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Abstract

Several techniques of centring a microlens onto the fibre optic end face are studied. In most of
them, microsphere lenses are centred with the aid of high-accuracy micro-positioners. This
process is complicated with regard to the difficulty in manipulating microsphere lenses. In this
paper, a simple and accurate self-centring method for mounting microsphere lenses using a
concave cone etched fibre (Demagh et al 2006 Meas. Sci. Technol. 17 119-22) is described.
This technique allows the centring of a wide variety of microlens radii, typically 7 um to over
24 pum. The proposed process, however, is not affected by any spatial positioning control of
microspheres. In over 85% of the attempts, the microsphere lenses were centred on the fibre

axis to within 0.12 pm.

Keywords: self-centring, microsphere lens, micro-collimator, fibre optic, concave cone
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1. Introduction

The light power which can be launched into a single mode
fibre (SMF) from a laser diode by simple butt coupling is
small, being limited by the fibre acceptance angle. Centring of
lenses on the fibre end is fundamentally important for purposes
of increasing the light coupling efficiency. Thus, several
coupling techniques have been studied [, 2] where separate
lenses are centred by means of very accurate cylindrical guides.
Efficiency is also improved by the use of techniques based on
adhesive surface tension [3]. Other collimator types involving
GRIN lenses that are fused to the fibre are developed [4].
Because of the intrinsic eccentricity [5] and the small size
of the fibre core, the microlens alignment procedure is more
complex. It often requires a laser-light-assisted alignment
technique. This process is complicated since it needs high-
accuracy micro-positioners to manipulate microsphere lenses.

In order to prevent the complexity of a centring lenses
procedure, microlenses are usually fabricated by melting the

end of a tapered fibre to obtain a hemispheric microlens [6].
Besides, lenses are fabricated by coating the fibre end with a
photoresist layer [7-9].

Among the proposed techniques separate microsphere
lenses glued onto the fibre end face provide one of the highest
coupling efficiencies. In fact, the latter arises in part from
the ability to select lenses of a known radius and refractive
index so as to approach optimal light coupling. Moreover,
the highly spherical quality of such microspheres eliminates
the type of curvature control problem involved in fabricating
lenses at the fibre ends [10]. However, the small size of the
core combined with the need to centre the lens accurately,
typically within several micrometres, brings about difficulties
in lens mounting.

The aim of this paper is to show that an intrinsic concave
cone-etched fibre (CCEF) can be used in a self-centring
microsphere lens technique. The centring procedure of the
micro-ball is achieved without the need for any delicate
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Figure 1. A scanning electron microscopy magnified view of a
concave cone-etched end.
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Figure 2. Profile view of a microsphere lens inserted into the
concave cone end fibre (a) and a front view of the inserted microlens

().

centring apparatus. Thus, the technique can be described as
self-centring.

2. Materials and technique

In a previous paper [11], we reported that a concave cone
end fibre could be obtained chemically as opposed to the
conventional fibre tip profile. Figure 1 shows a scanning
electron microscopy magnified view of a typical concave cone
fabricated at the end face of a SMF. This figure shows the
principal parameters of the cavity: the vertex (core) and the
internal and external boundaries of the base (cladding).

In optical fibres, the intrinsic eccentricity results in the
core axis not being matched with the fibre axis regarding the
external boundary of cladding. But, when a fibre is etched in
HF medium, the core and the cladding are selectively etched
in such a way that the core remains centred compared to the
internal boundary of the base of the etched cone.

A microsphere lens of radius r is then inserted into the
concave cone as can be seen in figure 2. As a result, the micro-
ball lens slips automatically to the top of the cone. Thus, the
ball lens remains centred with high accuracy close to the core
axis.

By means of an optical microscope in the reflection mode,
the images reflected from the lens as well as from the etched
fibre are observed through the eyepiece of the autocollimator
and projected on a CCD camera. Figure 2(a) illustrates a
profile view of a 26 um diameter sphere lens inserted into
the concave cone of the vertically handled etched fibre. A
centring error can appear when the lens centre does not
coincide with the fibre axis. Therefore, measurements of
self-centring error are performed using the optical system of

MEFD at beam waist
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Figure 3. Representation of a concave cone micro-collimator
construction.

Table 1. Mean and standard deviation of measurements in the two
directions.

Mean value (um)  Standard deviation (p«m)

0.080
0.121

0.009
0.008

Ax,
Ay,

0.02 pum resolution. The procedure to make out the
misalignment is to locate respectively the centre (x;, y;) of
the ball lens and the centre (x,, y.) of the concave cone base by
focusing the microscope both on the boundary of the lens and
on the internal edge of the concave cone. The positions (g,
x12), (i1, yr2) of the lens and (x.1, Xc2), (Ve1, Ye2) of the cone
are fixed and measured successively in the two perpendicular
directions x and y, as illustrated in figure 2(b).

