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Abstract—A rigorous study of atapered spot-size converter in a
deep-etched GaAs/AlGaAs optical modulator isreported through
the use of full vectorial approaches. Mode beating in the tapered
section, theexpansion of the spot-size, and the consequent enhance-
ment of the coupling to an optical fiber are also reported.

Index Terms—Beam propagation method,
method, optical coupling, spot-size converters.

finite-element

I. INTRODUCTION

N the design of semiconductor optical waveguides, power

splitters, bends, lasers, modulators, and amplifiers, two dif-
ferent manufacturing technologies creating different design ap-
proaches are often used. The first type, the shallow rib type de-
signs[1], [2], are more widely used; however, the performance
of the devices often critically depends on the etch depth, and
in this approach, the resulting optical mode shape is also diffi-
cult to control. On the other hand, by deep-etching through and
beyond the core to part of the lower cladding [3], the modal be-
havior of the structure would be less sensitive to the etch depth.
Besides, due to the strong horizontal confinement, the bending
losses would be greatly reduced [4], [5] and consequently a
more compact optoel ectronic system design would be possible,
which will lead to an increased functionality of the subsystems
than would be allowed by using the shallow-etching approach.
Thistype of deep-etched waveguide structure has been used for
the design of multimode interference (MMI)-based power split-
ters[6], [7], delay lines, and high-speed modulators [8].

For many semiconductor devices, such aslasers, modul ators,
and amplifiers, their optical spot-sizesaresmall insizeand often
highly nonsymmetrical. If such adeviceisdirectly butt-coupled
to asingle-mode fiber (SMF), which has amuch larger and cir-
cular field profile, often 90% or more of the optical power would
be lost due to the mismatch between their field profiles. In the
design of a deep-etched semiconductor waveguide, effectively
single-mode operation is possible [3] for a much wider wave-
guide by controlling the lower cladding index to radiate out all
the higher order modes. In this case, the resulting spot-size is
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dightly bigger and more symmetrical, but not yet comparable
with that of a SMF. As an example, in the design optimization
of high-speed GaAs modulators [8], often values of the wave-
guide core width of between 3.0to0 5.0 m with heights between
1.5 t0 3.0 um are used, which may yield 30-40% coupling ef-
ficiency. However, these spot-sizes need to be improved further
to reduce significantly the coupling loss with the SMFs and to
minimize the packaging costs.

Recently, in the design of a semiconductor photonic compo-
nent or a subsystem, monolithically integrated spot-size con-
verters (SSCs) have often been incorporated to improve the cou-
pling efficiency along with the much relaxed alignment toler-
ances. In the design of such an SSC, often the primary guideis
tapered down [9]-{13] to push the mode to the secondary guide,
whichisdesigned to have asimilar spot-sizeto that of aSMF. In
this work, a SSC converter compatible with deep-etched semi-
conductor photonic components is investigated, by using rig-
orous vectorial approachesto study the spot-sizetransformation
and the resultant enhancement of the coupling efficiency.

Il. NUMERICAL METHOD

The expansion of the spot-size is often achieved by reducing
the core dimension to a sufficiently small value [9]-{13] so
that the primary guide cannot support any guided mode and
conseguently the optical power is pushed out of this core to a
secondary core. Often aclosely spaced twin-core superstructure
may be used, with one core being axialy nonuniform and the
resultant waveguide cross-section can be quite complex in
shape. To study the mode-shape and the evolution of the optical
beam, both a modal solution and a beam propagation-type
evolutionary approach would be necessary. Over the last two
decades, many numerical methods have been reported for
the eigenmode solutions of the optical waveguides. However,
many of these approaches would not be accurate for optical
waveguides operating near their modal cutoff conditions. Inthis
respect, the H-field based full-vectorial finite-element method
(FEM) [14] has established itself as one of the most rigorous
full vectorial approaches for the characterization of a wide
range of optical waveguides [14], [15]. In the FEM approach,
the waveguide cross section is represented by alarge number of
triangles, and since these triangles could be of different shapes
and sizes, any waveguide cross-section can be accurately
represented. The full vectoria H-field formulation (VFEM) is
used here, which alows each of these elementsto have different
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material properties—for example, being linear or nonlinear,
being lossless or with material loss or gain, and being isotropic,
anisotropic, or electrooptic—and so the eigenmodes of any
practical guided-wave devices can be accurately obtained. The
VFEM approach has been used to obtain the modal solutions
of linear, nonlinear, diffused, anisotropic, passive, and active
optical waveguides and have also been particularly used in the
designs of SSCs [9]{11], [16].

