angle of the drop on the fiber end.
The process mainly consists of three steps that are illustrated in Fig. 1:

i) A freshly cleaved fiber (Fig. 1a) is optically characterized in terms of optical
transmission and a drop of photopolymerizable formulation is deposited on its
extremity. Drop height is reduced to obtain the thickness required. Figure 1b shows
the profile of a resulting thin-layered droplet formulation as observed by optical
microscopy. The volume of the drop is tailored under control using a micropipette.
The green dashed line represents the interface between the solution and the fiber end
facet while pink line highlights the profile of the droplet. The contact angle of the
droplet on the fiber end was recorded and measured before the exposure. The inset
photograph shows a typical droplet profile with a contact angle of 8.5 °.

ii) The formulation is irradiated with a laser beam (A=532nm, that was coupled into the
other fiber extremity) for few seconds to transform the monomers into cross-linked
polymer (Fig. 1c);

iii) The fiber end is rinsed with ethanol for several minutes to remove the unpolymerized
parts surrounding the polymer tips. The laser power coupled into the other end and
emerging at the fiber extremity was measured before the deposition of the droplet.
The inset images in Fig. la exhibits a typical light transmission property of the
multi-cored fiber at wavelength of 532 nm with an incident intensity of 500 nW. In
Fig. 1d, the green dashed rectangle highlights the obtained grown microlens array
after rinsing. The inset on the bottom-left in Fig. 1d presents a typical optical
transmission property after developing while being irradiated by a laser beam with
A=532nm and | = 50nW. The inset on the bottom right in Fig. 1d presents typical
obtained polymer microlens array as observed by a scanning electron microscopy
(SEM).
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3. Analysis and discussions
3.1 Integration of microlens array

The height of the lenses depends on both the thickness of the solution deposited on the fiber
end and the exposure dose. Additionally, the concentration variation of the formulation
compositions including the monomer, photosensitive dye, synergist and the possible addition
of inhibitor greatly influences the results. This point has been discussed in the case of
polymer tip integrated on a single mode fiber [26,27] and will be further studied for microlens
array in future work. In the present work, we used constant composition, time of exposure
(2s) and intensity (I=7uw) for all exposures. On the other hand the influence of the drop
geometry was studied (Fig. 2). The contact angle of the droplet was recorded and measured
before the exposure. It varied in a large range from several degrees to several tens of degrees.
The polymer microlens array heights were determined by SEM cross-sectioned images.
Accordingly, we found the correlation between the height of the polymer microlens array and
the measured contact angle of the droplet. This provides us a simple way of tuning the height
of the MLA.

(CY

50m

CA left: 8.5°
CAright: 8.5°

Fig. 1. Fabrication process of a polymer microlens array on a fiber with 7x7 cores by a free
radical photopolymerization approach. a) Well-cleaved top surface before deposition and a
typical light transmission property with an incident intensity of 500nW (inset image); b)
Droplet profile deposited on the top surface before irradiation and a typical profile with contact
angle of 8.5 ° (inset); c) Polymerization process under laser irradiation (A=532nm); d) Final
structure after unpolymerized formulation removal in ethanol: the inset image on the left
showing the optical transmission property while the incident intensity | = 50nW; the inset on
the right shows the SEM image of a typical structure of microlens array obtained through this
approach.

A contact angle higher than 45° was observed when the fiber was immersed in the liquid
formulation and then extracted freely from it. Typically, this angle results in a polymer tip of
about 30um in height. Using a micropipette, the formulation volume and consequently the
contact angle can be controlled. We can express the height of the microlens as
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—wD (1—0.059)
(2sin )

h (1)

where a is an empirical value that relies greatly on the surface tension, the properties of the
solution and the finite fiber tip dimension. D and @ are the diameter of the fiber end and the
measured contact angle, respectively. These two parameters determine the volume and height
of the photopolymerization formulation. To illustrate the capability of dimensional control by
this route, microlens arrays with different angles measured before exposure are presented in
Fig. 2. By reducing the volume under control, thin-layered droplets with different contact
angles of 22.9°, 9.3° and 8.5° were obtained (Fig. 2a-c). Their heights, diameters and detailed
structures were characterized through SEM cross-sections (Fig. 2d-f), planar arrayed
structures (Fig. 2g-i) and more elaborately separate microlens structures (Fig. 2j-1). The
average height of microlens array was found to be h=15pum with a contact angle of 6=22.9°.
Furthermore, the

