
 

Adapting the mode profile of planar waveguides to single-
mode fibers : a novel method
Citation for published version (APA):
Smit, M. K., & Vreede, De, A. H. (1991). Adapting the mode profile of planar waveguides to single-mode fibers :
a novel method. Applied Optics, 30(21), 2941-2946.

Document status and date:
Published: 01/01/1991

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/201e221d-d9b7-4123-ba11-dca13c6e4bf7


Adapting the mode profile of planar waveguides to
single-mode fibers: a novel method

M. K. Smit and A. H. de Vreede

A novel method for coupling single-mode fibers to planar optical circuits with small waveguide dimensions is
proposed. The method eliminates the need to apply microoptics or to adapt the waveguide dimensions
within the planar circuit to the fiber dimensions. Alignment tolerances are comparable to those of fiber-fiber
coupling. The low loss potential of the method is experimentally demonstrated for A12 03 waveguides on
silicon substrates.
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I. Introduction

The problem of low cost coupling planar optical
circuits with small waveguide dimensions to fibers has
not yet been solved. Low cost solutions suffer from
high coupling losses.' To obtain low losses the planar
mode profile must be matched to the fiber mode. This
is most frequently being done with microoptical com-
ponents.2-5 Alignment tolerances are in the submi-
cron range resulting from the dimensions of the planar
waveguide. The coupling problem is further aggravat-
ed by the strong ellipticity of the mode profile within
most small size waveguides.

Although efficient coupling methods are presently
applied industrially, they suffer from high fabrication
costs. The cost of a pigtailed cleaved-mirror laser, for
example, is many times the cost of the laserchip. It
will be difficult, if not impossible, to reduce the cou-
pling costs to the same order as future chip costs. The
main problems are in the alignment and the packaging,
where the relative positions have to be fixed within
submicron precision under widely varying operating
conditions.

The problem can be solved by creating a gradual
local change of the planar waveguide geometry near
the coupling region to adapt the mode profile to the
fiber mode.67 In this approach the alignment and
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packaging costs will be reduced, the problem now lies
in the reproducible fabrication of the nonplanar films,
which are necessary for the adiabatic conversion of the
mode profile. In this paper, another approach is pro-
posed and experimentally tested, which allows for a
fiber-matched output beam without having to adapt
the transverse waveguide geometry.

II. Basic Principle

The prism coupler is widely used for experimental
purposes. Coupling efficiency of the commonly ap-
plied configuration with a uniform tunneling gap is
maximally 80% for Gaussian beams.8 Better coupling
efficiencies can be obtained by applying a tapered
tunneling layer,9 which yields a bell-shaped output
beam, as shown in Fig. 1.

The width of the output beam is determined by the
taper angle of the gap and will decrease monotonously
to the transverse width of the guided mode if the taper
angle is increased to 90°, corresponding to a perpen-
dicular endface. A particular taper angle will thus
exist for which the transverse width of the outgoing
beam is matched to the width of a fiber mode. Conse-
quently, it is possible to match the transverse width of
the output beam of an arbitrary planar waveguide to a
fiber mode by appropriately choosing this angle. The
lateral width is determined by the lateral mode width,
it is easily matched to the fiber mode by applying a
planar taper.

The principle can be applied to couple light from a
planar circuit to a fiber if a high index liquid is applied
between the fiber and the waveguide. The index of
this material has to be greater than the effective index
of the mode, which is to be coupled out of the wave-
guide. Permanent connections can be made, in princi-
ple, with UV-hardening epoxies or low meltingpoint
eutectics, if the optical and mechanical properties can
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Fig. 1. Geometry of the beam radiating from a waveguide covered
with a uniform tunneling layer (a) and a tapered layer (b).

be made sufficiently stable. In the following we will
refer to the high index material as the prism material.

In the present paper, the potential of the above
coupling principle is theoretically analyzed and ex-
perimentally demonstrated for the 633-nm wave-
length. The latter wavelength was chosen because of
the availability of accurate measurement equipment
operating at this wavelength. The principle applies
equally well to other wavelengths. The present ex-
periments were designed for establishing the validity
of the theoretical description given in the next section.

