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Abgtract : A new tapered multimode interference (MMI)-based coherent lightwave combiner is reported. A com-
prehensive theoretical analysis of mode behaviorsin the tapered MM | waveguide is presented,and the output char-
acteristics of the tapered MM combiners with various structures are demonstrated. The combiner is fabricated on
asiliconrorrinsulator (SOI) substrate. Due to its advantages of having no end-facet reflection,easy extension to a
multi-port configuration, high tolerance f or fabrication errors,and compact size,the tapered MM is a good candi-
date for a coherent lightwave combiner to be used in large-scale photonic integrated circuits.
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1 Introduction

The recent advances in photonic materials
and fabrication techniques enable the integration
of large-scale photonic circuits. L arge-scale pho-
tonic integration is necessary for the implementa-
tion of sophisticated photonic devices such as de-
lay-line based optical filters and multi-arm Mach-
Zenhder interferometers (M zIs)!* * . Also,large
scale integration can effectively reduce device
cost. Coherent lightwave combiners are indispen-
sable components of large-scale photonic integrat-
ed circuits (PIC’s). The combiners can be imple-
mented with directional couplers or Y-branch
combiners, but directional couplers and Y-bran-
ches are usually large and are sensitive to fabrica-
tion errors. Moreover, they must be cascaded to
make multi-port (N x 1, N > 2) coherent light-
wave combiners,leading to a larger device size,
higher losses and less robustness against fabrica-
tion errors. Free-space slab waveguides have been
widely used as combinersin array waveguide grat-
ing (AWG) devices, but they are wavelength-de-
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pendent.

Multimode interference (MMI1) couplers,
with their compact size, high tolerance for fabri-
cation errors, broad bandwidth characteristics,
and polarization insensitivity ,have attracted great
interest and found many applications as splitters
and mode converters'* ® so they might be expec-
ted to used for coherent lightwave combiners.
However, back reflections exist in conventional
rectangular MMI couplers” ™. Figure 1 shows
optical power distributions in a rectangular 2 x 1
MMI combiner ,which was simulated with the fi-
nite difference beam propagation method (FD-
BPM) . The bold lines in Fig. 1 are outlines of the
simulated MM1 combiner with a width of 121 m
and length of 393 m. There are two rib single
mode access waveguides at the input and one rib
single-mode access waveguide at the output. Con-
sidering the singlemode conditions in the rib
structure'””’ ,we select the access waveguide with a
width and refractive indices of a core and a clad
of 2,3.35,and 3.34J m,respectively.

In the case of inrphase inputs (no relative phase
diff erence between two inputs) ,even- modes are excit-
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Fig.1 Power distributions in an MM coupler with a
rectangular shape in the case of inphase inputs (a)
and out-of-phase inputs (b)

edin the MMI section because of the symmetric in-
puts. As a result of multimode interference,a single-
mode interf erence image appears at a position deter-
mined by the effective width and refractive index of
the MMI waveguide. The image can be extracted by
forming an output waveguide at the position,as shown
in Fig.1(a) . When there is a relative phase difference
between the two light inputs, the MMI pattern is
changed. In the case of out-of-phase inputs (a relative
phase difference of TU between two inputs) only odd
modes are excited. So the MM pattern at the output
is reversed compared to that of the im-phase inputs.
No modes can be coupled into the output waveguide,
and most of the power is concentrated in the MMI
shoulders,the facet wall ,as shown in Fig. 1(b) . Con-
sequently, there is a large end-facet reflection. Ac-
cording to our simulation,the reflection back into an
input port is - 16dB when the end-facet reflectivity is
25 %. This simulated result is larger than the experi-
mental result of - 25dB for a 2 X2 MMI splitter’®®’ .
The reason is that the output power of a2 x1 MMI
combiner with out-of-phase inputs is concentrated on
the facet wall ,while the output power of a2 x2 MMI
splitter is concentrated on the output ports. Especially
when the MM is deeply etched or covered by a metal
layer, the reflection is more severe. The reflection
may not be a problem f or some passive systems. How-
ever ,when the combiner is connected with a semicon-
ductor optical amplifier (SOA) or a laser,the reflec-
tion will degenerate the system performance. In order

to minimize the end-facet reflection,several methods
have been reported™ . Previously we proposed an-
other method using a tapered MM| combiner to avoid
the back reflection!**** .