Similarly, to study thetransformation of the spot-size through
atapered guided-wave structure, the beam propagation method
(BPM) [11]13] is aso required. To reduce the computational
time, often a scalar or semivectorial [11] formulation has been
used or one of the transverse dimensions has been reduced [10]
by using the effective index method, which unfortunately also
reducesthe solution accuracy. In thisrespect, the finite-el ement-
based BPM has been shown to be accurate and numerically ef-
ficient with the use of irregular meshes. An important advan-
tage of thiswork isthat most of the commercial BPM codes are
based on the finite difference approach, which is numerically
less efficient. In this paper, a full vectoria and fully three-di-
mensional FEM-based BPM [17] incorporating a nonparaxial
wide-angle approach and the perfectly matched layer (PML)
around the computational window is considered. Finally the
overlap method [12] has been used to calculate the coupling ef-
ficiency between the expanded optical beam at the end of the
SSC and the SMF.

Ill. RESULTS

In this paper, the spot-size conversion of a high-speed GaAs
electrooptic modulator section is undertaken. In the monalithi-
cally integrated SSC section, asshowninFig. 1(a), theupper core
width is gradually reduced, which ismuch easier to fabricate by
using standard processing techniques, to bring this guide below
its cutoff value. A parallel secondary lower guideisdesignedin-
side the spacer region to have alarger spot-size than the primary
upper guide to collect the optical energy, when the upper guide
reachesitsmodal cutoff condition. The cross-section of the SSC
structureisshownin Fig. 1(b). The upper cladding, the core, and
the lower cladding thickness are taken as 1.1, 1.6, and 0.4 ;:m,
respectively. The width of the primary guide in the modulator
section is set to 4.0 xm, and this upper guide is tapered in the
SSC section. Therefractiveindexesfor the upper cladding, core,
lower cladding, and spacer layer are taken as 3.2323, 3.3769,
3.3293, and 3.3532, respectively, at the operating wavelength of
1.55 sm. Thewholestructuremay be grown onasemi-insulating
GaAssubstrate. Inthisdesign, thewidth of thelower guide (15)
is assumed to be 7.0 xm, which gives a horizontally expanded
spot-size similar to that of an SMF. For this lower secondary
guide, athicker 10-;;m lower cladding is used to allow adequate
vertical expansion of the optical beam but a thinner 0.2-m
spacer layer is used to facilitate power coupling from the upper
primary guide. The core thickness of the secondary guide (H>)
is adjusted, such that this guide also operates very close to its
modal cutoff. For acorethickness of 0.6 m with its coreindex
3.3769, the vertical spot-size of this guide has been calculated
to be nearly 5.0 xm. This value is dightly smaller than that of
an SMF, but a further expanded spot-size is not sought at this
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Fig. 1. Schematic diagram of a spot-size converter (&) incorporating atapered
core and (b) its cross-section.

stage as otherwise the total spacer layer thickness would also
have to be increased significantly to accommodate such alarge
mode profile. The leakage losses for the optical modes can
be controlled by proper design of the lower cladding and the
spacer layer, and a properly designed guide could effectively
be a single-moded guide.

