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We derived an analytical formula for the optimum width of the access waveguides of 1 x N multimode interference
(MMI) couplers. Eigenmode-decomposition-based simulations show that the optimum width relation corresponds
to the points of diminishing returns in both insertion loss and output uniformity versus access waveguide width. We
fabricate and characterize 1 x 12 MMI couplers on a nanomembrane of silicon-on-insulator substrate. The experi-
mental investigations demonstrate that the analytical results can be reliably used as a design rule for MMI couplers

with large number of outputs.
OCIS codes: 130.3120, 130.2790.

Multimode interference (MMI) devices based on self-
imaging are key components in photonic integrated
circuits (PICs). Many 1xN MMI-device-based beam
splitters have been theoretically and experimentally in-
vestigated [1-6]. The resolution and contrast of the
images formed in the multimode waveguide determine
the uniformity and insertion loss of MMI splitter devices
[1]. By analyzing the phase errors due to deviations of the
higher-order-mode dispersion relations from those re-
quired for ideal self-imaging, one can show that MMI cou-
plers with a large number of outputs (V) normally result
in poorer output uniformity and higher insertion loss [2].
There have been two major techniques proposed to en-
hance MMI coupler performance: optimizing the index
contrast [2,3] and increasing the input/output access
waveguide width [4]. Other approaches, such as using
a genetic algorithm [5] and tuning the input taper angle
[6], were also investigated.

Tuning the index contrast may not be an option, based
on the choice of the substrate and the geometry of the
splitter. Also, use of genetic algorithm or input taper
angle tuning does not provide insight into the nature
of the poor MMI coupler performance at large N values.
Increasing the input/output access waveguide width to
enhance the self-imaging quality proposed in [4] is a prac-
tical approach, especially for cases such as PICs, where
index tuning is a challenge. In this study, we investigate
the effect of the input/output access waveguide width on
the MMI coupler performance and derive an analytical
relation for the optimum width for minimizing insertion
loss and enhancing output uniformity. Experimental re-
sults for a 1 x 12 MMI device based on a silicon nano-
membrane confirm the analytical conclusions.

The theory of self-imaging in multimode optical wave-
guides has been the subject of several studies [1,7-9].
Figure 1 shows a schematic of a 1 xN MMI splitter.
The multimode waveguide section consists of a Wy
wide and Lypg long core with refractive index 7. In
the case of channel waveguides, an equivalent 2D repre-
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sentation can be made by techniques such as the effec-
tive index method or the spectral index method [7].

Assume that 7. is the effective index of the fundamen-
tal mode of an infinite slab waveguide with same thick-
ness and claddings. For each mode p(0 <p < M) of an
MMI coupler that can support (M + 1) modes, the disper-
sion relation is given as [1]

2
277:neff> ’ (1)

= (2

where f, is the propagation constant of the pth mode and
Ao is the free-space wavelength. Throughout this Letter,
Ao = 1L.55 ym. k,, is the lateral wavenumber of the pth
mode given as k,,, = (p + 1)z/W,, where W, is the effec-
tive width, which includes the penetration depth due to
the Goose-Hahnchen shift [7]. In the MMI theory, ), is
approximated from Eq. (1) as [1]

[ 7 B t
X : : Output Waveguides
[ SIGRECVDY] | I
| Wi .

Multimode
Weavegtics ]
i z=0 P Z=Ly

Fig. 1. (Color online) Schematic of a 1 x N MMI beam splitter.
Inset is a cross-sectional schematic of the SOI waveguiding
structure. ng = 347, Ngio, = 145, and Nsio, (PECVD) = 1.46.
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where L,/(B,-p1) = 4neW?2/34. In the case of sym-
metric excitations, such as a 1 x N MMI coupler excited
by the fundamental mode of the input waveguide, using
the approximation in Eq. (2), one can show that the
required length for such a coupler is Lypg = 3IL,/4N,
where [ is an integer. However, MMI couplers with their
length derived using the approximation in Eq. (2) suffer
from high insertion loss and poor output uniformity, as
discussed in [2]. The approximation in Eq. (2) becomes
increasingly inaccurate for larger-mode numbers (p),
which results in larger accumulated modal phase errors
in the multimode section at the output with regard to the
values required for ideal self-imaging. It was shown
before that increasing the input/output waveguide width
(W,,) improves the image quality by reducing the ac-
cumulated modal phase errors at the output of the multi-
mode section [4]. However, the maximum W, is limited
by the geometry as well as the coupling between the out-
put waveguides. Also, larger W, results in longer tapers
when the output channels are adiabatically tapered down
for single-mode operation. Our goal is to find the mini-
mum W,, for which the MMI coupler performance is still
acceptable.