Tapered MMIs with two symmetric end-facets
have been reported as compact power splitters!™ **! |
but tapered MMIs with asymmetric end-facets for
power combiners have not been reported. Actualy,
MMI coherent lightwave combiners are different
from MMI splitters,although it seems that MMI split-
ters can be used as combiners by introducing light
propagating in the opposite direction. In the case of
MMI coherent lightwave combiners, relative phase
changes of input lights will change the power distri-
bution in an MM section.

In this paper we present theoretical analysis
of and experimentation with tapered MM1 coher-
ent lightwave combiners.

2 Theoretical analysis

2.1 Multimode interference images in tapered
MM | waveguides

The tapered MMI combiner is schematically
shown in Fig.2,in which the combiner length,the
initial MM1 width, the access waveguide width,
and the access waveguide spacing are denoted by
L, W, ww, and ws, respectively. The combiner
output end and the output waveguide have the
same width. The tilted and curved borders can be
any shape such as an arc or an exponential curve.

Fig.2 Schematic diagram of a tapered MM I-based
combiner

The fundamental operation principle in the
tapered waveguide is the same as that of conven-
tional MM couplers’™ . By introducing input light
from a singlemode access waveguide, several
modes are excited in the MMI section. However ,
the number of the excited modes decreases during
propagation in the combiner due to the tapered
structure,and there is only a single mode at the
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output. Since the number of supported modes de-
creases,an interference image in the tapered MMI
results only from those modes supported at the
position with a local waveguide width. We call
these the effective modes of the image. High-or-
der modes disappear during propagation in the ta-
pered MM ,but the power loss can be kept small
if the taper is not steep. As we discuss later,the
low loss comes mainly from the power conversion
from high-order modes to low-order modes be-
cause of the interference of the hybrid modes.

In aconventional MMI coupler with a rectan-
gular shape, the propagation constant spacing is
derived as'

Bo - = LUt 2 ()

nwW

where W is the effective width of the MMI
waveguide with a refractive index of n Ao is the
free-space wavelength ,and v is the mode number.
Since the propagation constant spacing is inde-
pendent of the propagation position,there always
exist positions where the phase differences of all
high-order modes and the fundamental mode are
the same —F or example, 21T (self-image, | is an
integer) . Theref ore stable and clear images peri-
odically appear along the propagation in the MM
waveguide. The images are stable and clear be-
cause they are generated by the contribution of all
modes in the MM section.

For the tapered MMI , W is not a constant ,so
the propagation constant spacing given by Eq. (1)
depends on position. In other words, the border
shape determines the propagation constant spac-
ing. In order to analyze the mode propagation
characteristics,we deduced the propagation con-
stant spacing in the tapered MMI| waveguide* ™ .
The dispersion relation at any position z can be
written as

(nKo)? = Ko (2)* +Bu (2)* (2)
where Ky (z) andB.(z) are the lateral wavenum-
ber and propagation constant of the mode v at
position z, respectively, and Ko is a freespace
wavenumber. The lateral wavenumber is given by

Kv (2JW(2) = 0 + Dt (3)

where W (z) is the effective MMI width at the

position z,and v is a mode number such as 0,1,

,m- 1, m,where mis the number of effective
modes.

By analogy with Eq. (1), the propagation
constant spacing from the v-th mode to the fun-

damental one with propagation constants of B ( z)
andPo (z) can be expressed as
Bo(2) -Bu(n) = HLrdBa (g

where the effective width W (z) depends on the
tapered MM 1 position.

