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We report what is to our knowledge the first optimization of a spot size transformer by use of a periodically

segmented waveguide for photonic integrated circuits based on InP.

segmentation ratio along the propagation direction allows one to make an adiabatic transition of a short length.
A simple method based on the study of a beveled edge transition is presented for the optimization of such a device.
Internal losses in the transition region as low as 1.2 dB are obtained between a coupling waveguide and a simple
heterostructure waveguide, with a very high transition spot size expansion factor.

For photonic integrated circuits (PIC’s) based on
InP, the use of a spot size transformer and a cou-
pling waveguide is necessary to solve the problems
set by fiber-chip coupling losses and misalignment
during the packaging. Waveguides used to make
PIC’s present very tight and elliptical spot sizes.
On the contrary, the spot size of a single-mode fiber
is large and circular. Coupling waveguides, par-
ticularly diluted quantum-well waveguides, are de-
signed such that their spot size is similar to the fiber
one, resulting in lower coupling losses.! A spot size
transformer is a device that permits the adiabatic
transformation of the integrated-optical circuit spot
size into the coupling waveguide spot size.? An orig-
inal method of making the modal adaptation consists
of using a periodically segmented waveguide (PSW)
with a variable segmentation ratio along the propa-
gation direction.? Properties of PSW’s have already
been theoretically investigated*® and characterized®
for LiNbO; material devices.

We deal here with the case of a structure in which
the optical circuit is based on a single-heterostructure
(SH) waveguide, under which lies a coupling wave-
guide with diluted quantum wells” (Fig. 1). If the
diluted quantum wells are grown in the first epitaxy,
the processing would remain very simple, but at the
expense of misalignment losses. The spot size di-
ameters at the 1/e? values of the light intensity are
10.7 pm X 6.3 pum and 3.5 um X 0.8 um for the
coupling and the circuit waveguide, respectively.
Coupling losses that are represented by the overlap
integral between the two modes reflect the misalign-
ment and difference of shape and are computed at
28 dB.® These losses arise mostly from the verti-
cal distribution of the fields in the overlap integral.
Comparatively, losses coming from the lateral distri-
bution of the fields are very low. Simple methods
to make the modal adaptation in this direction have
already been demonstrated.® Thus, in the follow-
ing, we are interested only in the optimization of
the losses in the vertical plane of the transition (i.e.,
plane x,z in Fig. 1).

The SH waveguide is made of InGaAsP material
Ay = 1.3 um) with a refractive index ngy = 3.38
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It is shown that a nonlinear variation of the
at the operating wavelength A, = 1.55 um. It is

segmented to yield adiabatic conversion of the field
(Fig. 1). The segmentation period A is kept constant
along the propagation axis. I is the length of the
InP material (ny,p = 3.17 at A, = 1.55 um), so that
the segmentation ratio I'/A lies in the [0, 1] range.
The effective index and the confinement of the mode
in a PSW depend only on the segmentation ra-
tio I'/A.> The variation of the segmentation ratio
within the [0, 1] range along the structure allows one
to go progressively from the mode of the SH wave-
guide (I' = 0) to the mode of the diluted quantum-well
waveguide (I' = A).

For an adiabatic transition we obtained a linear
transformation of the field along the z-propagation
axis. The value of the overlap integral between the
field in the transition region (for a given z value) and
the SH waveguide mode must vary linearly along the
transition. This requires the knowledge of the field
in perpendicular sections to the z axis. The princi-
ple of a PSW is, however, based on an average in-
dex guiding. Only a beam-propagation method into
three dimensions, taking into account the longitudi-
nal discontinuities, would then be appropriate.> But
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<

Fig. 1. Adiabatic transition made from a periodically
segmented SH waveguide in which the segmented ratio
I'/A is variable between a coupling waveguide using
diluted quantum wells” and a SH waveguide.
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Fig. 2. Optical field overlap figures between the SH
waveguide of dgg = 0.65 um and a SH waveguide of dg
varying from dgg to 0-um thickness.

this numerical tool, which is difficult to employ, is
not flexible enough to optimize such a device. Also,
to cancel the problem of the average index guiding
in the modeling, we first compute the profile of an
adiabatic transition made with a beveled edge. We
then deduce from it the evolution of the segmenta-
tion ratio along the transition, which is necessary for
conservation of the linear transformation of the field.

