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Abstract

The efficiency of optical coupling between an optical fiber and other components, be it a light
source, a photodetector or another fiber, often depends on the performance of the focusing
components. In optoelectronics, microlenses are generally incorporated at the end of optical
fibers to ensure optimal coupling. These microlenses are primarily fabricated with a spherical
profile easier to achieve, with a determined radius and low production costs. However, these
microlenses exhibit a relatively large waist due to intrinsic spherical aberrations making
difficult light coupling in single mode fiber. This article presents the study of a microlens with
a parabolic profile made of polydimethylsiloxane (PDMS) at the end of a singlemode optical
fiber (SMF 9/125). We investigate theoretically and experimentally the contribution of the
parabolic profile compared to the spherical ones. Calculations at A =1.31 um show a decrease
in the radius of the spot diagram in the focal plane divided by 3 from an RMS value of 623 nm
in the spherical case, to 229 nm in the parabolic case. The measured optical coupling is
improved by up to 100%. For the different studied microlens radii of curvatures, the value of
the waists obtained varies from 1.00 um to 4.90 pum with working distances from 5.80 to 48.80
pm respectively.
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1. Introduction

Effective coupling between laser diode sources (LD) and single mode fibers (SMF) or
other optical components is an essential requirement in many applications, particularly in
optical communication systems involving optical fiber connections. The propagation of light
should then be properly collimated using appropriate microlenses. The latter are usually
spherical with a simple geometric shape that can be described by a constant radius of curvature.
Various studies have been conducted on micro-collimators embedding spherical and
hemispherical microlenses [1, 2, 3, 4]. Although these microlenses are simple to manufacture
and inexpensive, their performance is, however, affected by induced spherical aberrations. This
defect, inherent to their geometry, is at the origin of the widening of the focusing spot. To avoid
these aberrations, aspherical structures with non-constant bending radii are employed; the
complex shape of the microlenses allows for the correction of spherical aberrations. In this case,
the profiles are more complex and can be described analytically by a radius of curvature
composed of several terms of higher order coefficients. The approximation to the first terms of
the development shows, as for classical lens, that the parabolic microlens is a prime candidate
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for the addition of such microlenses to optical fibers. This results in a narrower focusing spot,
ensuring thereby better coupling efficiency.

To correct aberrations and optimize light transfer, various aspherical microlenses were
investigated, essentially elliptical, conical, hyperbolic and parabolic. S. H. Ghasemi et al. [5]
presented a study on aspherical plano-convex aspherical lenses and showed that they correct
aberrations that would be produced by an equivalent conventional lens. Jhy-Cherng Tsai et al.
[6] proposed to reduce aberrations by forming a biconvex structure by juxtaposing two
microlenses. In this case, the aberrations are reduced but not as much as in aspherical shapes.
Yu-Kuan Lu et al. [7] obtained a high coupling rate using elliptical microlenses. These
structures are more suitable when it comes to coupling light from an axially non-symmetrical
source to optical fibers. They compensate for the asymmetry of the beam but they are not
intended for correcting aberrations. Rahman et al. [8] investigated optical coupling between an
LD source and a truncated conical microlens micro-collimator. By this process, they obtained
an increase in the coupling rate by taking into account only the multiple reflections between the
two surfaces of the components. S. D. Alaluri. [9] presented a comparative study on the
coupling efficiency between two SMF (Fiber coupling efficiency) fibers using spherical,
conical and GRIN rod lens microlenses. Under optimal conditions, a coupling > 91% was
recorded for the spherical microlens. It is lower compared to the other microlenses; however, it
offers the advantage of being the least sensitive to angular misalignment (Tilt), and allows
therefore for satisfactory tolerances during component alignment. Aberrations remain the main
causes of the weakening of the coupling. Gangopadhyay [10] and C-H. Tien [11] used
microlenses with hyperbolic profiles to prevent the effects of aberrations. The widths of the
focusing spots found were smaller than those obtained using spherical lenses with the same
characteristics. A. K. Das et al. [12] introduced a microlens design of a planar type (step index
planar microlens) based on multilayer deposition of doped polymer, of variable refractive index,
on a concave surface. They were able to reduce spherical aberrations by correcting the path of
light. M. Thual et al. [13-14] demonstrated the possibility to obtain narrow focusing properties
by combining a GRIN with a glass hemispherical microlens and more recently, sub-wavelength
photonic nanojet focusings were obtained by Lecler [15], but requires large mode area fiber.