The relative phase difference ¢, after prop-
agation from position z1 to zz in the tapered sec-
tion is give by™"

A¢V(Zl,22)

TBo(2) -Bu(2))dz

_v(v + QMo _ dz
- an | w(2)® )
1

Equation (5) shows that the relative phase
difference per unit lengthA & (z1, z2)/ (z2 - z1)
depends on the propagation position, which is
quite different from a conventional rectangular
MMI waveguide. So the question is whether there
exist positionsin the tapered MM1 where the rela-
tive phase diff erences of all the modes to the fun-
damental mode are the same,for example 2T (|
is an integer) . If such positions do not exist ,stable
and clear interference images cannot exist in the
tapered MM1.

The ratiosOy, of relative phase differences of the
v-th and 1st modes to the fundamental mode propa-
gated from the position z to z: can be written as

_Ad(zz2) _ v(v+2)
1_A<h(21,22) - 3 (6)

Equation (6) describes an important charac-
teristic of mode propagation in a tapered MMI
waveguide. Although every mode has a different
phase difference from the fundamental mode in
different propagation sections, the phase differ-
ences of all modes proportionally change in a
propagation section. We suppose there are m ef-
fective modes with respective phases of

%(0) ,4(0), ,%n-1(0) (7)
at an initial position. We can slice the taper into
many small segments. By Eq. (6) ,the phases of
the eff ective modes past the first slice can be writ-
ten as

® (1), 4 (D),

Oy

(1) =0, (A1) - (1) + %(D)
(8)
whereV =2,3, ,m- 1. Past slice k,the phases of
these eff ective modes can be written as
Mode OWo = % (0) + % (1) + + %(k)
Mode 1d: = 4(0) + &4 (1) + + h(k) (9)
ModeV : Yy =0y, W1 - Yo) +Wo

Since we are only interested in the phases of
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higher modes relative to the fundamental one,we
can rewrite Eq. (9) as
0,W: - Wo) .81 -Wo)/3, VP +2)W: -Yo)/3
(10)
for mode 0,mode 1,mode 2, ,modeV. Thus,the
self-images appear at the positions where Y - Yo
=61IT ,I isaninteger. Thus,the positions that give
specific phase differences exist even in the taper-
ed MMI. If the border shape W (z) is known,the
positions L of self-images can be obtained by
‘_dz _ 8n
o W(2)? Ao
Equation (11) shows that the self-image
spacing depending on the border shape is a
chirped period, which is different from that of
conventional rectangular MM1 waveguides.

(11)

2.2 Free of endfacet reflection

In Fig. 1,there is a severe end-facet reflection
for the rectangular MMI with out-of-phase inputs.
Under the same conditions,we simulated the charac-
teristics of the tapered MMI with arc borders, as
shown by the bold lines in Fig. 3. In the case of in
phase inputs, only everrmodes are excited because of
the symmetric inputs. The clear single-mode image
generated is coupled into the output waveguide, and
the loss is small ,as shown in Fig.3(a) .

t t

Fig.3 Power distributions of a tapered MMI| combi-
ner in the cases of inphase inputs (a) and out-of-
phase inputs (b)

In the case of out-of-phase inputs, by which
we mean asymmetric inputs, only odd-modes are
excited. So there is no power distribution on the
centerline as shown in Fig.3(b). No output is ex-
tracted from a centered single-mode waveguide.
High-order odd-modes leak out of the tapered
structure. Therefore,the device is free of the end-
facet reflection problem mentioned above.

2.3 Extinction ratios in various structures

The output extinction ratio of a coherent
lightwave combiner is a basic characteristic of its
performance. The extinction ratio of the tapered
combiner is affected by its structural properties
such as the radius of curvature R of the borders,
the access waveguide spacing ws, and the device
length L ,as shown in Fig.4,which are simulated
by FD-BPM. The border shape of the 2 X1 tapered
combiner used hereis an arc with radius R.