To obtain the supermode profiles of the SSC with thelaterally
tapered upper core Wy, the complete coupled superstructure is
considered. More than 20 000 first-order irregularly sized trian-
gular elements have been considered to represent the structure,
and the VFEM [14] is used to obtain the modal solutions. The
variation of the spot-size with the upper corewidth 1 isshown
in Fig. 2. It can be observed that the horizontal spot-size o, as
shown by a dashed line, is initially reduced as the width is re-
duced. However, when the primary guideis narrow enough, and
cannot support a guided mode any further—or, in other words,
as the cutoff is reached—the mode shape expands rapidly. On
the other hand, it can be observed that the vertical spot-size o,
as shown by a solid line, remains stable (as its height H; was
not varied) until the cutoff is reached, when this al'so expands
rapidly. In this case, the spot-size has been defined as the dis-
tance from one side to the other (full width) of the waveguide,
wherethefield intensity isreduced to 1/¢* of the maximumin-
tensity (i.e., the power intensity is 1/¢?). The expansion of the
overall spot-size area s » isalso shown by adashed-dotted line.
Here the spot-size area is defined as the area where field inten-
sity is greater than 1/¢ of its maximum strength.
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Fig. 2. Variation of the spot-size with the upper core width,

Wi, using the
VFEM modal solution.

[N N NS N UNOE Y S0 SN Y S S T

D%}
S
I

N

TR I S DU U A TOR O
LN L S

Height (14m)
LN

-

T T T

(==}

T T T T T T T T T T T T T

10 20
Width (um)

@)

I U RO N S SR S SN T |

fe=]

o
l

Height (um)
I

S
s 1y

T T T T T T T T

<

L SRRSL A R SR IR B B S SN S RS R

0 10 20
Width (m)

(b)

Fig. 3. Thedominant H, field profile of the fundamental quasi-TE mode for
a uniform coupled waveguide, for an upper waveguide width (a) 4.0 xm and
(b) 2.6 pem.

The dominant field profiles H, for the fundamental quasi-TE
mode (H ') are shown in Fig. 3(a) and (b) for the upper wave-
guide width (W7), 4.0 um, and 2.6 um, respectively. It can be
observed that the mode-shape of the modulator section (when
W; = 4.0 um) iswell confined to enhance the overlap between
the optical and the modulating fields. However, thisfield, being
smaller in size, would not be very suitable for directly coupling
to a SMF. On the other hand, the mode shape at W; = 2.6 um
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Fig. 5. Theoutput H, field profileat = = 1000 xm, obtained by using the
BPM approach, when a Gaussian beam with 2 = 1.6 gm islaunched into a
uniform guide with W, = 4.0 pm.

is more significantly expanded and would be more suitable to
couple to a SMF.

However, to study the evolution of the optical beam, a
BPM-type approach is necessary. In this paper, a full vectorial
FEM-based BPM [17] is used to study the spot-size conversion
along the tapered structure. Initially the stability of the BPM
was tested by launching either the mode shape obtained by the
VFEM or an arbitrary Gaussian beam into a uniform structure.
When the VFEM mode shapeis used asthe excitation, the prop-
agating beam quickly settles to the same mode shape without
shedding any power (astheinput field profile by FEM isamost
the same as that which would be supported by the structure).
However, when a Gaussian beam is launched, depending on its
mode size, the optical beam would settle into the proper guided
mode after radiating the higher order modes, which were also
excited. Variations of the optical power, normalized to theinput
power along the propagation distance », are shown in Fig. 4
for various Gaussian radii §2,. It can be observed that when €2,
is 1.6 um, the total power loss was minimum as this size was
closer to the mode size, which can be guided by this structure.
The resulting beam shape is shown in Fig. 5, which shows a
very close resemblance to the mode shape shown in Fig. 3(a),
which was obtained by using the VFEM.

Next, the evolution of the optical beam along atapered struc-
ture is shown in Fig. 6. In this case the initial width (1;) and
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Fig. 6. Variations of the half-power spot-size (¢},) and 1/ ¢ intensity spot-size
(o) for 1000 p«m long tapered SSC with two different remeshing schemes.

the final width (W) were 4.0 and 2.6 ;:m, respectively. Initialy
the length of the tapered SSC section (L) was considered to be
1000 pm. In the BPM analysis, the z-step size was taken as
0.5 um, after exploiting the wide-angle nonparaxial approach.
As the cross-section of the SSC is continuously changing, the
mesh hasto be regenerated along the axial direction. Inthe BPM
approach, mesh generation (along with the eval uation of the ma-
trices) takes more CPU time than z-stepping, so it was decided
to remesh only at agiven interval mm. In reality, also due to the
mask design process, the waveguide width would not also be
continuously varied but occur in many smaller steps.