The point centre values of the lens and of the cone,
respectively, are calculated as

X = (xpn +x2)/2; vi=n+y2)/2;

ey
Xe = (xcl +-x02)/2; Ye = (ycl + yc‘2)/2
and the misalignment in the two directions is evaluated by
Ax. = |xc - xll and Ayc = |YC - yl| . (2)

The experimental values are listed in table 1.

We find Ax, = 0.08 um and Ay, = 0.12 um. These
values could be improved because most of the centring errors
result from the measurement readout that depends on the tilt
accuracy of the fibre axis shown in figure 2(a). It is obvious
that the self-centring of the micro-ball is not affected by the
tilt.

In the concave cone etching process, it is shown that
a different concave cone size can be obtained since the
cone height gradually extends as the etching proceeds until
the concave cone boundary equals the etched diameter.
In the particular case of our experimental interests, the value
of the concave cone height # is found to be 17.8 um and
the concave cone base width / is 15 um. Consequently, a
relatively large range of lens size can be mounted with desired
cone dimensions. The radius range available can be derived
from a simple geometry construction reported in figure 3.

Let us consider on one hand that the minimum lens radius
size rmin 1S the value which corresponds to the arrangement
where the ball lens is tangential simultaneously to the cone
wall and to the fibre core end face. On the other hand, the
maximum value 7, is obtained when the ball lens is tangential
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Figure 4. Representation of a magnified view of a typical
micro-collimator.

(This figure is in colour only in the electronic version)

to the boundary line of the base at the maximum value of the
height 4. Thus, ryi, and . can be expressed as

Fmin = acosa /(1 — sina)

Fmax = (@ +htana)/ cosa, (€)]

where a is the core radius and « is the etched angle given by
tano = [/ h. As aresult, the radius range of microlenses that
can be inserted in the concave cone is rmin < 7 < Fmax-

With ¢ = 3.5 um, [ = 15 um and h = 17.8 um
(e ~ 0.7 rad), we obtain 7.4 um < r < 24 pum.

Since the height of the CCEF [11] can be adjusted, as
reported previously, a large assortment of collimators can be
achieved. Figure 4 shows a micro-collimator that combines
a polymer microsphere of a 4.5 um radius and a SMF
(4/125 pm) provided with a micro-cavity of 4 um height
(I~3.5 pum).

3. Theoretical analysis of propagated light

Theoretically, the propagating light is assumed to have a
Gaussian beam distribution.  Therefore, the propagation
characteristics of the Gaussian beam need to be taken into
account. Figure 3 gives a description of the considered optical
collimating device. As the fundamental mode of the SMF is
approximated by a Gaussian radial distribution, the output light
plane defined by the waist 2wy is projected on the microsphere
input plane 2w;. When the Gaussian light passes through the
microlens, a new waist of a mode field diameter (MFD) 2w
is located at a working distance WD.

For a step index fibre, the mode field radius wy is given
by the Marcuse formula [12] as follows:

wo 1.619 2.879

where a is the core radius and V is the v-number given by

2
V= Tna,/n% — n%, (®)]

where n; and n, are respectively the core and the cladding
refractive indices, A is the He—Ne laser wavelength (A =
632.8 nm) of the propagated beam and n% —n% is the
numerical aperture (NA = 0.21).

The Gaussian beam approximation for the fundamental
mode helps in determining the beam parameters in any plane
through a well-known formula. The equations used are

Table 2. Calculated parameters of the lenses of refractive index
n=14.

7z (pm)  f (um)  w; (um)  wy (um)
Lens diameter 26 um 4.8 22.7 2.2 1.5
Lens diameter 50 um  11.5 43.7 2.4 2.0

familiar equations for the 1/e? beam radius as a function of
the distance z from the waist, expressed by

2
wi(2) = wo,[ 1+ (ﬂ> : (©)
20
In the Rayleigh range, the distance z is given by
2= 00, %)
A

The distance z; propagated from the plane of wy where the
wave front is flat to the lens input plane w; can be derived
from figure 3 as

1 a
= r( — — 1) - : ®)
Sin o tan o

When the wave front w; of the Gaussian beam passes through
the microsphere lens, a new waist wy is formed at an axial
distance under paraxial assumption [13], assuming that the
waist of an input beam represents the object and the waist
of the output represents the image. The spot size can be
determined by the following equation:

2
w;

ﬂw/z 2 1 n 2
() (- %)

where R, is the curvature radius of the wave front at the lens
and n is the refractive index of the microsphere lens.
From the optical theory, the effective focal length f of a
ball lens of radius ris determined using the following equation:
r n

fN2n—1'

The effective focal length is measured from the centre of
the microsphere lens to its focal point. In reality, spherical
aberration shifts the diffraction focus towards the microlens.