The error in the calculated propagation constant when
using Eq. (2) can be estimated by the third term in the
Taylor expansion of f, given by Eq. (1) as Ap, =
2(kyplo/ 4 )*. After propagating along the MMI device,
the resulting modal phase errors at the output are given
as

mA3(p+1)*

A(ﬂp = AﬂpLMMI = W
(S e

(3)

For a high-quality image at the output of the MMI device,
we restrict the maximum Ag), to z/2, because if Ag, is
more than /2, the sign of the mode field p is changed by
the phase error. Let ¢ be the maximum mode number (p)
for which Ag, < 72. We choose W,, so that the highest-
order mode excited in the multimode region can satisfy
this restriction. To do so, we pick W, to be equal to the
lateral wavelength (2z/k,,) of the highest allowed mode
given by Ag, < #2. This also guarantees negligible exci-
tation of all higher order modes, because several periods
of these modes fall within the input excitation field and
the resulting overlap integrals are, thus, small. By equat-
ing Wy, op = 21/k,, we get

1 [a,w,
w =— . 4
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When W,, 2 W, ,t, the A, < z/2 condition holds for all
the modes in the multimode section that receive signifi-
cant excitation. Therefore, we expect that W,, ., corre-
sponds to the point of diminishing returns (or the knee
point) in 1 x N MMI coupler performance in terms of in-
sertion loss and output uniformity as functions of W,,.
To investigate the effect of W,, on image quality, we
used the 3D full vectorial eigenmode expansion simula-
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tor in the FIMMPROP module from Photon Design. We
calculated MMI device outputs from the transfer matrix
coefficients of the fundamental mode in the output chan-
nels. We assumed silicon nanomembrane on oxide, as
shown in the Fig. 1 inset, where the thickness of the si-
licon slab is & = 230 nm (.4 = 2.85).

For given Wypg and W, one can tune Lyp to achieve
better uniformity [5]. To demonstrate that tuning the MMI
device length to achieve high-output uniformity and high
transmission is an inefficient method, let us consider a 1 x
12 MMI coupler with Wypg = 60 ym. For this MMI cou-
pler, the theoretical predictions give Lypg = 553.4 um
and W, . = 2.58 um. Figures 2(a) and 2(b) show the
insertion loss and output uniformity, respectively, for
varying Lypg and for W, =0.5 ym, W, = 1.25 um,
W, = 2.6 ym, and W,, = 3.5 pm. Uniformity is calculated
as 10 10g(Pin/Pmax), Where Py, and P, are the max-
imum and minimum power (norm of the fundamental
mode) of the MMI device output channels, respectively.

In the case of W, =1.25 ym and W, = 0.5 ym, the
highest uniformity does not occur at the lowest insertion
loss and the resulting optimized MMI coupler length is
different from the theoretical predictions, as shown in
Fig. 2. For W,, = 2.6 ym and W, = 3.5 pym, the optimum
lengths are closer to Lypg = 553.4 um, at which the total
insertion loss is also much smaller than that for W, =
1.25 ym and W, = 0.5 um. Also, the MMI device perfor-
mance is almost the same for W, =2.6 yum and
W, = 3.5 um.

To verify the W, o values predicted by Eq. (4), we
simulated MMI couplers with different N values.
Figures 2(c) and 2(d) show the insertion loss and the

T T T 0g == T )
(a) 12k =-=W, =0.50um ] (b) p . =
et W,=1.25um -2¢ e o
& 10l w = n L :
o (S —Wm=2,50um % 4l h 2 \ »
PR T s e A S v \,‘/" v
Re} " < = ; \ \
= 6 \ L~ 9 g -8 % il
o -~ = 19 —-=W,,=0.50um |
£ af {g -10t : M
% Q - . S 0 © 0 W,=1.25um ' i\
S 2p N om0l 4 = —w,=260um \!
e re="] M—Wisom, 7|
540 545 550 555 560 565 540 545 550 555 560 565
Lypa (1m) Ly (1)
(C) = =1x2, W,,=5um, (d)o- ‘
I Ly=23-1um - /o 7
% 5 \ —1x3, Wy, =15um.| % i § / i
gk L=1384um | = L
8 i '.\. <+« 1x8, WMM=30um.7 ‘g 2r. /' _—1x3, W,,=151
e 3\ \ La=2768m | 5 - Ly=1384
2 L\ \ —=txi2w, =e0m] [ .’ s 1x6, W,,,=30.7
% = N Ly=553.4um o) 4 _/ Li=276.8 1
c 17 . N 1 [ / —-=1x12, W, =60,
op, %= o Vo L9534
05 1.0 1.5 20 25 30 35 4.0 05 1.0 1.5 2.0 25 30 35 40
W, (um) W, (um)
Fig. 2. (Color online) (a), (b) Variations of the insertion loss