All studies generally aim to improve the coupling; as such, the introduction of calculation based
on the ABCD matrix transformation method simplifies the calculation of coupling efficiency.
This calculation was widely adopted for optical fibers incorporating microlenses of different
profiles and, in particular, in the parabolic profile [16] where it was shown that the coupling
efficiency can reach 100% under optimal conditions (not taking into account internal
reflection).

In this work, a study is presented on the characteristics and performance of an SMF optical fiber
(9/125um) microlens manufactured with a parabolic profile. The optical propagation through
the microlens is computed using the ABCD transformation matrix method, which allows for
the determination of its main characteristics such as focus waist and working distance. It is
shown that this parabolic microlens offers better coupling performance compared to
microlenses with an equivalent hemispherical shape.



2. Characterization and analysis of aberration

We consider in our study the optical system in Fig. 1, composed of an SMF fiber with a
parabolic microlens of refractive index n, and radius of curvature R at the apex. It is therefore
necessary to study the propagation through the microlens and determine the important
parameters of the transmitted beam, including the waist (w;) and the working distance (Z).

The beam propagation through this microlens follows the path indicated in Fig. 1. The wave
guided by the SMF mode width fiber SMF (2w,) is projected by the microlens into a waist
image (w;).

The mode width 2wy is calculated using the following Marcuse formula [17],

w 1.619 2.879
M0 = 0.65 + Tory + o (1)

where a is the radius of the core of the single mode fiber whichis 4.5 um for a 9/125 um fiber
and V is the normalized frequency given by the expression below:

V=2/1—na,/nf —n2 2)
with n; and n, the core and cladding indices respectively, and A is the free space wavelength
used, A =1.31 um. Calculations give wy, = 4.1 um.
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Fig.1. Light propagation through the microlens.

Calculation of the mode field width 2w, allows for the determination of other optical
characteristics, including the new waist (w;) and the working distance (Z), using the transfer
matrix M of the optical system. This matrix can be broken down into 3 elementary matrices
corresponding to the different propagation media. It is written as follows:

M = M3,My3M;, (3)



Where M;,, M,; et M3, are elementary matrices corresponding, respectively, to the transfer
matrix of the propagation medium between planes 1 and 2, the transfer matrix of the parabolic
microlens between planes 2 and 3, and that of the image waist formation medium between
planes 3 and 4 in air with index n,.

Considering the ABCD law, we obtain the following equation [18]:
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where d is the thickness of the microlens and p is the focal parameter of the parabolic profile.
The apex can be described by an inscribed circle of radiusR =p [19],

From Eqg. (4), we can deduce the parameters A, B, C et D as follows:
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The new waist w; and the working distance Z [20] are deduced from Eq. (12) and (13) as
follows:
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By solving the previous equations, we deduce the working distance Z and the waist w; which
take the following forms:
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2.1. Characterization of the microlens profile

Fig. 2 shows a magnified view of a typical polydimethylsiloxane (PDMS) parabolic microlens
attached to the end of an SMF optical fiber (9/125 um). The profile of the microlens is
determined by image processing. Indeed, starting from the experimental image in Fig. 2, the
coordinates of the points of the microlens contour are extracted and represented by the points
as shown in Fig. 3.
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Fig.2. Profile of the parabolic microlens at the e
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These points are then interpolated by a function of the form y=a.xP to determine its profile. The

parameters (a and b) are determined by power regression. The calculations give the following
values:

a = 0.0277
b = 21153

with a residue of 1.0 x 10~13

Then, the profile equation is written as follows:
y = 0.0277 x*1 (17)

Figure 3 shows the experimental points and the parabolic interpolation curve.
2.2. Correction of spherical aberrations by a parabolic microlens

A spherical aberration is an aperture defect due to the spherical shape of the lens. The light rays coming
from a point at infinity are deflected differently according to their distance from the optical axis. The

5



rays furthest from the optical axis converge more than the paraxial rays, which leads to the appearance
of different image foci on the optical axis.