Variations of the spot-sizesfor the remeshing step, mm = 10
and 20, are shown by dotted and solid lines, respectively. For
mm = 10, remeshing was carried out at every 5 um, so in
total 200 lateral stepsof 7 nm each were considered to represent
the above tapered structure. Besides the value of o, informa-
tion about the half-power spot-size (o3,) might also be useful;
hence both ¢, and oy, are plotted in this figure. It can be ob-
served that o (with up to 14% of the maximum power inten-
sity) has a larger area than the oy, covering 50% of the max-
imum power intensity. It can also be observed that initialy the
spot-size reduces and subsequently increases along the axial di-
rection as the width of the primary core is reduced. However,
it should be noted that the spot-size area o has expanded only
up to 12-14 ;m?, rather than 25 pm?, as shown in Fig. 2 for
the same final width Wy = W; = 2.6 pm. The reason for the
smaller expansion will be considered later. However, it can also
be noticed that the spot-size goes through some small oscilla
tions, and this will be addressed in the next section.

Most of the published work on tapered spot-size converters
has reported on the resulting expansion of the spot-size, but
very few authors have explicitly reported such oscillations. In
some work, a closer inspection can identify such oscillations,
such as was reported by Visrikata et al. [13] and Bamer et
al. [18]. The authors are aware that this is clearly due to the
changeintheaxia direction, and to test this, an abrupt junction
in the waveguide is considered and a more detailed investiga-
tionis carried out. Fig. 7 shows the variation of the o, with the
axial distance, when the width is abruptly changed from 4.0 to
3.3 mat z = 200 p:m. Two groups of damped oscillations can
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be observed: one starting at = = 0 xm, when the input field is
trying to settle to the mode field, and again at » = 200 pm,
when the waveguide width is abruptly reduced. It can be noted
that at the start of the oscillations, two peaks are clearly visible,
due to interference between the fundamental mode and the two
higher order modes. Since the third mode radiates quickly (as
its leakage loss is higher), after a while only the mode beating
between the fundamental and the second modeisvisible, which
al so showsthat itsamplitudeis continuously being reduced. The
beat length roughly correlates with the difference between their
propagation constants, which clearly proves that the modal in-
terference is the main reason for these spot-size fluctuations,
and other numerical parameters play insignificant roles. It can
also be noted that the average spot-sizefor Wy = 3.6 um (right
half) is smaller than that for W; = 4.0 um (left half), as would
be expected. The resulting absolute values of the dominant field
Hy are shown at » = 48 and 66 pm, respectively, in Fig. 8.
It can be noted that the field variation at these two positions is
rather small, compared to the rather larger variations in their
spot-sizes at these two positions, as shown in Fig. 7. The larger
variation in the spot-size could be due to the modal and spatial
phase variations and may aso be due to the contribution from
the nondominant field components.
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Earlier, in Fig. 6, it was aso observed that the spot-size ex-
pansion was rather limited when a 1000-;:m-long section was
used with the final upper corewidth Wy = 2.6 um. Next, to test
the effect of the overall length on the expansion of the spot-size,
SSC sections of different length L are considered. The varia
tions of o3, with the axial distance are shown for 250-, 500-,
and 1000-u:m-long SSCs in Fig. 9. It can be noted that in all
the cases, initially the spot-size is reduced, as expected, then
expanded: however, their final spot-sizes are quite different. It
should be noted that mode expansion occurs only when the
waveguide approaches its modal cutoff. However, for a shorter
taper, the structure is not long enough for the evolving beam
to take the shape of the mode profile supported by the termi-
nating width W;. This is the reason that, as a longer SSC is
used, the mode expansion comes closer to the value indicated
by the modal solutions. Similar observations were reported by
Kobayashi et al. [12] on the effect of the tapered length on the
mode-size expansion for a fixed waveguide thickness ratio.