By assuming that the beam waist w; at the microlens
input is an incident plane which is equivalent to having R, =
00, equation (9) becomes

€))

2 _
wy =

(10)

wy = —— (11)
[1+ ()T
Substituting the experimental values in the preceding formulas,
respectively (4)—(8), (10) and (11), the so-called parameters
can be calculated. Interestingly, we find the spot size
radius wy = 2.21 um, the mode field diameter 2w, =
4.42 um, the V-number V = 2.385, zo = 24.24 um, z; =
4.8 um; at this distance, the wave front projected on the micro-
ball is assumed as plane (R, = 00). The calculated parameters
are listed in table 2.
The calculated parameters of the considered micro-
collimator depend on the micro-ball radius, its refractive index
and the etched cavity size that fix the z; distance.



However, before these characteristics can be optimized,
the theoretical coupling efficiency must be considered. In fact,
the optimum coupling occurs when both Gaussian beam and
fibre beam waist sizes are matched. To express the optimal
coupling, we introduce a coupling efficiency factor 7.

From the Gaussian beam coupling theory [14], the
theoretical calculation of the maximum butt jointing coupling
efficiency n and predicted improvement coupling efficiency
n(r) using lensed fibres can be expressed, respectively, as

n = 2wgwy (12)
w2 + w}
and
_ 2wwy |
) = L, (13)
Wi + Wy

where w; is the waist of the focused Gaussian beam
(figure 6).

Given 7 and 7n(r), one can calculate the ratio n(r)/n of the
increase in the coupling efficiency.

Using a microscope objective lens (x 20 Plan Fluorite) the
waist diameter 2w; is found to be 2.13 um. The microlens
(r = 25 nm) was found to have a waist diameter of 2.02 um.
As a result, the increased ratio in coupling efficiency is then
n(r=25 um)/n ~ 1.2.

The increase in the coupling efficiency 7n(r) as a function
of the inserted microlens radius r is expected because the
potential coupling efficiency exhibits an optimal value for a
giving angle of CCEF (or the z; distance, equation (8)), and
we can thus calculate the optimum radius of curvature for the
microlens. Substituting (6), (8) and (11) into (13), the coupling
efficiency n(r) can be written as

(rA+B)(1+ Y% (rA+ 3)2)}1/2

n(r) = 2wsw ; (14)
w1+ M A+ BY) + wi(rA + B)
where
A 1 —a A
Twy \sIno tan o T Wy
2(n —1 2
M = MM_ (15)

n A
As stated above, the optimum coupling efficiency is dependent
on the microlens radius. Figure 5 shows the coupling efficiency
versus different radii of the microsphere lens.

At the optimal lens radius, the propagated beam’s waist
radius is close to the fibre’s one, thus resulting in a maximum
coupling efficiency. The optimal radius 7, is found to be
11.11 pm.

Otherwise, on the one hand, the coupling inefficiency is
attributed in part to spherical aberration of lenses. The reduced
coupling inefficiency is achieved with lenses of small radius
and high refractive index, because the losses due to spherical
aberration decrease with decreasing focal length. On the other
hand, coupling loss increases more rapidly as the lens comes
close to the fibre (r < rop) than as it moves in the opposite
direction [15]. Therefore, a moderate coupling efficiency can
be maintained with appropriate microlens radius.

n(n

Coupling efficiency

0,0 + } + } + } + } +
0 20 40 60 80 100
r(um)

Figure 5. Coupling efficiency versus microlens radius.

4. Coupling efficiency

A coupling lens is an effective solution to provide the ability
to easily launch the light from the divergent output of an
optical device to a SMF. A critical issue is the coupling
efficiency dependence of the coupling lens arrangement
and misalignment tolerance.  Therefore, in this section
a comparison of measurements between the conventional
coupling design and the proposed design was made with
respect to light coupling.

Because the adjustment of the SMF can affect the initial
alignment of the fibre and both the light source and the
photodetector, the same fibre is used in the experimental
setup for the two kinds of coupling design, successively
without and with a mounted microlens to achieve an accurate
comparison of the two coupling designs.

Beforehand, a SMF fibre (4/125 um) is etched as
mentioned in the previous section, and then it is fixed in
the measurement setup by mechanical multi-axis positioning
stages as shown in figure 6.

The alignment of the fibre is performed by means of
precision translation stages in the lateral direction (x, y) to
achieve the best efficiency of optical power transfer between
the focused light (A = 632.8 nm) and the optical fibre.