The spherical aberration thus appears in two dimensions: along the optical axis with different image
focal points, and around the optical axis with diffusion spots of different diameters. This is why two
types of spherical aberrations can be distinguished. The longitudinal spherical aberration equivalent to
the distance between the marginal focus and the paraxial focus, and the transverse spherical aberration,
which measures the radius of the diffusion spot at the paraxial focus. One of the usual strategies to
correct these aberrations is the use of a parabolic profile. Indeed, the latter has proven to be effective in
minimizing these aberrations [21].

The aspherical surface schematized in Figure 4 can be represented by parameters based on geometric
equations, namely a radius of curvature R at the apex and a transverse radius r varying radially from the
center to the edge.

F &(r)

Radial distance

Microlens height

I
A

Inscribed circle
radius R

Fig.4. Diagram of an aspherical surface

This profile is described by the function h(r) , which represents the height of the aspherical
microlens as a function of the radial distance r to the optical axis. Itis expressed as follows [22]:

h(r)=1%+A4r4+A6r6+A8r8+--- (18)

R
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where A; are constants calculated and given according to the geometric profile and parameters
of the desired microlenses.

K isthe aspheric constant [23]. The lens profile h(r) is considered as spherical if (K = 0), elliptic
if (-1<K<0 or k>0), hyperbolic if (K < -1) and parabolic if (K = -1). The last case concerns this
research work.

The radius of curvature at the vertex is given by the expression

_ hy %
R—(K+1)2+2hl (19)
where h; is the height of the microlens.

The back focal length of a plano-convex refractive lens is given by:
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where n is the refractive index of the microlens.
The spherical aberration coefficient of a microlens is given by [24]:
— 4 n?
S =(ON*f o (21)
where ON =? represents the numerical aperture.

Then, the spherical aberration coefficients of a spherical microlens S, and a parabolic

microlens S,,,- are written respectively as follows:
2

h r2 n

Sspn = (ON)* (;l + z—hl) s (22)
r2 n2

Spar = (ON)* (2_hl) (n-1)3 (23)

The difference in the correction of spherical aberrations between these two microlenses is
estimated by the following expression:

D= (1 - SP—) (24)

Ssph

The calculation of the aberration coefficient S, (Eq. 23) of the studied parabolic microlenses
and that of the coefficient Sy, of the spherical microlenses (Eq. 22) with the same radius of

curvature are reported in Table 1 and the corresponding variation curves are shown in Figures
5(a) and 5(b). The aberrations are clearly lower for parabolic microlenses.

The minimum of aberration S, = 0.229 pm is achieved for an optimal curvature radius
R =9.5 um, and as a result, an improvement of D by ~ 63% is achieved.

Tab.1. Comparison of the aberration values of the parabolic microlenses and the spherical
microlenses with the same radius of curvature and refractive index.

R(um) S, (um) Sspn(um) Improvement D (%)

2.50 0.426 0.800 46
9.50 0.229 0.623 63
13.50 0.328 0.736 55
17.50 0.552 0.988 44
21.00 0.920 1.478 38
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Fig. 5. (a) Spherical aberrations as a function of the radii of curvature of spherical and
parabolic microlenses. (b) Improvement D with parabolic microlenses compared to equivalent
spherical microlenses.