Thevariationsof the spot-size s, with thelocal width, for var-
ioustapered lengthsare shownin Fig. 10. It can be observed that
the spot-size increases as the waveguide width is reduced, but
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thisexpansionisnot asrapid aswasindicated by their modal so-
lutions (as shown in Fig. 2) and al so strongly depends on the de-
vicelength. For alonger device, the spot-size expansionislarger
for a given waveguide width, as a slow taper allows adequate
expansion. However, it can also be observed that the spot-size
is significantly smaller than that indicated by a rigorous modal
solution, even when the SSC is 2000 ..m in length. This indi-
cates that, in practice, for a compact SSC, the final taper width
has to be much smaller than the value indicated by their modal
solutions.

Next, the effect of the final width for a 250-m-long SSC
is studied. Variations of o1, with the local width, for various
final widths (W;), are shown in Fig. 11. It can be noted that
for a 250-:m-long device, when the final width is reduced to
1.5 um, the spot-size expansion is considerably larger than that
of Wy = 2.6 um, which is also shown. The spot-size obtained
by the VFEM modal solution is also shown in this figure for
comparison. It can be noted that for W; = 1.0 um, the expan-
sion is rather larger than necessary for its coupling to a SMF.
Similarly, when W; = 0.5 um, the spot-size rather reduces, as
in this case the optical beam loses its lateral confinement. The
resulting final beam profilesare a so shownin Fig. 12(a) and (b)
for W; = 1.5 and 1.0 .sm, respectively. It can be noted that the
beam shape for W; = 1.0 um is of poorer quality, even when
spot-size shows a greater enlargement. The existing asymmetry
of the field profiles is due to smaller separation distance used
between the two waveguide cores.

Thefinal test was carried out to study the coupling efficiency
of the resulting beam with an SMF obtained by using the overlap
integral method [12]. The radial spot-size (£2) of the SMF has
been taken as 5.5 m. The variations of the transmittance with
the vertical misalignment are shown in Fig. 13 for a tapered
SSC with final widths Wy = 1.4,1.5, and 1.6 um, respectively.
For comparison, the coupling of the origina modulator struc-
ture with an SMF is also shown by a dotted line (when the SSC
isnot used). It can be observed that by using atapered SSC, the
coupling efficiency can be improved from 41% to 92%, which
isasignificant improvement. The vertical location of the max-
imum coupling efficiency is4 pum lower asthe beam has moved
downward into the lower waveguide. It can also be noted that
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the —1.0 dB aignment tolerance is about £2.0 ;zm, and such
a large coupling tolerance is suitable for direct coupling to a
SMF. It should also be noted that the performance characteris-
tics of three spot-size converters, with final widths of 1.4, 1.5,
and 1.6 ;m, are very close, which indicates that an error of
40.1 xm in the fabrication technique would not deteriorate the
overal performance of the SSCs designed.

IV. CONCLUSION

A successful design approach for the implementation of an
SSC in a deep-etched semiconductor structure is shown. This
approach uses only a lateraly tapered primary guide, which
is easier to fabricate than one with both a lateral and vertical
taper [18]. It is shown that the coupling efficiency can be sig-
nificantly improved from a mere 41% value (when SSC is not
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used) to a much more desirable value of 92% (with a loss of
only —0.37 dB). The resultant vertical alignment tolerance for
—1.0dB additional lossismorethan 2.0 ;;m. It isalso demon-
strated that a fabrication tolerance of +0.1 ;m would not de-
teriorate the expected performance. It can be noted that final
taper width should be much less than the value indicated by the
modal solutions. However, a much narrower final width W, or
a sharper taper or its abrupt termination, may produce an un-
stable or unsuitable optical beam. The excitation of the higher
order modes and mode beating along the tapered SSC have al'so
been identified. The tapered designed can be further optimized
by using a nonlinear multisegment design for a specific device
application.
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