Ill. Coupler Analysis

A. Output Beam Shape

Two regimes should be distinguished in calculating
the shape of the output beam. For small taper angles,
evanescent field coupling will be the dominant mecha-
nism. For large taper angles, the coupling region will
become so short that evanescent coupling and diffrac-
tion effects are small and the coupling can be described
as refraction of a parallel beam through a skew end-
face.

(1) In the evanescent coupling regime the radiated
power is equal to the power leakage of the guided
mode, so that the output beam shape can be computed
by solving the differential equation describing the
power decay of the guided mode from radiation leak-
age:
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dP(z) = -2a(z)P(z). (1)

The attenuation coefficient a is dependent on thick-
ness g of the tunneling layer and follows from the
effective index as a(g) = -N"(g)k 0 , in which N"(g) is
the imaginary part of effective index N. The complex
effective index of a prism loaded waveguide can be
obtained numerically in several ways; we applied a
transfer matrix method.' 0 The local attenuation coef-
ficient a(z) follows from a(g) by substituting the (lin-
ear) dependence of g on z. Numerical solution of eq.
(1) yields the z-dependence P(z) of the guided power,
from which power S(z) radiated per Atm as follows:

dzP (2)

Figure 2 shows the beam shapes S(z) along the z-axis,
radiating from the fundamental modes (TE and TM)
in an aluminum-oxide waveguide on silicon substrate,
as described in Sec. IV, for two different taper angles
(1° and 20).

The above computations are valid as long as the
mode is able to adapt its profile adiabatically to the
changing waveguide structure. This will be the case as
long as the ray propagation angle O'm after reflection is
smaller than the critical angle at the reflection inter-
face, i.e., O' = m + 2 0

t < 0,, in which 0, is the critical
angle of the waveguide structure and m is the ray
propagation angle corresponding to the guided mode.
The reason for applying small sized waveguides is usu-
ally the requirement to keep the waveguide single-
moded despite a relatively large index contrast. Criti-
cal angles in small-sized waveguides will therefore be
large, in the order of 10 to 200, and no problems should
be expected in applying the above computation meth-
od until close to the end of the waveguide, where the
mode approaches cutoff and 0

tm comes close to O0,
(2) In the refraction regime most of the guided pow-

er reaches the skew endface before being coupled out of
the waveguide by evanescent coupling or diffraction.
Computation of the beam shape in the refraction re-
gime is straightforward. From Fig. 2, it is seen that the
transition from the evanescent to the refraction regime

0.6

-

0.3 4

U

- 0.0
40

Fig. 2. Shape of the beam coupled into the prism
medium from a guided mode through a linearly
tapered tunneling layer. Beam shapes are shown
for 1 and 2 taper angles, for the TE- and TM-
polarized fundamental modes.
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Fig. 3. Refraction of a parallel beam through a skew endface.

starts before taper angles of 20. For this taper angle
not all of the guided power is coupled out of the wave-
guide before it becomes degenerate (at z = Ze in Fig.
6(a)).

B. Output Beam Width

In the evanescent coupling regime effective width ws
of the output beam, measured along the z-axis (see Fig.
3), is computed from

SS(z)dz (3)

Smax

Figure 4 shows the effective width as a function of the
taper angle, for both polarizations. In the refraction
regime w follows directly from the effective mode
width wm (Fig. 3):

W = Wi cos0, = Wm/tgt, (4)

in which wi is the beam width measured along the skew
interface. The dotted curve in Fig. 4 shows the width
computed according to this formula. The different
predictions are close to each other. If we were able to
correct for the truncation error, which can be observed
in the beam shape for the 2 taper (see Fig. 2), the
curves would come even closer for taper angles in ex-
cess of 1.50.

The effective beam width wp follows from the as-
sumption that the amplitude profiles match at the
skew interface:

W = wisin(0p + Ot) - w, sin0p. (5)

In this formula Op is the propagation angle at the out-
put beam, which follows, both for the refraction and
the evanescent coupling regime, from the field conti-
nuity conditions at the skew interface:

op = arccos ( N cos)t- - Ot ot, (6)
pp /n

where N is the mode index. For the waveguide config-
uration used in the present experiments wm 0.30 ,Am,
with a negligible difference between the two polariza-
tions. The radiation angle Op is approximately 250.
In the refraction regime an effective 5-Mm width, which
is representative for a fiber mode, requires a value ws 
12.5 m, from which a taper angle of 10 is computed
through Eq. (4).