The spherical aberrations cause a broadening of the spot diagram. To illustrate it, the spot
diagrams obtained by OSLO simulations are shown in Fig. 6(a) and 6(b). This results in an
RMS geometric radius of the spot diagram of 0.229 um for the parabolic case, around 3 times
smaller than that of the spherical case with an RMS radius of 0.623 pum.,.
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SPOT DIAGRAM FOOLE UNITS: SFOT DIAGRAM FOOUE UNITS: u
5 5
GECVETRICAL GEOMETRICEL GECWETRICAL GEOMETRICAL
FM= R SIZE RS v SIZE FM= F SIZE FMS v SIZE
G 22531 0. 162 C.8226 0. 4402
DIFFRACTION GEMETRICAL DIFFRACTION GEMETRICAL
LIMIT FMS ¥ SIZE LIMIT FME ¥ SIZE
3.925 0. 162 3. BET 0.4402
-5 -5
(@) (b)

Fig. 6. Representation of the spherical aberration spot. In (a) the case of the parabolic
microlens of R = 9.50 um and (b) the case of the spherical microlens of the same R = 9.50
pm.

3. Calculation of the coupling efficiency and optimization of the bending radius of the
microlenses

The coupling efficiency between a source and a fiber, via a parabolic microlens, placed at the
end of the fiber is given [25] by the following integral:

n = IS wpvidxdy|”
[fv|*dxdy [f|ve|” dxdy

(25)



where y_and v, represent, respectively the field of the beam transformed by a microlens and
the mode field of the cleaved SMF optical fiber.

Fig. 7 shows the coupling between two Gaussian beams, one with a waist w; and a wave
curvature radius R; emanating from a 9/125 SMF fiber with a microlens; the other is the 2wy
mode diameter of a cleaved 4/125 SMF fiber. Ry is its wave curvature radius. The distance
between the two waists is L.

Fig. 7. Coupling between two Gaussian beams. Light propagates from left to right.

In this case, the coupling efficiency n is expressed in a simple form [26], given by the
expression:

ZWle

‘r] =
J(waewp) '+ 22

2

(26)

To calculate the coefficient n, we will determine wy and w;. The radius (waist) of the mode of
the 4/125 um cleaved fiber is calculated from the Marcuse equation: wy = 2.28 um. w, of the
microlens is experimentally determined in what follows.

4. Experimental set-up for characterizing the microlens
4.1. Determination of the waist and of the working distance

The experimental characterization consists of determining the optical parameters, namely the
waist of the microlenses, the working distance, the optimal bending radius and the efficiency
of the optical coupling. For this purpose, the experimental set-up dedicated to the
characterization is shown in Fig. 8.
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Fig. 8. Experimental set-up for the characterization of microlenses with parabolic
microlenses.

The set-up is composed first by a laser source (A = 1,31um) coupled into a 9/125 fiber with a
microlens by a microscope lens (x10). Then, an acquisition system composed of a CCD camera
combined with a vertical microscope is used to control the centering and alignment of the
parabolic microlens tip in front of a 4/125 pum “measurement” fiber going to a photo-detector.
The latter is used to scan the output beam in both perpendicular directions (x and y) of the
transverse plane on the one hand, and in the axial direction z on the other hand. The microlens
and the measuring fiber are fixed on 3D micro-displacement systems. The nanometric
displacement in the z direction is ensured by a piezo-positioner (Edmund PP-30). The
longitudinal and transverse translation of the measurement fiber allows to scan, the beam profile
of the coupling area from the surface of the microlens (z = 0). The photodetector gives the value
of the coupled light intensity.

At the maximum of the optical coupling, the working distance Z and the image waist w; are
deducted. For this purpose, five different microlenses were characterized following the same
procedure.

4.2 Results and discussions

Measurements of the transmitted light intensity were taken in a scanned coupling volume of
12 pm in the transverse plane and 40 pm in the axial direction in 1 pm steps with a resolution
of 10 nm. The experimental values were then interpolated by a Gaussian distribution as shown
in Fig. 9(a). These variation curves show the scanned coupling volume.