For a tapered MMI with a given initial width
and length, R strongly affects the extinction ratio.
The mechanisms are as follows. In the case of in
phase inputs, all the excited modes are even-modes,
and the interf erence images tend to concentrate along
the taper centerline, as shown in Fig. 3 (a) ,so the
high-order modes have low loss. That is why the ex-
cessloss of a2 x1 MMI coupler with in-phase inputs
is less than that of the same 2 x 1 MMI coupler with
one-port input. On the other hand,in the case of out-
of-phase inputs, only odd-modes are excited, and the
generated MM images are concentrated on the sides,
as shown in Fig. 3(b) ,and almost all of the high-or-
der modes leak out of the combiner due to the taper
structure. These phenomena lead to a larger extinction
ratio. These mechanisms explain that smaller R tends
to lead to larger loss for high-order modes and a large
extinction ratio,as shown in Fig.4(a) . The diamonds,
squares,and triangles are the output powers of ta-
pered combiners for R =22 5,40mm,and infini-
ty ,with structure parameters of W =l m,ws =
21 m,and L =30Q m. The excess |osses defined as
the output in the case of in-phase inputs are nearly
the same for different R,so asmaller R is better.
However ,a very small R isimpractical because of
severe scattering loss or no passage through the
MMI section.So R must be not less than the mini-
mum radius Rmn defined as
(W - ww)? +4]°

4(W - ww)

Rmin = (12)
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Fig.4 Relative output power as a function of relative phase difference of two inputs under various parame-
ters (a) Border curvature radii; (b) Access waveguide spacing; (c) Device length

where W ,ww ,and L are theinitial width,the ac-
cess waveguide width ,and the length of the taper-
ed MMI. For Rmin,the arc is tangential to the out-
put waveguide,so there is no joint loss between
the MM section and the output waveguide. In this
sense, Rmin is an optimal curvature radius, which
our simulated results confirm!™ .

The access waveguide spacing ws aff ects the
device performance largely as shownin Fig. 4(b) .
The curves with diamonds, squares, and triangles
are the output powers of the tapered combiners
with L =30 m and R= Rmin. W=5,6,and 4 m
are adopted corresponding to ws values of 1,2,
and 3 m, respectively. The smaller access
waveguide spacing yields a larger extinction ratio
and a small excess loss. The large excess loss for
the larger access waveguide spacing is caused by
two factors:One is the spurious mode conversion
from the tapered structure; the other is that the
excited modes are different depending on the ac-
cess waveguide spacing. However ,the small ness of
the access waveguide spacing is limited by fabrica-
tion techniques and coupling between access
wavegui des.

Figure 4(c) shows the simulated output pow-
ers of tapered combiners for the device lengths L
of 200,300,and 40Q4 m,with the structure param-
eters W= m,ws=3 m,and R= Rmn.A longer
device leads to a larger extinction ratio due to
greater losses of high-order modes. Therefore a
long tapered MMI combiner is necessary for a de-
sired extinction ratio,although compactness is one
of the advantages of the tapered structure'™ . Fig-
ure 5 shows the dependence of extinction ratios on
the device length and the excess loss of a2 x1 ta-
pered MMI combiner with the structure parame-
ters R= Rumin,ww=2Im,ws=3M m,and W =% m.
Therefore, the device length is actually deter-

mined by balancing the desired extinction ratio,
excess loss, and compactness. For example, when
the desired extinction ratio is larger than 15dB ,
the device length should not be less than 14QU m.

40 0
g o Ls
g 13
E 4
g 20[ -
8 2
E 12 &
e
i 10F
n 1 L 1 L -3
0o 200 - 400 600

Device length/um

Fig.5 Dependence of extinction ratios and excess
loss on tapered MM length

The insertion loss comes mainly from the
scattering loss by the two MM curved borders in
the case of in-phase inputs. The scattering loss de-
pends on the border shape and the distribution of
the excited modes in the taper.So we can improve
the excess loss by forming the images of the excit-
ed modes as close to the centerline of the tapered
MM as possible,which can be realized by reduc-
ing the input access waveguide spacing,as shown
in Fig.4(b).