CA left: 8.5°
CAright: 8.5°

CAleft: 22.9° CAleft 9.3*
CA right: 22.9° CA right: 9.3°

Fig. 2. a-c) Measurements of contact angles by optical microscope to control microlens array
height h. Using a micropipette, the volume of the droplet is reduced and consequently the
contact angle is adjusted to 22.9°, 9.3° and 8.5°, respectively. d-I) SEM images show the
MLAs fabricated with different contact angles. d-f) Profiles of microlens arrays with different
contact angles correspond to a-c, respectively. Microlens array heights in d-f) are about 15um,
Sum and 4um, respectively. Interconnection among lenses and rinse trace at these peripheral
bottoms in d) can be observed. g-1) exhibit the planar structure of these microlens arrays. A
disconnected lens array structure was displayed both in h) and i). The insets are magnification
images of lens arrays at their centers. j-I) are local magnification images showing the
individual lens structure.
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height value of the fabricated polymer lens diminishes with the decrease of the contact angle
measured. A rough height of 5pm and 4pum was observed in Fig. 2e and 2f corresponding to
measured contact angle value of 9.3° and 8.5°, respectively. As also evidenced in Fig. 2g-h, a
large volume of solution coated on the fiber induced a continuous structure while a tiny
solution coated may produce an expected isolated microlens array structure. More precisely,
an interconnected structure is probably induced for contact angle higher than 15° and a set of
well separated microlens is obtained when the contact angle is lower than 10°. A complex
structure is observed in Fig. 2j. This structure suggests that the mode inducing the
photopolymerization is not the fundamental one (Gaussian mode). A distinct propagation
mode was observed in Fig. 2k. This corresponds to a sum of LP11 + LP02 modes. Quasi-
hemispherical lens without elongation is shown in Fig. 2I. This result indicates that it is
possible to couple a single mode (LP02) in this multicored fiber. As shown by Bachelot et al.
[26], the shape of the coupled mode will determine the shape of the polymer microlens. The
coefficient aD is deduced from Eq. (1). This value is used to calculate the height of the
microlens array from the measured contact angle (#). For example, for h=15um and 6=22.9°,
the aD value is calculated to be 148. Since the value of o is an empirical value that relies on
the surface tension, the properties of the solution and the finite fiber tip dimension. We
assume it to be constant. Based on this value of oD, we can calculate the height for different
measured contact angles of 8.5°, 9.3°. Then, h is calculated to be equal to 6um and 5.4pm,
respectively. These two calculated values are quite consistent with the heights measured by
SEM (~5um and ~4pm, respectively). Additionally, an interconnected structure tends to form
when the contact angle is superior to 15°. Using this calculation, the corresponding height h
for this angle is about 9.75um.

3.2 FDTD simulation for photopolymerization process

A sequence of Finite Difference Time Domain (FDTD) calculations is performed to reveal
the evolution of the polymerization process in the initial stage using Rsoft Fullwave. The
structure designed for the two dimensional FDTD simulations is illustrated in Fig. 3a. The
diameter of each core is about 2.6um and the distance between them is 7.7um. The refraction
indices of the fiber core and the cladding are 1.48 and 1.46, respectively. Firstly, we consider
the structure in air, FDTD simulation results are presented in Fig. 3b. It clearly appears that
the light presents a maximum situated at 2pm from the extremity of each core. Moreover,
destructive interferences appear in a distance of about 15um from the fiber end, as denoted by
the black dashed boxes. Secondly, we consider the structure in a droplet formulation. The
results are shown in Fig. 3c. In this case, we assume the refractive index of the droplet to be
1.48 (without consideration of polymerization) for the simulation. A maximum of intensity is
situated at the interface between the fiber and the solution. Thus, the polymerization will be
induced at this place. On the other hand, constructive interferences between the different
cores are extended from 10pm to 20pm with the maximum at a distance of ~15um from the
fiber end. These interferences will induce a polymerization and then a limitation for the
integration of well-separated microlenses. Comparing to the prediction from the Eq. (1), we
find that the calculated empirical critical value (9.75um) is quite consistent with the FDTD
simulation results (interferences starting at 10um).
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Fig. 3. 2D-FDTD simulations explaining the polymerization process. a) Design of the

structure; b) simulation result without droplet (n 4=1); c) simulation result with droplet (n
=1.48).

