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An Integrated Optic Adiabatic TE/TM 
Mode Splitter on Silicon 

R e d  M. de Ridder, A. F. M. Sander, A. Driessen, and J. H. J. Fluitman 

Abstract-A compact integrated optic fundamental TE / TM 
mode splitter, based on the mode-sorting characteristics of an 
asymmetrical adiabatic Y junction of optical waveguides exhibit- 
ing shape birefringence, operating at 1550 nm, has been de- 
signed using the discrete sine method (DSM) and the beam 
propagation method (BPM), realized, and tested. The structures 
were fabricated in a system of SO,,  Si0,N and Si,N, layers, 
using a low-temperature plasma-enhanced c&mical-vapor depo- 
sition (PECVD) process, compatible with standard silicon IC 
processing. 

I. INTRODUCTION 

N A coherent optical communication system the polar- I ization of the received signal should be matched to 
that of the signal of the local oscillator. One of the 
possible approaches to solving this problem is using a 
polarization-diversity scheme [ 11. In a polarization-diver- 
sity receiver the incoming signal wave is decomposed into 
two orthogonal polarization components. These are pro- 
cessed and demodulated separately, and finally recom- 
bined. 

For reasons of cost and reliability, it is advantageous if 
the various components making up such a receiver can be 
integrated on a single substrate. We believe that a 
silicon-based hybrid integration, going somewhat farther 
than the approach taken in [2], is an attractive option. 
Components in 111-V materials (i.e., the local oscillator 
and the photodetectors) on the one hand and silicon 
oxynitride- WON) based passive components (e.g., wave- 
guides, TE/TM mode converter and splitters, couplers) 
on the other hand can be combined on the same silicon 
wafer. The use of a silicon substrate, for which standard 
lithographic, microelectronic, and micromachining tech- 
nologies are available, together with SiON-based wave- 
guide technology allowing the fabrication of both high- 
contrast and low-contrast optical waveguiding structures, 
is expected to facilitate the realization of an efficient and 
reliable fiber-chip coupling, and promises the integration 
with high-speed electronics. Mounting and coupling of 
diode lasers to a waveguide on a silicon substrate [3], as 
well as a passive TE/TM mode converter [4], have been 
demonstrated elsewhere. 
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Another key element in such a receiver is the polariza- 
tion or TE/TM mode splitter. Different operating princi- 
ples for integrated optic polarization splitters are known 
[5]-[lo]. The approaches of [5]-[8] are based on interfer- 
ence; therefore these devices have one or more lengths 
that have to be carefully adjusted to obtain the desired 
performance. Using the concept of mode sorting [ll], 
critical lengths can be completely avoided. Like the au- 
thors of [9] and [lo], we make use of an asymmetric Y 
junction, as shown in Fig. 1. 

If the transition from the input channel waveguide (1) 
to the two output guides (2 and 3) is made sufficiently 
gradual, it is adiabatic, and power in the fundamental 
mode remains in that mode throughout the transition. If 
the Y junction operates in the mode-splitting regime (see 
Section 11), beyond the branching point the fundamental 
mode becomes the mode localized in the waveguide with 
the highest channel index, i.e., the highest effective refrac- 
tive index (Neff). The design of the output waveguides of a 
TE/TM mode-splitting Y junction is such that one wave- 
guide has the higher channel index for TE polarization 
and the other the higher channel index for TM polariza- 
tion. This can be achieved by making use of the phe- 
nomenon of shape birefringence [12], which occurs in an 
optical waveguide having an asymmetrical refractive-index 
distribution, e.g., if a high-refractive-index material is in- 
terposed between the buffer and the core or between the 
core and the cladding. Such a thin film enlarges not only 
the value of the effective index of the TE and the corre- 
sponding TM mode, but also the difference between the 
two values, since compared to the TM mode, the modal- 
field distribution of the TE mode will be more concen- 
trated in the high-index region. This results in the possi- 
bility to tune the channel index values of the waveguides 2 
and 3 with respect to each other, by varying the refractive 
indices of the used SiON compounds and the various 
layer thicknesses. 