3 Fabrication and assessment

3.1 Performance of tapered MM | combiners

The 2 X 1 tapered MMI combiners are fabri-
cated on a silicomonrinsulator (SOI) substrate
with atop silicon layer of 1. @ m and SiO: layer of
M m. First,a Cr-layer with a thickness of 0. 134 m
was deposited on the wafer. Next, a photo-mask
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pattern was transferred to the Cr-layer by stand-
ard photolithography and wet etching. The Cr
pattern will serve as a mask for etching the
waveguide layer. The rib waveguides with a width
of 21 m were etched to 0. ¢ m by reactive ion-
beam etching utilizing a CsFs-O2 gas mixture. Af-
ter the etching process,a 0. 14 m SiO: layer was
deposited on the wafer. Finally the wafer was
cleaved for measurement after chemical mechani-
cal polishing (CMP).

In order to assess a 2 X1 tapered MM I combi-
ner,the ASE source was input into the access
waveguides by a 3dB fiber coupler with TE polari-
zation. The fiber coupler and the combiner
formed an asymmetric M ZI. The extinction ratio
and the insertion loss of the combiner are about
10 and - 14dB,as shown in Fig. 6. The transmis-
sion loss of the straight waveguides in our experi-
ments is about 0. 7dB/ mm, obtained by cutback
measurements,which was mainly from the side-
wall roughness of the etched waveguides. The ex-
cess loss of the tapered MM combiner is experi-
mentally evaluated to be about 2dB ,which is alit-
tle larger than the result of 1. 6dB simulated by
FD-BPM. An evaluation of the reflection charac-

teristics of the combiner is reported elsewhere™’ .

-10

Insertion loss/dB

_30 1 1 1
1555 1557 1559 1561 1563
Wavelength/nm

Fig. 6
combiner

Experimental assessment of a tapered MMI

3.2 MZI modulators with a 2 x 1 tapered MM
combiner

As an application, we fabricated symmetric
M ZI modulators with the tapered MMI| combiner
on a SOl substrate. Unlike the M Zl modulator
with a rectangular MM1 combiner,the new M ZI
modulator has no backed inner reflection. So it is
better used as a cross-phase modulation (XPM)-

based high-speed M ZI modulator by inserting a
SOA into one arm. The SOI substrate and fabrica-
tion processes are the same as that mentioned a-
bove. After the fabrication of the MZl,a 0. 3 m
Cr metal heater ,which served as a phase shifter ,is
formed on one arm of the M ZI ,as shown in Fig.
7. The power splitter in the M ZI is a 3dB rectan-
gular MMI coupler. The initial width and length
of the tapered MMI| combiner are 5. 2 and 504 m,
respectively ,as shown in the SEM picture in the
figure. The size of the M ZI modulator is 5mm X
0. 6mm.

Blectrode  Tapered MMI

3dB splitter — combiner

(a)

(b)
Fig.7 (a) Schematic of a M ZI; (b) SEM photograph
of the tapered MMI combiner

The measured results are shown in Fig.8. The
dotted line and the solid triangles are for the sim-
ulated and measured results of the TE mode, re-
spectively. The insertion loss is about - 28 2dB.
The smaller modulation depth as compared with
the result in Fig. 6 results mainly from the unbal-
anced output of the 3dB splitter in the M ZI. The
measured results agree with the simulated results,
although there is a little shift when the heater
power is high. We believe the shift occurs because
the whole wafer is heated, but it can be removed
by bonding the wafer or forming a trench be-
tween the two M ZI arms'™.
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Fig. 8 Simulated and experimental results
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4 Conclusion

We analyzed the characteristics of tapered
MM I-based coherent lightwave combiners and
theoretically confirmed that stable and clear MM
images exist in the tapered MMI section. The gen-
erated MMI images in the tapered MM combiner
show a chirped periodicity. We simulated the out-
put characteristics of 2 x1 tapered MMI coherent
lightwave combiners with various structures to
find the optimal design. We experimentally dem-
onstrated the tapered MMI combiners on a SOI
substrate. Due to its advantages of having no end-
facet reflection and a high tolerance for fabrica-
tion errors,the tapered MM combiner is promis-
ing as a coherent lightwave combiner in photonic
integrated circuits.
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