From the longitudinal section of the curves (Fig. 9(b)), the working distance Z, starting from
the surface of the microlens (z = 0) to the maximum of the curve, is deduced. From the
transverse curve at the minimum width of the coupling volume, in this case at Z = 21, the waist
of the focus spot is determined.
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Fig. 9. Coupling between a 9/125 fiber (with microlens) and a 4/125 fiber. (a) Representation
of the Gaussian interpolation curves (41) of the experimental values in the coupling volume
from z =21 um (front curve) to z = 41 um (back curve). (b) Longitudinal section of the coupling
volume. (c) Transversal section at the minimum width of the coupling volume.

In Fig. 9, the measurements concern a single case of microlens. Therefore, in order to optimize
the coupling, it is essential to find the optimal microlens bending radius yielding the best
performance. Figures 10 (a) and (b) show, respectively, the theoretical and experimental curves
of the variation of the waist and the working distance as a function of the radius of curvature of
the parabolic microlenses in PDMS with index n, = 1.418, integrated on a 9/125 um single
mode fiber at A = 1.31pm.

The curves are monotonous within the range of the studied radii of curvature (2.5 pm — 21 um).
The optimal bending radius corresponds to the maximum coupling value. For this purpose, the
variation of the coupling coefficient n (Eq. 26) as a function of the bending radius of the
microlenses is shown in Fig. 10(c). The curve passes through a maximum of 100% for R = 10.08
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pm (Internal reflections are not taken into account). The approximate experimental value
corresponds to the radius of curvature R, = 9.50 pum, yielding a coupling 7,,,~ 99% .
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Fig. 10. Theoretical and experimental curves corresponding to (a) the waist, (b) the working
distance, (c) the coupling efficiency, as a function of the curvature radius of the microlenses.

Table 2 summarizes the results.

Tab.2. Characteristics of the five different microlenses studied. With w¢ = 2.28 pm and A =
1.31 um

R(l‘lm) Ztheo (Mm) Zexp (l’lm) Wi theo (Hm) W exp (Mm) Ntheo (%) Nexp (%)
2.50 6.32 5.80 1.09 1.00 44.85 34.04
09.50 23.41 22.95 2.30 2.12 <100 99.73
13.50 34.80 34.00 3.35 3.06 97.02 95.82
17.50 44.80 43.90 4.39 3.98 89.80 86.26
21.00 49.68 48.80 5.08 4.86 78.71 76.90
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The value of the waists obtained experimentally varies from 1.00 um to 4.90 um with working
distances from 5.80 to 48.80 um respectively. We can deduce that the most suitable fabricated
microlens corresponds to a radius of curvature R,,, = 9.50 pm. Theoretically, the maximum

coupling of the curve corresponds to R = 10.08 um

5. Conclusion

The objective of this work was focused on optimizing optical coupling where aberrations
induced by spherical microlenses are considered. To this end, the theoretical and experimental
performances of microlenses with parabolic microlenses have been studied. The profile of these
microlenses was determined using image processing by extracting their contours. The
interpolation of the points allowed the determination of the radius of curvature at the apex and
the calculation of the aberration coefficient. The results show that there is a 63% reduction in
aberrations with the parabolic microlenses compared to the spherical one, resulting in a
reduction of the spot size. Hence, optical coupling with any other passive or active component
can be improved. In this regard, the coupling efficiency was also optimized with respect to the
bending radius of the microlenses. Among the five microlenses studied, the experimental value
found a maximum coupling for Ropt = 9.50 pum near the maximum theoretical value R = 10.08
pm. In addition, the microlenses were characterized on a dedicated experimental bench where
the coupling zone was analyzed in a volume axially greater than the Rayleigh distance. At the
maximum coupling, the main optical parameters are determined, in particular the waist, the
working distance and the coupling rate. As can be seen from the results, the performance
obtained is in favor of the use of parabolic microlenses. These optical components can find
suitable applications in optical connections and near-field surface analysis.
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