The implementation of a known principle [9], [lo] for 
the polarization splitter using a different materials system 
will not only affect purely technological issues, but asks 
for a careful and adequate design and will provide addi- 
tional advantages or drawbacks. Using a plasma-enhanced 
chemical-vapor deposition (PECVD) SiON technology, the 
index of refraction can be chosen within a broad range 
from 1.45 (SiO,) to 1.98 (Si3N4), giving additional free- 
dom in the design. This materials system allows for wave- 
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Fig. 1. Top view of an asymmetric Y junction. 

guiding structures with large index contrast, resulting in 
thin layers, which can be efficiently coupled to, e.g., semi- 
conductor laser diodes. A disadvantage is still the state of 
technology development. This is the reason why the per- 
formance reached until now is less than that of similar 
devices [9]. 

In the following the design of a TE/TM mode-splitting 
Y junction, its simulated behavior, the realized structures, 
and the measurement results are presented. 

11. DESIGN AND REALIZATION 
The design of the polarization splitting device is bound 

to the following constraints: realization in SiON on sili- 
con, operating wavelength around 1550 nm, cross talk 
hetter than -20 dB, while the design has to be relatively 
$mall and simple, technologically realizable, and allow a 
process window as large as possible. We investigate an 
asymmetrical Y junction as shown in Fig. 1 (top view) and 
Fig. 2 (cross sections of the channel waveguides). This 
configuration has the advantage that the sharp branching 
point arises as a matter of course from overlaying two 
smooth structures, so that it does not have to be defined 
directly in a critical photolighographic step. 

The polarization splitter is designed using the concept 
of the mode conversion factor (MCF) [ll],  defined as 

where Neff(,) and Neff(3) are the channel indices of both 
output channels of the Y junction, ne, is the effective 
index of the surrounding (slab) region, and (Y is the 
splitting angle. If the absolute value of the MCF is (much) 
larger than 0.43, the Y junction works as a mode splitter, 
in the way discussed in the Introduction. Consequently, 
the Y junction to be designed should have the following 
properties. 

1) The output waveguides 2 and 3 have the largest Ne, 
for TM and TE polarization, respectively. 

2) For low crosstalk, the MCF value of the Y junction 
is much larger than 0.43 for both polarizations (4 

small a) .  
3 )  The device should be as short as possible (+ large 

ff >. 

The waveguide parameters (refractive indices, thick- 
nesses, widths, and splitting angle, as indicated in Figs. 1 
and 2) are determined in two steps. First, the layer thick- 

nesses and refractive indices are calculated to fulfil prop- 
erty 1, taking into account the available materials and 
their refractive indices (SiO,: n, = n,  = 1.45, SiON: ng = 

1.50-1.98, Si,N,: n, = 1.98). Then the less critical ridge 
widths and the splitting angle are determined to satisfy 
properties 2 and 3. The resulting effective refractive in- 
dices of the various regions of the Y junction and the 
results of the BPM simulations are shown in Fig. 3, for 
both TE and TM polarization, where a was chosen to be 
0.8”. A cross talk better than -20 dB could be attained 
for any value of a less than 1.2”. The chosen value is a 
compromise between the shortest device length and al- 
lowance for sufficient process tolerances. 

Numerical index values for both polarizations are given 
in Table I, where the channel indices of the waveguides 1, 
2, and 3 were calculated using the discrete sine method 
(DSM) [131. The cross talk and the excess radiation loss 
with respect to a straight waveguide were calculated using 
the BPM [14]. 

Since the cross talk depends on the accuracy with which 
the various processing steps are performed, the sensitivity 
to the refractive index and the thicknesses of the various 
layers was determined. Since in our case the structure in 
the SiON layer (deposited thickness t,) is made by two 
successive etching steps (etching depths e,  and eg), the 
resulting thicknesses are related as t ,  = t ,  - e, ,  t, = t ,  - 
e g ,  and t ,  = t, - eg - e,. 