and output uniformity, respectively, versus MMI coupler length.
The MMI deviceis 1 x 12 (N = 12), Wypg = 60 pm, 2 = 230 nm,
and different W, values. (c), (d) Variations of the insertion loss
and output uniformity, respectively, versus W, for 1 x 12, 1 x 3,
1x6, and 1 x 12 MMI couplers. Because of symmetry, unifor-
mity is 0 dB for all W,, values in the case of the 1 x2 MMI
coupler. W, . values for each MMI device are indicated by
crosses (X).
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Fig. 3. (a) Scanning electron microscope pictures of 1 x 12
MMI couplers with Wypg60 pgm, Lypng = 553.4 um, and different
W

output uniformity, respectively, versus the W, for 1 x 2,
1x3,1x6,and 1 x 12 MMI couplers. The MMI device di-
mensions are shown in the figure, and the MMI device
lengths are 3L, /4N in all cases. Using Eq. (4), the corre-
sponding W, o+ values are 1.16 ym, 1.82 pm, 2.17 ym,
and 2.68 ymforthe 1 x 2,1 x 3,1 x 6, and 1 x 12 MMI cou-
plers, respectively. One can see that these numbers cor-
respond to the points of diminishing returns in both the
total output power and uniformity versus W,,. Also note
that when the access waveguide width (W,,) is less than
the W, o value, larger MMI couplers have worse perma-
nence than smaller MMI couplers. Thus, it is more crucial
to apply Wy, 2 W, o as a design rule for larger MMIs.

We fabricated 1 x 12 MMI couplers (Wypg = 60 pm,
Wiy = 553.4 ym) with W, = 0.50 ym, W,, = 1.25 um,
W, = 2.60 ym, and W,, = 3.50 ym [see Fig. 3]. The MMI
couplers are fabricated on a silicon-on-insulator (SOI)
substrate with a 3 ym buried oxide layer. The MMI de-
vices are patterned using electron-beam lithography, fol-
lowed by reactive ion etching, lift-off pattern inversion,
and plasma-enhanced chemical vapor deposition
(PECVD) of a 1l-um-thick silicon dioxide film for the
top cladding. The details of the fabrication process will
be reported separately. The output waveguides are
fanned out for 30 um center-to-center separation.

A TE field from an external-cavity tunable laser source
is coupled into the input waveguides through a tapered
and lensed polarization-maintaining fiber. A CCD camera
captured top-down images of the scattered light at
the cleaved output waveguide facets, as shown in
Figs. 4(a) and 4(b). For the same input power, we ob-
served significantly brighter outputs for the W, =
2.60 ym and W, = 3.50 yum MMI couplers compared to
the W, = 0.50 ym and W,, = 1.25 ym MMI couplers.

To calculate the output uniformity, a single-mode out-
put fiber is scanned at the output side across each output
waveguide cross section for maximum output coupling.
In order to cancel out the fabrication errors, we use the
average of output fiber measurement results from two
sets of the four MMI devices. Figures 4(c) and 4(d) com-

OPTICS LETTERS / Vol. 35, No. 17 / September 1, 2010

EE‘IO" — Simulations
E 8l X Measurements |[{ @
1))
3 8
S 4
5 2|
£
ol

W, (um)

w

W, (um)

w

Fig. 4. (Color online) Top-down IR images of MMI device out-
puts for (a) W,, = 0.50 gm, and (b) W,, = 2.60 ym. (c) and (d)
Insertion loss and uniformity measurement results for 1 x 12
MMI couplers with Wypg = 60 pm, Lypg = 553.4 pm, and differ-
ent W, values, respectively.

pare the measured insertion loss and output uniformity
values with those from the simulation results shown in
Figs. 2(c) and 2(d). The results from both simulation
and experimental data indicate that W,, =2.60 um,
which is predicted from Eq. (4), is, in fact, the point of
diminishing returns for the MMI coupler performance
as a function of the width of the access waveguides.

An analytical formula for optimum 1 x N multimode
input/output access waveguide width is derived for im-
proved performance based on the insertion loss and the
output uniformity. Eigenmode-decomposition-based si-
mulations and experimental investigations of SOI-based
1 x 12 MMI couplers confirm the analytical results. The
results can be used as a design rule for high-performance
MMI-coupler-based beam splitters.
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