In the longitudinal direction z, a linear driven motorized
stage, with a micrometer resolution over 25 mm displacement
range, translates the fibre end in a dynamic range Az =
2.3 mm around the waist w; location plane (z = 0) of the
injection source. The value of original transmitted power Py(z)
as a function of the longitudinal displacement z is measured.

In the microlens coupling design, a microball lens is
inserted in the concave cone of the SMF. As a result, the
photodetector (Si photodiode/0.3—1.1 um) gives the value of
the transmitted light power P;(z) measured in the same
dynamic range. Then, the coupling efficiency caused by the
transferred light through the microlens can be calculated.

Two coupling sizes of microlens of 26 um and 50 um
diameters are tested successively. The relevant experimental
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Figure 6. Experimental setup for coupling light measurements as the fibre end is translated in the longitudinal direction z with and without a

microlens.
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Figure 7. Normalized coupled light versus translated end fibre in
the waist region of the objective focused light.

results of transmitted light are plotted in figure 7. The latter
shows, at its best overall (z = 0), that the efficiency obtained
in the lensed fibre design is improved by 44% (factor 2.5)
with 50 um lens diameter and by 74% (factor 7) with 26 um
lens diameter as compared with the highest efficiencies which
could be obtained with the conventional butt coupling light.
Thus, the coupling efficiency is significantly increased from
—7.13 dB with 50 um lens diameter to —2.62 dB with 26 um
lens diameter.

The calculated optimal radius 7,p (~11.11 pm) is in
reasonably good agreement with the experimental one, as
shown in figure 7. The latter shows that the lens of a radius of
13 um gives the best increase in coupling efficiency.

To achieve a compact device shown in figure 8, the
concave cone is glued with a thin layer of transparent adhesive
where the mounted micro-ball lens is UV bonded. Besides, the
adhesive of the refractive index n3, which closely approximates
that of both the fibre core and the microlens, acts as an index-
matching material that minimizes the two Fresnel reflections.
The latter occurs when light passes from the microlens into
the air gap (nyp = 1) and from the air gap into the fibre core. A
quantitative analysis based on the Fresnel equations gives the
optical transmittance representing the fraction of the incident
power that gets transmitted into the fibre.

Figure 8. A scanning electron microscopy magnified view of a
micro-collimator before (@) and after (b) bonding a 26 um
microlens diameter onto 4/125 um SMF.

Let pip and pyo be the ratio of the reflected power
to incident power of the two interfaces, and ti, be the
corresponding transmittance. Thus, we have the relationships

p1o = [(n1 —no)/(n1 +no)%,  pao = [(n — ng)/(n +no) 1%,

712 = (1 — p19) X (1 — p20).

The matching condition gives

o3 = [(n1 —n3)/(n1 +n3)1%,  paz = [(n — n3)/(n +n3)]%,

13 = (1 — p13) x (1 — p23).
Thus, the increase in transmission At is accurately determined
as At = (113 — T12) /T2

With n3; = 1.5 and n; = 1.4675, the increase in this case
would be over 6%.

5. Conclusion

We have shown that a self-centring microsphere lens on a fibre
optic end face can be achieved by inserting a micro-ball in
a concave cone previously etched. In addition, a compact
micro-collimator where the lens is UV bonded is presented.

Since the etching process allows us to obtain different
dimensions of the cone height, a large range of lens size
can be used to produce micro-collimators of desired optical
parameters.

The above experiments are not limited only to those
dimensions but lenses of radius greater than rp,, (= 24 pum)
may be used. rn.x depends, essentially, on the angle o which
is determined experimentally for each step index fibre.



Following this configuration, the lenses are disposed onto
the concave cone edge where they remain self-centred.

In the case of figure 3, the diameter of the fibre end
remains relatively large (~38 um width), and so, by the
etching process, it can be reduced to the micro-ball diameter
in order to obtain a smaller micro-collimator.

Regarding the coupling efficiency, the proposed technique
shows that inserted lenses were accurately centred on the fibre
axis within 0.1 um rather than several micrometres as usually
reported. This self-centring method which yields microlenses
located to high accuracy produces a substantial improvement
in the coupling efficiency. This efficiency increases by more
than 74% in the compact configuration. Furthermore, the
calculated lens radius is found to be in good agreement with
the experimental value.

Because the centring microlens process is performed with
no need for complicated positioning procedures as is the case
of other techniques of mounting a separate lens (GRIN lens,
C-lens, Ball-lens), the proposed method may provide a cost-
cutting solution for micro-collimator applications and thus it
can be appropriate for a production-oriented technique.
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