2.0

Taper angle (degr)
Fig. 4. Effective width of the output beam, measured along the z-
axis, as computed from Eq. (4), evanescent coupling for TE (-) and
TM polarization (...) and from Eq. (5), refraction, both polariza-
tions (... ). The marked points represent experimentally measured
data (TE) (0)

C. Coupling Efficiency

Coupling performance is determined by overall cou-
pling loss L, which consists of two components:

L = L +Lm (dB), (7)

where Lr represents the reflection losses at the skew
interface and at the fiber tip, and Lm the loss from field
mismatch between the output beam and the fiber
mode.

(1) Reflection loss at the fiber tip is easily estimated
using the Fresnel reflection formula, it can be eliminat-
ed by applying an appropriate antireflection coating.
The reflection at the skew interface is more difficult to
predict. In the evanescent coupling regime the mode
will be able to adapt itself adiabatically to the changing
waveguide geometry, and there will be no reflected
field. In the refraction regime the loss will be domi-
nated by Fresnellike reflection which approaches 100%
near grazing incidence.

For guided beams, however, the reflection deviates
from planewave reflection, a difference which in-
creases with increasing incidence angle."1'12 The
mechanism has been analysed for reflection at a plane
normal to the propagation direction of the mode. The
reflection of a guided wave at strongly skew interfaces
has not yet been analysed theoretically. Therefore, we
determined it experimentally, as will be discussed in
Sec. V.

(2) Loss Lm due to field mismatch can be computed
by taking the overlap integral between the output
beam and the fiber mode along the z-axis. For ease of
computation, we approximated the fiber mode as a
Gaussian beam. For the experimental waveguide con-
figuration and a taper angle of 10, the effective width of
the TE-polarized beam was found to be 12.5 m and
that of the TM-polarized beam 13.5 Am, as can be seen
from Fig. 4. Figure 5 shows the overlap of the square
root of the corresponding beam profiles S(z) with a
Gaussian profile with 12.5-,um width, as a function of
the z-coordinate of the Gaussian beam center.
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Fig. 5. Coupling efficiency from the output beam for a 1 taper
angle to a Gaussian beam with 12.5-jum effective width: TE-polar-
ized beam (-), 12.5-pm effective width; and TM-polarized beam
-- -), 13.5-jum effective width.

From the figure it is seen that on proper alignment of
the beam relative to the output beams a transverse
coupling efficiency in excess of 94% can be obtained for
the TE- and TM-polarized beams simultaneously.
This corresponds to a 0.25-dB coupling loss to a Gauss-
ian beam; coupling loss to a fiber mode is expected to
be close to this value.

The coupling loss thus calculated accounts for the
amplitude mismatch only. Because the two polariza-
tions have a different propagation constant, it will not
be possible to match their phases simultaneously.
The resulting coupling loss can be estimated by com-
paring the difference in radiation angles within the
prism material with the N.A. of the fiber.

In the aluminum-oxide waveguide system the angu-
lar difference between the two polarizations in a medi-
um with n = 1.74 is in the order of 11/20, both at short
and long wavelengths (if the film thickness is adapted
such as to keep the V-parameter at a fixed value of 2).
If the fiber mode is approximated as a Gaussian beam,
the effective N.A. of the fiber follows from N.A. = A/
(4we). For an effective fiber mode width we 5 ,m at
1.3-Mm wavelength, the N.A. will be 20. If the fiber
alignment is centered between the radiation angles of
the two polarizations, the angular misalignment will
amount to 40% of the N.A. for each polarization. As-
suming a Gaussian radiation pattern, an angular mis-
alignment equaling the effective N.A. angle will cause a
coupling loss of -3 dB (for Gaussian beams the effec-
tive width comes close to the FWHM). Because the
coupling losses reduce quadratically with decreasing
misalignment angle, they are estimated to be in the
order of 0.5 dB.

In conclusion, the anticipated excess loss from both
amplitude and phase mismatch is expected to be well
below 1 dB for the present experimental waveguide
system. As the output beam closely resembles the
fiber mode, the loss from residual misalignment will be
the same as in the fiber to fiber coupling case.