The available process window was determined in two 
steps. First, the cross talk was calculated as a function of 
each of the parameters ( t 3 ,  t,, t,, e, ,  eg, n e ,  n,, and n,) 
separately, while keeping the other parameters at their 
designed values. The thickness t ,  and the refractive index 
ns of the buffer layer were not varied, since t ,  was chosen 
so large that the evanescent field at the Si boundary was 
negligible, and no significant variations of the refractive 
index of thermal oxide were expected. It appeared that 
the cross talk is virtually independent of the original SiON 
thickness t, over the investigated range 1 p m  I t ,  2 2 
pm. Next, a kind of worst-case analysis was performed by 
varying all parameters simultaneously in such a way that 
their effects worked in the same direction, distributing the 
tolerances approximately equally over the parameters, i.e., 
when varying only one parameter while leaving the others 
at their designed values, an equal cross talk penalty was 
obtained. The result is shown in Fig. 4, where each label 
on the horizontal axis refers to a particular point in 
parameter space ( t 3 ,  t,, e, ,  eg, ng, n,, n,). Label ‘f 
denotes the designed value and ‘a’ and ‘k’ refer to points 
with largest deviation from the designed value. In order to 
satisfy the - 20-dB crosstalk requirement, the available 
process window is approximately given by the range of 
values implied by the interval between labels ‘c’ and 3’ 
inclusive. The points in parameter space are specified in 
Table 11. 

The most critical parameters are the refractive indices, 
which should be controlled to within *0.25% for Si,N, 
and +0.3% for SiON, and the Si,N, thickness, that has a 
L- 1.5% tolerance. The etching depth in SiON requires an 
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Si 

Fig. 2. Cross sections of the channel waveguides 1,2, and 3 (left to right). 

Fig. 3. Effective refractive indices of the various regions of the Y junction (top), and BPM simulations of the field 
amplitudes (bottom), for both TE  (right) and TM (left) polarization. In order to show the relevant details, the scales of the 
index profiles and the field profiles have been chosen differently. 

TABLE I 
CHANNEL INDICES (CALCULATED USING THE DSM) OF THE 

WAVEGUIDES 1,2, AND 3, THE EFFECTIVE INDEX OF THE 
SURROUNDING SLAB REGION &,I, AND THE MODE CONVERSION 

FACTOR (MCF), CROSS TALK (CT), AND EXCESS RADIATION 
-25 

LOSS WITH RESPECT TO A STRAIGHT WAVEGUIDE (LOSS), 
FOR BOTH TE AND TM POLARIZATION. 

c - TM 

Mode Ne,(,, Ne,,*) neff MCF CT(dB) Loss(dB) 
TE 1.5196 1.5115 1.5150 1.5083 2.1 -32.9 0.009 
TM 1.5088 1.5071 1.5031 1.5030 3.6 -25.3 0.006 

a b c d e f g h l ~ k  

accuracy of +5%. The design allows for lateral deviations 
0.5 pm. The fabrication 

above are within the range Of tech- 

Fig. 4. Cross talk as a function of points in parameter space. Each of 
the horizontal-axis labels refers to a different combination of deposited 
layer thicknesses (t3, t7), etching depths ( e r ,  e8), and refractive indices 
(ng, .nt, and nc). Label 'f denotes the optimum set. (See Table I1 for a 
specification of each point 'a' through 'f'.) 

(mask alignment errors, etc.) of 

nological possibilities. 
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TABLE I1 
POINTS IN PARAMETER SPACE, AS LABELLED (a THROUGH k) IN FIG. 4. EACH PARAMETER ( t ,  THROUGH n,) 

IS VARIED LINEARLY FROM POINT TO POINT, INCREASING OR DECREASING so THAT THEIR EFFECTS ON 
THE CROSS TALK OF THE DEVIATIONS FROM THE DESIGNED VALUE (POINT f) ARE APPROXIMATELY EQUAL 

AND WORK IN THE SAME DIRECTION. 