droplet

3.3 Experimental results of optical transmission

The optical transmission properties for the as-grown microlenses array were performed by
using the same frequency-doubled Nd/YAG laser (A=532 nm) as incident light source. A
parallel laser beam was coupled into the fiber from the bare end. It was guided by the
multicored fiber to the other end and coupled into the polymer microlens array. Subsequently,
the light in transmission was recorded using a CCD, as illustrated in Fig. 4a. The incident
intensities for Fig. 4b-d are 50nW, 10nW and 3~4nW, respectively. It clearly appears in Fig.
4c that two different modes have been molded. These two modes are the LP02 and the LP11,
as denoted by the red and green broken lines in Fig. 4c, respectively. Moreover, a very low
optical signal is measurable (total power of about 3-4nW, i.e. 0.1nW/lens) as shown Fig. 4d.
The important point of these measurements is the evidence of the difference of intensities
transmitted by the different cores. It comes from the structural difference of the different
microlenses induced by the different modes molded. It points out the importance of the
experimental details like the coupling of the light in the bundle or the quality of the two
extremities of the bundle. In order to reduce these differences, the light must be carefully
coupled in the bundle during the integration of the microlenses. Thus, it will be possible to
optimize the uniformity of the microlenses.

3.4 FDTD simulation for optical properties of microlens array

In order to obtain a better understanding of the polymer microlens array’s optical properties, a
simplified polymer microlens structure for two-dimensional FDTD simulations has been
considered. The design of the structure for this simulation is illustrated in Fig. 5a. Typically,
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Fig. 4. a) Experimental setup used for optical characterization of polymer microlens array. b-
d) MLA images in transmission recorded with different incident intensities: 50nW, 10nW and
3~4nW were coupled into the multicored fiber, respectively. White-lined scale bars for all
images in b-d) represent 30pm.

refractive indices of about 1.52 for the polymer lens, 1.48 for the fiber core and 1.46 for the
cladding have been considered. The diameter of the fiber core was measured to be 2.6um and
the distance between cores determined to be 7.7um. The taper structure of the polymer lens
was provided by:

Z:F(x):ho[w"_xj . @)
W,

0

where hy is a constant defined as the height of the polymer tip, wy is the half width of the
polymer lens on the base, i.e. 1.3um for our case, and a is the taper shape factor. All these
values have been normalized. The conditions used for the simulations are: A = 532nm, hy =
0.5um and o = 0.5. Simulation results are displayed with coded-color in Fig. 5b. No distinct
interference is found during the propagation among fiber and an evident microlens behavior
for the polymer component is revealed. Figure 5¢ and 5d displayed the magnifications for a
separate polymer microlens with a coded-color and a contour line mode, respectively. A
confined light field with full width at half maximum (FWHM) of the order of 0.4 um was
perceptible. The focal length of the lens is about 2 pm and the field depth is about 1.8 pm.

Based on geometry and optical theory, the focal length (f) and the numerical aperture
(NA) can be determined by the following equations [28]:

R

f=—no
n-1

N ®3)
NA =sin| arctan —
[t
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Fig. 5. FDTD simulations (2D) of optical transmission for a single line of polymer microlens
array. Simulation conditions are A=532nm, we=1.3pum, he=0.5pm and ¢=0.5. a) Scheme
showing the structural design for FDTD simulation. b) Calculated electric field /E,/ for seven
polymer microlens, c-d) Calculated electric field /Ey/ magnifications for an individual polymer
microlens with a coded-color and a contour line, respectively.

Where D, n, f and NA are the diameter, the refractive index, the focus and the numerical
aperture of the polymer lens, respectively. In our case, D = 2wy = 2.6um, and n = 1.52.
Taking the calculated focus f value of 2um into consideration, the curvature radius is
calculated to be R=1.04 um. Consequently, we obtain a numerical aperture NA = 0.54 which
corresponds to an angle of collection of about 32.6°.

The radius of curvature determines many optical properties of the microlens array. It can
be tunable by controlling the polymer lens height and shape. Thus, the control of the volume
(or the contact angle) of the droplet of formulation allows us to control the height h, of the
microlenses. As demonstrated in Fig. 2, hy decreases when the contact angle is decreased. The
shape factor can be adjusted by employing different exposure dose and varying the
compositions of the formulation, i.e. the increase of Eosin Y amount or the addition of
inhibitors is favorable to the formation of tiny lens arrays.
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4. Conclusion

In summary, we integrated of a microlens array onto a fiber end by a rapid and simple
photopolymerization method. We demonstrated the ability to tune the heights of the
microlens array by an in situ measurement of the contact angle and the capability to spatially
confine the interactional polymerization between microlenses during the polymerization
process. It should be noted that microlens matrix without interconnection was achieved
provided that the contact angle is small enough (<10°). FDTD simulation supports these
results. The direct coupling between the cores and the corresponding microlens enables lots of
applications, such as photonic-coupled detectors, parallel optical tweezers or high resolution
endoscope. We also believed that the general idea of a polymer microlens array integrated at a
fiber bundle extremity is also of great significance for potential applications, such as sensors,
remote imaging and localized enhanced Raman spectroscopy.
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