In the case of a beveled edge transition, the thick-
ness of the guiding layer decreases continuously
from the nominal thickness dgy = 0.65 um until it
vanishes (diluted quantum-well waveguide). We
compute the overlap between the mode in the SH
waveguide of thickness dsy, which is taken as a
reference, and the mode in a section of thickness
dg ranging from 0 to dsg (Fig. 2). This yields the
beveled edge profile, which permits the linear trans-
formation of the guided mode (Fig. 3, curve a). It
can be seen that this profile is strongly nonlinear.

The evolution of the segmentation ratio I'/A for the
PSW is deduced from the variation of the thickness
dg along the beveled edge profile by use of the fol-
lowing relations:

2 / 2
V= —dgsu n%}sp - n%nP = _dQ\/né - n%nP ,
As As

(1)

r r
ngsp = nQ(]- - X) + nInPX ’ (2)

where nggp is the index-weighted average of the two
InGaAsP and InP materials on a period A of the
PSW.*5 Equation (1) expresses the identity between
the normalized frequencies V of two planar wave-
guides of length A. The guiding layer of the first
plane has an average refractive index, nggp, that
varies along the transition. Its thickness is con-
stant (dsg = 0.65 um). The second plane has a dg
thickness that varies, whereas the refractive index

ng remains constant. Equation (2) permits compu-
tation of ngsp in accordance with the segmentation
ratio I'/A. Thus both equations permit the function
I'/A = f(2) to be found for which we obtain an adia-
batic transition with the PSW (Fig. 3, curve b).

This method does not give any information on the
length for which the transition becomes adiabatic.
This parameter is determined by considering the light
propagation in the beveled edge transition. The
internal losses have been estimated for several tran-
sition lengths (Fig. 4). A lower-limit length L. of
approximately 150 um, for which the light is not
transmitted, is clearly seen.
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Fig. 3. Curve a: Profile of the vertical tapered transi-
tion for which the transformation of the guiding mode
along the propagation axis z is linear. Curve b: Func-
tion I'/A = f(z), which conserves the linear transforma-
tion of the mode in the propagation direction z given by
curve a.
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Fig. 4. Internal losses versus the transition length in the
case of the computed nonlinear tapering function. For
length values >150 um, the transition features adiabatic
behavior.
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Fig. 5. Internal losses versus the transition length in the
case of a linear tapering function.

In the case of the beveled edge-type transition,
the propagation simulation using two-dimensional
beam-propagation method® yields 1 dB of internal
losses. The propagation in the PSW, for which the
function I'/A = f(z) was previously detailed (Fig. 3,
curve b), yields 1.2 dB of internal losses. The beam-
propagation method used is unidirectional but takes
into account the InP/InGaAsP interfaces through the
calculation of a transmitted coefficient. This approx-
imation is possible because the reflection at the in-
terfaces is very low (<0.1%). In the two cases the
transition length is Ly = 500 um. N, = 100 is the
minimum number of periods A necessary to produce
internal losses comparable with those for the beveled
edge case.

We note here that this type of transition does not
depend on the operating wavelength A,. This con-
firms that the effect used here is not a grating type,
as long as the value of N, is not too low.

Such a low transition length value cannot be
reached with a linear variation of the tapering func-
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tion. Figure 5 shows the internal losses obtained by
a linear tapering function. This one yields 1 dB of
internal losses for an Ly = 900 um transition length.
For the Ly = 500 um value the losses are 2.5 dB.
In this case the light is not transmitted by the de-
vice for the critical length Lo = 150 um previously
determined.

We have proposed to use a PSW to make a spot
size transformer for PIC’s based on InP. To define
the evolution of the segmentation ratio along the
propagation direction z, we have developed a simple
computing method based on the optimization of the
nonlinear shape of a beveled edge—type spot size
transformer. In the case of the featured structure,
we have shown that the transition internal losses for
a transition length of L; = 500 um could be as low
as 1.2 dB for a spot size expansion factor of 7.9 in the
vertical plane.

The authors gratefully thank F. Ghirardi, A.
Ramdane, and A. Carenco for useful discussions.
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