a b C d e f E h i 1 k 

t3  (bm) 0.280 0.284 0.288 0.292 0.296 0.300 0.304 0.308 0.312 0.316 0.320 
t ,  (bm) 0.068 0.068 0.069 0.069 0.070 0.070 0.070 0.071 0.071 0.072 0.072 
e,(pm) 0.220 0.216 0.212 0.208 0.204 0.200 0.196 0.192 0.188 0.184 0.180 
eR (bm) 0.180 0.176 0.172 0.168 0.164 0.160 0.156 0.152 0.148 0.144 0.140 

1.558 1.556 1.555 1.553 1.552 1.550 1.548 1.547 1.545 1.544 1.542 nR 
nt 1.972 1.974 1.975 1.977 1.978 1.980 1.982 1.983 1.985 1.986 1.988 
n c  1.442 1.444 1.445 1.447 1.448 1.450 1.452 1.453 1.455 1.456 1.458 

If 10-pm separation of the output waveguides is re- 
quired, the space occupied by the device will be approxi- 
mately 15 X 1000 pm. 

The SiO, buffer layer was thermally grown (at 1150°C). 
The other layers were deposited using plasma-enhanced 
chemical-vapor deposition (PECVD) at 3OO0C, which is 
compatible with silicon IC processing. Reactive ion etch- 
ing (RIE) was used to realize the ridges and gutters. The 
SiON refractive index at various wavelengths has been 
related to the process parameters [151, [16]. Between 
processing steps, the deposited layers were characterized 
using a prism-coupling setup. Test structures are provided 
for characterizing the different slab and channel wave- 
guide regions on the wafer. 

111. MEASUREMENTS 
The measurements on the completed devices were car- 

ried out in an end-fire coupling setup, shown in Fig. 5. 
The polarization could be selected using polarization fil- 
ters. The surfaces of the samples were polished to make 
the coupling more easy to achieve. Only a small fraction 
of the available laser light could be coupled into the input 
channel of the splitter. Also, since both the coupling 
conditions and the propagation loss in the device were 
polarization dependent, no reliable data on insertion loss 
can be given. However, the excess loss, compared to 
a straight channel waveguide, could be estimated to be 

The output of the channel waveguides was imaged on 
an infrared camera and detected with a calibrated power 
meter. Using the power meter, the output power from 
each of the output waveguides (2 and 3) was measured for 
both TE- and TM-polarized light coupled into the input 
waveguide (1). From these values, the crosstalk for TE 
and TM light could be calculated. The resulting values for 
three samples are shown in Fig. 6, exhibiting a typical 
cross talk of -11 dB for both TE and TM polarization 
(best values - 17 dB and - 11 dB, respectively). 

-1 dB. 

IV. DISCUSSION 
Although the working principle has been qualitatively 

demonstrated, the experimental performance differs from 
the simulated performance. This has a number of causes. 
The realized structures deviated somewhat from the de- 
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Fig. 5. Measurement setup using end-fire coupling. 
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Fig. 6. Cross talk measurement on three samples Y1, Y2, and Y3. 

signed ones. Fig. 7(a) shows a scanning electron mi- 
croscopy (SEM) micrograph of the cross section of chan- 
nel waveguide 3. From the bottom up, the silicon sub- 
strate, the SiO, buffer layer, the SiON guiding layer, the 
Si3N4 top layer, and the SiO, cover can be seen. As the 
detail shown in Fig. 7(b) reveals, the Si3N4 strip extends 
beyond the edge of the gutter, so obviously the tolerances 
of the lateral dimensions have been violated. The strip 
was approximately 1 p m  wider than designed, leading to 
channel index values deviating from the calculated ones. 
Besides the influence on the MCF, this could cause the 
realized structure to be no longer strictly monomode. It 
should be mentioned that only a single batch of devices 
was produced. It is expected that this problem will be 
corrected in future runs. 

The results obtained with the described polarization 
splitter have led to an improved design, in which channel 
3 is simplified: the groove in the SiON ( n  = 1.55) layer 
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for the allowance of a process window as broad as possi- 
ble. The polarization splitter has been tested successfully. 
The measured cross talk of the device (- 11 dB for both 
TE and TM; best values - 17 dB for TE and - 11 dB for 
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