IV. Experimental Results

The experimental waveguide structure was realized
in an SiO2 /Al 2 03 /SiO2 layer stack on a silicon sub-
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Fig. 6. (a) Experimental configuration for verification of the cou-
pling principle. Light is coupled into the waveguide with an input
prism at the right side of the substrate (not shown). (b) Measure-
ment recording of the power detected by a prism sliding from the
taper region towards the input prism.

strate. The waveguides were fabricated by RF-diode
sputter depositing a 0. 2 5 -,m A1203 film (n = 1.69) on a
thermally oxidized silicon substrate, as described by
Smit et al.13'14 The lateral waveguide structure is
produced by atom beam milling a 40-nm step into this
layer. The etched structure is covered with a 0.6-,um
RF-magnetron sputtered SiO2 layer (n 1.46) so that
an embedded ridge guide structure is obtained, in
which light can be coupled with a prism as described by
Pasmooij et al.15 The end section of the waveguide is
covered with an additional 0.4-Mm SiO2. In this thick
cover region we polished a spherical hole with a metal
ball, as indicated in Fig. 6(a). Figure 7 shows an inter-
ference contrast micrograph of the tapered edge with a
waveguide ending up in the taper region.

The taper angle t at the edge of the hole follows
from the diameter of the hole, which can be measured
with a microscope, as

Ot = arcsin (CD- A/D), (8)

in which Dh is the diameter of the hole, Db the diameter
of the polishing ball, and A,, the offset of the waveguide
axis relative to the hole center.

To determine the quality of the beam coupled out of
the waveguide, we coupled light into the waveguide at
the thin cover region and imaged the light distribution
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Fig. 7. Interference contrast micrograph of a tapered waveguide
section, revealing polishing grooves. The waveguide at the left is 6
jum wide.
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Fig. 8. (a) Transverse (-) and lateral (--- -) inte
at the coupling region, as imaged on the CCD cai
verse intensity distribution radiating from the 'I7
polarized --- -) fundamental modes.

coupled out of the tapered region on a
through a small high index prism, with 
distance microscope objective. The pri:
n 1.74) was optically contacted to 
structure with a high index liquid (CH,
Figure 8(a) gives an example of the tran:

lateral light distributions measured with this setup,
Figure 8b of the transverse profiles measured for the
TE- and the TM-polarized mode. The widths of the
measured transverse distributions are indicated in Fig.
4, showing good agreement between theory and experi-
ment. The results shown are for TE-polarized light.

To determine reflection loss Lr at the skew interface,
we slide the output prism in the direction of the input
prism and record curves, as shown in Fig. 6(b), for
taper angles ranging from 1.1 to 1.60. From the left to
the right, the flat zone corresponds to the region where
the output beam is detected by the photodiode mount-
ed on the prism. The dip at the left of this zone
corresponds to the region where the output beam is no
longer detected by the prism mounted diode. The
zone farthest to the left corresponds to the region with
a thin cover layer, where the guided power is coupled
out of the waveguide in the usual way. The slope is the
result of the waveguide attenuation. By comparing
the extrapolated curve with the power level in the flat
zone at the right, the reflection loss at the skew inter-
face is seen to be <1 dB for both polarizations, which is
a promising result. The low reflection loss indicates
that evanescent coupling is still the dominant mecha-
nism for taper angles up to 1.60.

V. Conclusions

A novel method is proposed for coupling monomode
fibers to planar optical circuits with small waveguide

5 10 dimensions. It combines the alignment tolerance of
butt-coupling with a good coupling efficiency, without
the need to apply microlenses. The method applies to
a variety of waveguide structures.

If the polishing is performed with a flat polishing
process on a number of circuits parallel to each other,
simultaneous coupling to a number of circuits seems
feasible, which gives the method a potential for low
cost production. The experimental results obtained
with the surface quality as shown in Fig. 7 indicate that
the polishing requirements are not critical.

Based on theoretical calculations, supported by ex-
perimental results, coupling losses are anticipated to
be in the order of 1 to 2 dB (1-dB beam-shape mis-
match loss and reflection losses in the order of 1/2 dB).
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